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Offshore wind farms modify coastal food
web dynamics by enhancing suspension
feeder pathways

Check for updates

Emil De Borger 1,2 , Dick van Oevelen2, Ninon Mavraki3, Annelies De Backer 4, Ulrike Braeckman1,5,
Karline Soetaert2 & Jan Vanaverbeke1,5

Given the global offshore wind farm (OWF) proliferation, we investigated the impact of OWFs on the
marine foodweb. Using linear inversemodelling (LIM), we compared theOWF foodwebwith two soft-
sediment food webs nearby. Novel in situ data on species biomass and their isotopic composition
were combinedwith literature data to construct foodwebs.Our findings highlight the prominent role of
hard-substrate species on turbine foundations as organic material inputs for the food web. Hard
substrate species account for approximately 26% of food source uptake from the water column and
increase carbon deposition on the surrounding seafloor by ~10%. OWFs facilitate a novel food web
with a higher productivity than expected based on standing biomass alone, as a result of numerous
interactions between a diverse species community. Our study underscores profound effects of OWFs
on marine ecosystems, suggesting the need for further research into their ecological impacts.

The installation of offshore wind farms (OWFs) is considered a pivotal
strategy in the transition towards a carbon-neutral energy production.
Reaching the targets set by the Paris Agreement requires a global 2000 GW
installed capacity of offshore wind by 20501, necessitating an annual
installation rate of 70–80 GW until then. By 2050, this would result in a
worldwide expansion of marine space used for OWFs exceeding
500,000 km² 2, an area roughly the size of Spain.

The installation of bottom-fixed OWFs in coastal seas comes with
substantial changes in the physical environment: the turbines provide new
habitat to an environment that originally consisted predominantly of soft
sediment and overlying water. Artificial hard substrates in the marine
environment expand the available habitat for organisms which require a
solid substrate for settlement at some stage in their lifecycle. These hard-
substrate species, called epifauna or “fouling fauna” (summarized in
Degraer et al. (2020)3) aremainly suspension feeders thatfilter large volumes
of water4–6, noticeably affecting primary productivity5,7. Simulations for the
North Sea, for example, have shown decreases in primary production up to
60%withinOWFs, depending on themarine setting8. Simultaneously, these
organisms produce (pseudo-)faeceswith relatively high sinking rates, which
settle in the vicinity of the turbine, enriching the sediment with organic
matter9. This additional biomass on the hard substrates attracts a variety of
predatorial, symbiotic, and commensal species, including several fish

species10–14, resulting in the development of an additional hard-substrate
dependent food web. There are generally observed structural differences in
community composition along the depth gradient of a turbine15,16, between
turbine and scouring protection layer (SPL) habitat, and between the
introduced hard substrate and the original sandy environment17,18. These
structural differences are also reflected in distinct trophic niches, where
different sub-communities exploit different resources, facilitating the
coexistence of a large amount of species19.

While the qualitative changes that the OWFs will bring to local eco-
system structure are becoming evident, quantitative research on the effects
of OWFs on food-web functioning and possible spill-over effects is mostly
limited to literature-based simulations of effects of planned OWFs20–22. In
addition, there is only limited data-driven research on food-web flows
within an OWF and how these differ from the original food web20,23. This
study fills this gap by reporting on how the presence of OWFs affects the
marine food web, using Linear Inverse Modeling (LIM). LIM is a data
assimilation method facilitating the integration of data on biomass, stable
isotope signatures and carbon cycling processes (such as respiration) for the
purpose of quantifying elemental flows within food webs24,25. LIM is highly
useful for quantitatively reconstructingpathwayswithinnetwork structures,
making it a powerful tool for bridging the gap between incomplete and
uncertain empirical data in natural food webs and the analysis of food web
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structures25,26. A data-driven LIM allows assessing the importance of indi-
vidual food web species in food webs, transfers of carbon in and out of the
food web, and biomass production rates. Essentially, these properties
translate to ecosystem functions such as food provisioning and carbon
burial, which are all directly underpinned by the interactions between
organisms in a food web, and their physical environment.

Network indices calculated based on the quantified food web allow to
capture aspects of food web functioning. Total food web activity can be
expressed by the Total system throughflow (TST) – the sum of all com-
partmental C inputs in a foodweb27,28, whereas Finn’s cycling index informs
about the carbon cycling capacity within the food web. Indices such as link
density (the number of links per compartment), and connectance (the
proportionof realized links) relate to the ability of the ecosystem tomaintain
its structure and function in the face of disturbances, as more connections
indicate greater resilience against species loss29.

We investigated the carbon flows in the food web of an OWF in the
Southern North Sea (NE Atlantic, Fig. 1A). Using novel, targeted field-
measurements supplemented with existing information on food web
components, we constructed a food web representative of an offshore wind
farm (the combination of a wind turbine, SPL, and surrounding soft sedi-
ment habitat Fig. 1B), and two food webs of nearby soft-sediment habitat of
either coarse (median grain size: 392 ± 31 μm) or fine sand (173 ± 2 μm)
(hereafter simply called “Coarse” and “Fine”). In the absence of a true
control, the food web of the coarse sediment site reflects a habitat similar to
what was originally present on the site where the OWF was constructed.
While the fine-sediment habitat, which contains a larger species diversity
and a higher organic matter content30 was included to allow for a com-
parison of the artificially increased richness in theOWFwith amore natural
diverse soft sediment habitat.

Our twomainhypotheses are that (1) the construction ofOWFs locally
enhances carbon cycling, through the activities of suspension feeders that
bring C into the food web that subsequently becomes available to other
organisms, and (2) there is a more complex food web (in terms of species
diversity, link density and connectance) and a higher C throughput in
offshorewindfarms due to themix of hard-substrate and the “original” soft-
substrate species, compared to homogenous soft sediment habitats. To test
the latter hypothesis, we compared OWF food web complexity with a
nearby coarse-sandy habitat, but also with a richer fine-sediment habitat.
Additionally we aim to discuss potential benefits for fish in the OWF, based
on the food web model output.

We found that the construction of OWFs locally enhances carbon
cycling through the activities of suspension feeders on the turbine foun-
dations. These organisms account for approximately 26% of food source
uptake from the water column in the OWF food web, and subsequently
increases carbon deposition to the surrounding seafloor by about 10%. The
hard-substrate fauna also appears to be targeted by several fish species,
which adapted their diet in the OWF food web. The OWF food web was
more complex than the nearby soft sediment food webs in terms of link
density and number of components, but metrics such as connectance and
Finn’s cycling index showed that the OWF food web was less mature,
compared to the other two foodwebs. This indicates that the foodweb is still
evolving towards a stable equilibriumcompared to the otherhabitats, or that
the large amount of species present in low biomass prevent the formation of
more stable links.

Results
In the results, we first report the composition of the three different food
webs, as these were the result of the data-aggregation procedure including
novel field samples. Subsequently, we report on LIM results, for which the
species compositions were inputs.

Food web composition and complexity
The food webs differed strongly in their species composition, both in terms
of species presence, as well as the biomass with which the species groups
occurred (Fig. 2). The OWF food web contained the largest number of
species (n = 120), compared to the Coarse (n = 57) and Fine (n = 92) food
webs, resulting in 65, 41, and 46 components in the food web models
respectively, when including SedOM, watPOM, bacteria, phyto- and zoo-
plankton (Fig. 2, Table S1–S3).

Despite this high number of species, total faunal biomass (benthos +
fish) was lowest in the OWF food web (662.0mmol C m−2), compared to a
more than threefoldhigher biomass in theCoarse foodweb (2047.2mmol C
m−2), and a 23-fold biomass in the Fine food web (12894.2mmol C m−2).
The difference in biomass between the OWF and Coarse food web was
entirely due to Echinocardium cordatum, which reached a biomass of
1453.1 mmol C m−2 in Coarse, but only 189.9 mmol C m−2 in the soft
sediments of the OWF food web. Fish biomass generally represented only a
small amount of total biomass, with similar fish biomass in the Coarse
(4.3mmol Cm−2) andOWF foodwebs (4.9 mmol Cm−2), and almost triple
this biomass in the Fine food web (12.4 mmol C m−2). In the Coarse and
OWF foodwebs,fish biomasswas dominatedbyPleuronectiformes (72 and

Fig. 1 | Study domain. A Location of the three study sites “Coarse” – “Fine” –
“OWF” in the Belgian Part of the North Sea (BPNS), showing median grain size in
the study area, and bathymetry in the region (inset bathymetry: GEBCO, 2023, grain

size: Verfaille et al.108). B Structure of the offshore windfarm food web unit (gray
surfaces) and indication of the surfaces over which species biomass is standardized
to m2.
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70% respectively), whereas in the Fine food web Pleuronectiformes were
second (40.1%) after theGadiformes (50.9%). Following the higher number
of components, the OWF food web had the highest number of links, both
total (Ltot 853) and internal (Lint 726), when compared to the Fine (Ltot 536,
Lint 447) andCoarse (Ltot 536,Lint 447) foodweb (Table 1). The connectance
index (CI) showed that the proportion of realized links out of all possible
links was higher in the Coarse (0.22) and Fine (0.23) food webs, than in the
OWF food web (0.17).

Of the 60 species groups, 29occurred in all three foodwebs, thoughnot
all in a similar biomass (black, Fig. 2). The heart urchin (Echinocardium
cordatum) dominated biomass in all food webs, representing 75% of the
biomass in theCoarse foodweb, 40% in the Fine foodweb, and 58%(of soft-
sediment biomass) in the OWF food web. Asterias rubens was a second
important echinoderm, ranging between 7.5 and 14% of the biomass frac-
tion in the studied food webs. There were also pairwise overlaps in com-
position between the food webs; the OWF food web overlapped with the

Fig. 2 | Species composition in the different food webs. Non-metric multi-
dimensional scaling (nMDS – “Bray-Curtis” dissimilarity) plot of the species groups
contained in the Coarse, Fine, and OWF food webs, based on their biomass density
(mmol Cm−2). Colours indicate in which food web(s) the species groups occur. The

species positions are shown as coloured points, the average position (weighted with
component biomass) of the food web is shown as different shapes. Names of several
lowest-biomass species are omitted to prevent overlap of labels.

Table 1 | Food web indices

Index Full name units Coarse Fine OWF % Coarse
> Fine

% Coarse
> OWF

% Fine
> OWF

TST Total system throughflow mmol C
m−2 d−1

512.57 ± 1.97 698.70 ± 11.47 513.88 ± 0.21 0.00 24.20 100.00

Ltot Total number of links 453 ± 0 536 ± 0 853 ± 0 0.00 0.00 0.00

Lint Number of internal links 374 ± 0 447 ± 0 726 ± 0 0.00 0.00 0.00

LD Link density 11.05 ± 0 11.65 ± 0 13.12 ± 0 0.00 0.00 0.00

Tij Average link weight mmol C
m−2 d−1

1.69 ± 0.004 1.73 ± 0.021 0.9 ± 0 0.00 100.00 100.00

CI Connectance 0.23 ± 0 0.22 ± 0 0.17 ± 0 100.00 100.00 100.00

FCI Revised Finn’s
cycling index

0.0195 ± 0.001 0.0277 ± 0.003 0.0129 ± 0 2.20 100.00 100.00

Calculated foodweb indicesbasedon1000 randomly sampled solutionsof each foodweb (meanvalues ± SD). Last three columns show results of bootstrapping test: the percentageof solutionswhere the
value of a given index was higher in food web A than higher B, with the contrasts A and B indicated by the column title.
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Coarse (4 groups; Fig. 2: orange points) and Fine (6 groups; Fig. 2: brown
points) food webs, whereas the Fine and Coarse food web shared one group
(Callianassidae, green).

All food webs also contained unique groups, with detritivore
shrimp (Gastrosaccus spinifer) only found in the Coarse food web, and
Acrocnida brachiata, Psammechinus milliaris, Cylista troglodytes and
Epitonium clathratulum restricted to the Fine food web. Especially the
OWF food web contained several species groups occurring on or near

the available hard substrates (24.3% of faunal biomass in this food web,
shown by the red names on Fig. 2). This hard-substrate biomass was
dominated by the blue mussel Mytilus edulis (26.8%), Anthozoans
(Metridium sp., Diadumene cincta, 16.8%), and the amphipod Jassa
herdmanii (7%). Another large group here are carnivorous crabs,
mostly Cancer pagurus (and Necora puber, Polybius holsatus, and
Hemigrapsus sp.), which represent 30.2% of the macrofaunal biomass
living on or near the turbine.

Fig. 3 | Food web carbon flows.Overview of the carbon flows between main (partially
aggregated) components of the three food webs represented in percent (%) of the
phytoplankton production (net primary production of 250mmol Cm−2 d-1 indicated by
100 (%)) (A–C). For intercomparison of food webs, similar flows between food webs
were coloured green (uptake of phytoplankton by macrofauna), blue (uptake of

zooplankton by macrofauna), orange (uptake of watPOM by macrofauna), purple
(uptake of sedOM by macrofauna), and brown (organic matter deposition on sedi-
ment). The small open ended arrows on compartments represent flows of DIC
(respiration) and export. Circular boxes represent watPOM and sedOM, rectangular
boxes are (aggregated) consumers, and burial is represented by trapezoid boxes.
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Carbon flows
For each food web, mean values for carbon flows (Table S. 4 for aggregated
flow values, and Table S. 5, Table S. 6, Table S. 7 for all flows per food web)
and variable values (Table S. 8) were generated through the Markov Chain
Monte Carlo (MCMC) procedure. Statements about “lower”, “higher”, or
“similar” fluxes and index values are supported by bootstrapping results
reported in supplementary materials.

Total carbon throughflow (TST) was similar for the Coarse
(512.6 ± 2.0 mmol Cm−2 d−1) and the OWF food web (513.9 ± 0.2mmol C
m−2 d−1), and higher in the Fine food web (698.7 ± 11.5mmol C m−2 d−1)
(Table 1). The major fluxes in the water column were similar for all food
webs. The largest carbon flow in all food webs was primary productivity:
the net uptake of dissolved inorganic carbon (DIC) by phytoplankton,
which was fixed to 250mmol C m−2 d−1 (Fig. 3A−C, Table S. 4). In the
following section, flows will therefore be expressed as % of this net pri-
mary productivity flow ( = 100%). In all food webs, about half of the
primary production is used in the water column. Zooplankton intake of
phytoplankton ranged from 22.4% in the Fine food web, to similar values
of 29.4% and 29.9% in the OWF and Coarse food web respectively. A
second major fate for phytoplankton is its contribution to the suspended
particulate organic matter (watPOM) pool, which is again similar for the

OWF (22.9%) and Coarse (23.4%) food webs, and lower in the Fine food
web (20.3%).

Substantial differences were found for fluxes to and from the macro-
faunal community, and to and from the detrital organic matter (OM) pools
between food webs. Phytoplankton uptake by the macrofaunal community
was 31.8% in the Fine food web, but only 2.7% in the Coarse food web, and
4.6% in theOWF foodweb (1% to hard-substrate community, 3.7% to soft-
sediment fauna). The macrofaunal community also consumed zoo-
plankton,with the largest uptake again in theFine foodweb (14.9%), 0.6% in
the Coarse food web, and 0.9% for the OWF food web (0.4% to hard
substrate community, 0.5% to soft sediment community).

Sedimentary OM (sedOM) had two main inputs, deposition of water
columnPOM(Coarse: 9.4%, Fine: 2.4%,OWF: 9.2%), and input from fauna
(5.2% in Coarse, 30.6% in Fine, 4.9% in OWF). Following the high mac-
rofaunal biomass in the Fine foodweb, theflow frombenthos to sedOMwas
31%, whereas this flow was roughly 1/6th of that in the Coarse (5.2%) and
OWF (4.9%) food webs. In turn, the main flows out of the sedOM com-
partmentwere respiration by bacteria (Coarse: 5.5%, Fine: 2%,OWF: 7.3%),
uptake by macrofauna (Coarse: 9.2%, Fine: 22.2%, OWF: 7.3%), and deep
burial, whichwas highest in the Fine foodweb (9.5%), and low in theCoarse
( < 0.1%) and OWF (0.3%) food webs.

Fig. 4 | Food source uptake per food web. Break-
down of uptake flows (mmol C m−2 d−1, y-axis) of
different food sources (colours) for (A) Coarse, Fine
and OWF food webs, and (B) the subcommunities
within the OWF food web: the hard substrate
community (turbine+ SPL), soft sediment com-
munity, and ubiquitous species. Error bars represent
SD on 10,000 solutions of the Monte Carlo
procedure.
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Macrofauna uptake
There were differences in the proportional macrofaunal food uptake
between the food webs (Fig. 4, Table 2, Table S. 4, Table S. 9 for uptake per
macrofaunal group). In the coarse sediment food web (Fig. 4A), the total
uptake by macrofauna was 37.7 mmol C m−2 d−1, 2.7% of which was wat-
POM, 4% zooplankton, 18% phytoplankton, and 60.7% sedOM. The heart
urchin (E. cordatum) by itself took up the bulk of sedOM(16.3mmol Cm−2

d−1, Table S. 8), 43% of the total uptake by macrofauna. Uptake of phyto-
plankton by suspension-deposit feeding bivalves (Striarca lactea, Spisula
solida; 2mmol C m−2 d−1) dominated flows for bivalves. The elevated
uptake of phytoplankton by crustaceans (4.5 mmol C m−2 d−1) was caused
by suspension deposit feeding crabs, Pisidia longicornis and Thia scutellata.
The total flow between macrofaunal species (carnivory) was 5.9mmol C
m−2 d−1 (14.7% of uptake).

In the fine sediment, total uptake by macrofauna was 236.3mmol C
m−2 d−1 – 33.6% phytoplankton, 15.8% zooplankton, 23.5% of sedOM, and
16% of watPOM(Fig. 4A). Again, the uptake of sedOMby E. cordatumwas
the highest single-species uptake (40.5 mmol C m−2 d−1, Table S. 6). The
high phytoplankton uptake was predominantly due to suspension feeding
bivalves (69.2mmol C m−2 d−1 to F. fabula¸ A. alba, K. bidentata, M. bal-
thica, and Spisula spp.), with these species also responsible formore thanhalf
of the watPOM uptake in the sediment (23.8mmol C m−2 d−1 of

37.7mmol C m−2 d−1). Suspension-deposit feeding polychaetes
(13.1mmol C m−2 d−1), C. troglodytes (11mmol C m−2 d−1), suspension
feeding bivalves (5.1 mmol C m−2 d−1), and A. brachiata (4.9mmol C m−2

d−1) dominated zooplankton uptake. The flow betweenmacrofauna species
was 26.6mmol C m−2 d−1 (11.3% of macrofaunal uptake). Flows to pre-
datory echinoderms (A. rubens, Ophiura spp., and P. miliaris) represented
over two thirds of this flow.

In the OWF food web, the macrofaunal community had a total C
uptake of 37mmol C m−2 d−1 (Fig. 4A, B), with this uptake predominantly
by the soft sediment species (67.6%), followed by the turbine community
(Turbine+ SPL, 18.5%), and 14% uptake by the ubiquitous species.

Soft sediment species in the OWF (Fig. 4B) mostly fed on phyto-
plankton (8.2mmol Cm−2 d−1) and sedOM (12.6mmol Cm−2 d−1). Again,
E. cordatum dominated sedOM uptake (8.4mmol C m−2 d−1), followed by
detritivore polychaetes (1.6mmol C m−2 d−1). Phytoplankton uptake was
more evenly distributed between different feeding groups such as
suspension-deposit feeding bivalves (Spisula sp., 3.2 mmol C m−2 d−1),
pagurids (P. bernhardus, D. pugilator, 2.6 mmol C m−2 d−1), and
suspension-feeding polychaetes (L. koreni,E. naidina; 1.4 mmol Cm−2 d−1).

The turbine community (Fig. 4B) mainly consumed phytoplankton
(2.4mmol Cm−2 d−1, driven byM. edulis, 2.1 mmol Cm−2 d−1), and sedOM
(1.7mmol Cm−2 d−1)mostly takenupby crustaceans (e.g. crabs:C. pagurus,
Hemigrapsus spp., P. holsatus, N. puber; and suspension-deposit feeding
amphipods: J. herdmani, P. marina).

Ubiquitous species (Fig. 4B) were dominated by predatorial-
scavenging species (A. rubens, carnivorous polychaetes (incl. Nephtyds),
and isopoda), as shown by the highest share of uptake of othermacrofauna
(2.4mmol C m−2 d−1), followed by sedOM (1.8mmol C m−2 d−1).

The suspension feeders on the turbinewere prey to other species on the
turbine (0.13mmol Cm−2 d−1), and in turn the full turbine community was
preyed upon by the ubiquitous species (0.2 mmol C m−2 d−1) (Fig. 3). The
ubiquitous species also fed on the soft sediment species (0.45mmol C m−2

d−1), while the reverse feeding flow was smaller (0.04mmol C m−2 d−1).
Summarized, carbon flows in the Coarse food web sediment were

dominated by the uptake of sedOMby E. cordatum¸making this a detritus-
based foodweb. E. cordatumwas also strongly present in the Fine foodweb,
but the addition ofmore suspension feeding groups (bivalves, -polychaetes)
generated additional inflows of phyto- and zooplankton, and watPOM,
resulting in a more balanced intake of available food sources. In the
OWF foodweb, 68%ofCuptake occurredon the soft sediments, dominated
by E. cordatum feeding on sedOM and suspension feeders feeding on
phytoplankton, whereas suspension feeders and scavengers on the turbine /
SPL generated additional input of phyto- and zooplankton and sedOM,
resulting in total uptake being dominated by phytoplankton and sedOM.
Ubiquitous species in this food web consisted mostly of mobile scavengers,
capable of feeding on other species both in the soft sediment and the hard
substrate.

Fish uptake
In all of the food webs, fluxes from and to the fish were small compared to
the macrofaunal component (Fig. 3, flow values in Table S. 10). The
Pleuronectiformes by far dominated food uptake in the Coarse and OWF
food web (Fig. 5A, C), and closely followed the Gadiformes in the Fine food
web (Fig. 5B).

There were testable significant differences between proportional diet
compositions of fish species between food webs (Figure S. 1 for proportions
visualized), with some general trends as indicated by the PERMANOVA
(Table S. 11) and subsequent SIMPER analysis (Table S. 12).We observed a
decreased proportion of crustacean prey in the Fine food web compared to
the other food webs for several species groups (e.g., Callionymiformes,
Carangiformes, Ammodytidae). Thiswasmore variable between theCoarse
and OWF food web depending on the species: the Gobiiformes and
Pleuronectiformes had a higher uptake of crustaceans in the Coarse food
web, while higher crustacean uptake in theOWF foodwebwas observed for
Carangiformes,Gadiformes andCottoidei. The uptake of other prey such as

Table 2 | Macrobenthic food uptake

Food
web

Food item Sublocation Mean flow
± SD

95% CI

Coarse Phytoplankton 6.77 ± 0.67 6.75–6.78

Zooplankton 1.50 ± 0.18 1.49–1.5

SPOM 1.01 ± 0.15 1.01–1.01

SOM 22.90 ± 1.29 22.88–22.93

Benthos 5.53 ± 0.43 5.52–5.54

Fine Phytoplankton 79.40 ± 4.16 79.31–79.47

Zooplankton 37.22 ± 1.59 37.18–37.24

SPOM 37.70 ± 2.60 37.65–37.75

SOM 55.42 ± 6.03 55.30–55.54

Benthos 26.59 ± 3.25 26.52–26.64

OWF Phytoplankton Turbine 2.37 ± 0.02 2.37–2.37

Zooplankton 0.97 ± 0.01 0.97–0.97

SPOM 0.74 ± 0.02 0.74–0.74

SOM 1.70 ± 0.03 1.70–1.70

Benthos 1.05 ± 0.04 1.04–1.05

Phytoplankton Soft
sediment

8.17 ± 0.03 8.17–8.17

Zooplankton 1.18 ± 0.03 1.18–1.18

SPOM 1.51 ± 0.01 1.51–1.51

SOM 12.61 ± 0.04 12.61–12.61

Benthos 1.5 ± 0.04 1.50–1.50

Phytoplankton Ubiquitous 1.01 ± 0.04 1.01–1.01

Zooplankton 0 ± 0 0–0

SPOM 0 ± 0 0–0

SOM 1.78 ± 0.03 1.77–1.78

Benthos 2.39 ± 0.07 2.39–2.39

Phytoplankton Total 11.55 ± 0 11.55–11.55

Zooplankton 2.15 ± 0 2.15–2.15

SPOM 2.25 ± 0 2.25–2.25

SOM 16.09 ± 0 16.09–16.09

Benthos 4.94 ± 0 4.94–4.94

Total uptake of different food items by macrobenthos in the different food webs (mmol C m−2 d−1,
mean ± SD).
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polychaetes, bivalves, and other macrofauna (ophiurids, echinoderms) was
higher in the Fine food web than in the other food webs for several fish
species. Another trend was that the uptake of fish prey was lower in the
OWFfoodweb for several species groupswhencompared to theCoarse, and
Fine food web (e.g., Carangiformes, Scorpaenidae). Especially compared to
the coarse food web, five species groups had a significantly lower fish prey
uptake in the OWF (Carangiformes, Gadiformes, Percoidei, Scorpaenidei,
Pleuronectiformes), whereas compared to the Fine food web three species
did (Carangiformes, Gobiiformes, Scorpaenidei). In the OWF food web,
Percoidei and Ammodytidae had a higher uptake of fish prey compared to
the fine food web.

Looking specifically at the feeding behaviour of fish in the OWF food
web,we saw that the hard substratepreywere crustaceans (Fig. 5D),whereas
in the surrounding soft-sediment the prey types were more distributed
between bivalves, crustaceans, polychaetes, and others (e.g., echinoderms)
(Fig. 5D). Also in the OWF food web, most fish species (except for Clu-
peiformes and the Zeiformes) included Turbine-SPL species into their diet,
from low amounts (e.g., Callionymiformes – 10.3%, Gobiformes – 6.6%, or
Scombridae – 8.8%) to themajority of the diet (Cottoidei - 71.7%). Formost
fish groups in the OWF food web, the soft-sediment fauna remained the
majority of their prey intake (Fig. 5D).

Totalfishproduction (the sumof allfishproduction rates per foodweb,
Table S. 8) was slightly higher in the OWF food web (0.12 ± 0.01mmol C
m−2 d−1) than the coarse sediment food web (0.11 ± 0.01mmol Cm−2 d−1),
and was highest in the Fine food web (0.32 ± 0.02mmol C m−2 d−1).

Carbon outflows
Carbon exports from the three food webs were in the form of export of
organic carbon or DIC production from respiration (Table S. 13). Total
export (export of phytoplankton, zooplankton, or fauna) was largest in the
OWF food web (71.7 ± 0.1%), closely followed by the Coarse sandy food
web (70.5 ± 0.8%). In the Fine food web, export was considerably smaller
(49.3 ± 5.4%), mostly due to the lower export of phyto- and zooplankton
from this food web (Table S. 13). The large benthic component in the Fine
sandy food web caused this food web to have the largest respiration
(41.3 ± 1.4%), followed by the Coarse (29.5 ± 0.3%) and the OWF food web
(28.3 ± 0.1%), which were more similar.

Discussion
In this field data driven study, we quantified the effect of introducingOWFs
on soft substrates, with respect to the functioning of the marine food web.
The LIM approach was instrumental in this study to describe differences in

Fig. 5 | Fish feeding preferences. Breakdown of the uptake of different food sources
by fish of (A) the Coarse, (B) Fine, and (C) OWF food web (in mmol C m−2 d−1). In
panel (D) the OWF uptake is divided further into general (water column sources),

hard substrate (the turbine – SPL community), soft sediment, and ubiquitous species
groups on which fish can feed.
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food web structure, while simultaneously allowing the estimation of carbon
transfer from the base of the food web to the level of fish species. The major
modification to the food web upon the introduction of artificial hard sub-
strates into this environment is the additional link between the water col-
umn and the seafloor generated by the epifauna on the turbine foundation
and SPL. In what follows, we discuss the peculiarities of the OWF food web
compared to natural soft substrate food webs, explore potential benefits of
OWFs for fish and expand to the regional level of multiple OWFs.

Suspension feeders as the base of the OWF food web
Suspension feeding epifauna occurred in high biomass on the turbines and
SPL (15,797mmolC m−2 of suspension feeding biomass on hard substrate as
compared to 42mmolC m−2 of suspension feeders on the OWF sediment),
as previously observed in other offshore wind developments31,32. The epifaunal
biomass on hard substrates amounted to about 25% to the total macrofaunal
biomass in the OWF food web, even though the surface available to hard
substrate species represents only 0.5% of the total area of the OWF food web
area (1167m² of turbine + SPL, versus 249,447m² soft sediment).

This concentration of suspension feeders on the turbine has a
prominent effect on the benthic food web in terms of carbon transfer.
Species living on the hard substrates were responsible for approximately
26 percent of uptake of water column food-sources – 20.5% of phyto-
plankton and 45% of zooplankton uptake, due to the increase in filtration
capacity. In comparison with the Coarse sandy site, which was domi-
nated by deposit feeders, the increased filtration capacity represented an
additional significant input of carbon into the food web of about 14% of
carbon uptake by macrofauna (Table 2). In the Coarse food web, uptake
of organic matter was dominated by the detritivore E. cordatum, resulting
in a benthic food web centred around sedimentary organic matter
(Fig. 4). E. cordatum was also found in sediments adjacent to the wind
turbine, though the individuals in these samples were mostly juveniles,
and much smaller compared to those in the coarse sand samples (average
individual weight of 83mg C ind−1 versus 1744mg C ind−1 respectively,
Table S. 1, Table S. 3), a consistent observation for the area (Braeckman,
pers. comm.). E. cordatum is known to be highly sensitive to bottom-
disturbing activities such as dredging, which also takes place during the
construction of OWFs (seabed preparation, burial of cables). Our
observations potentially represent the lengthy recovery process for this
slow growing species33–35, as the construction of the OWF was only
completed 5–6 years before sampling. When compared to this sedOM-
based (Coarse) and sedOM – phytoplankton-based (OWF) food webs,
the Fine sandy food web displays a more even mix of available carbon
inputs, as a rich community of suspension feeders imports various
sources of organic matter (phytoplankton, zooplankton, watPOM,
sedOM; Fig. 4) into the sediment.

In the OWF food web, a part of this organic matter input to the
sediment community passes through the hard substrate fauna, in the form
of faecal pellets and other exudations. In the Coarse and Fine sandy food
web, the pelagic carbon is channelled directly to the benthic suspension
feeders. From the presented food web analysis, we can estimate the
deposition flux of faecal pellets by the turbine community. We have
quantified the contribution of epifaunal organisms on the turbine and SPL
to the suspended organic matter pool to be around 2mmol C m−2 d−1

(where m−2 denotes the area of the OWF), and 0.6mmol Cm−2 d−1 directly
to the sedimentary organic matter pool. The total deposition flux of OM
(watPOM -> sedOM) per m−2 of OWF food web was 22.9 mmol C d−1.
Assuming those 2mmol C m−2 d−1 to be predominantly in the form of
heavy, locally sinking faecal pellets, we estimate that about 8.7% of the OM
deposition flux in the OWF food web stems from (pseudo-)faecal pellets
(and likely dead organisms). This flux rises to 11.6% if we include the direct
contribution of fauna on the SPL to the sedimentary organic matter pool
through drop-off (a pathway without passage through the water column).
With this contribution of carbon to the sedimentary OM pool by the sus-
pension feeders on the turbine, we confirm our first hypothesis, that the
suspension feeders enhance carbon cycling on the scale of the wind farm.

Our estimates of increased deposition fall into the range of previous
estimates, acquired from different methodologies. Ivanov et al. 202136

produced estimates of 2–15% total organic carbon enrichment on distances
< 2 km from a monopile, through the use of a hydrodynamic model
(including only M. edulis). A different modelling study37, using coupled
hydrodynamic – dynamic energy budget (DEB) modelling of M. edulis,
estimatedOMdeposition to increaseby 11–32% in the vicinity ( < 40m)of a
turbine foundation, though these estimates are hard to compare with our
data as the study took place in very shallow water surrounding smaller
turbines. Based on experimentally derived clearance rates combined with
arithmetic upscaling, the contribution of J. herdmani to the total deposition
flux inoffshorewind farmswas estimated tobe 0.3–0.9%5,while in our study
J. herdmani contributes between 0.7 and 1% to the depositional flux. As
such, available studies so far suggest that the presence of the turbine com-
munity results in an “enrichment” effect of about a 10% increase in C
deposition on the scale of a wind farm.

Organic carbon burial estimates in the OWF sediments are 80 times
higher than those in the Coarse food web (Table S. 4), despite the fact that
primary production is the same, and both sediments are permeable (burial
rates in Fine sediment were around 30 times higher than in the OWF).
Permeable sediments are generally well oxygenated and usually low in OM
content38,39, and sedimentation of organicmatter (i.e., after a phytoplankton
bloom) results in short episodes of intense OMmineralization until almost
all OM is recycled39. We suggest that the sustained enrichment in the OWF
sediments is due to the continuous supply of OM as faecal pellets (versus
episodic after the phytoplanktonbloom), and/or linked to certain properties
of thedeposited faecal pellets suchasdiminishedbiogeochemical orphysical
degradability.

The OWF food web productivity, complexity and stability
Coarse sandy sediments tend to be relatively food scarce, particularly outside
of the phytoplankton bloom period, as mineralization of organic matter
occurs rapidly due to the high oxygen availability in these sediments38,40,41. A
reasonable assumption would be that a consistent 10% increase in the
availability of fresh organic matter leads to an increase in benthic biomass.
Organic enrichment of sediments surrounding a turbine, and an increase in
macrobenthic species richness and biomass have indeed been observedwithin
our studied wind farm9,17,18, but also in a number37,42 of windfarms elsewhere
(but not all43,44). Our OWF site had the lowest biomass of the studied habitats,
predominantly due to the low E. cordatum biomass, but given the lack of a
true control site (e.g., before-after data) we could not objectively assess
changes to the soft-sediment macrofaunal biomass in the studied OWF.

As anticipated, the OWF food web contained more species than the
Coarse sandy food web (120 vs. 57 species, Table S. 1-Table S. 3), however,
we did not expect such a large difference with the species-rich fine sandy
sediment habitat (92 species). Offshore wind foundations, and other hard
substrates (e.g., oil and gas platforms) have long been known to, at least
locally, increase species richness in a so-called ‘artificial reef’ effect9,15,45, and
these species all take part in ecological interactions that form the food web.
However, compared to theCoarse andFine sandy foodwebs, theOWF food
webcontainsmore low to very lowbiomass components, which is due to the
presence of rare species on the hard substrates, combined with the species-
poor surrounding soft sediments. As the carbonflows to and from these rare
groups were also small, values for the average linkweights were roughly half
those in the Coarse and Fine food web (Tij, Table 1). Interestingly, despite
the increased species richness and biomass introduced by the artificial hard
substrates and the resulting artificial reef effect, the size of theOWFsystemis
similar to, or equally productive as the Coarse sand system (as expressed by
Total System Throughflow TST, Table 1), indicating that these many small
flowsdo contribute to a relevant amount of carbon cycling.Nevertheless, the
total carbon throughput in the Fine sandy food web is still 20% higher than
in the other two food webs, as a logical consequence of the much higher
biomass present in this food web.

Despite the total size of the system, there is evidence that theOWF food
web is less stable, or perhaps still lessmature in comparison to the other two
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food webs. First, the OWF network displays the lowest connectance (CI), a
measure of food web complexity, with food web complexity generally
regarded as concomitant to stability. The lower connectance may indicate
an absence of predatory relations, so that rare species may successfully
establish themselves on the hard substrate, which would not be possible on
other locations46. Possibly, predatorsmay focus on specific, highly preferred
prey present in the OWF in high abundance (e.g. Jassa herdmani,Mytilus
edulis), decreasing the number of realized links. With respect to recycling,
the revised Finn’s cycling index47 shows the lowest value for the OWF food
web (Table 1), reflecting that in this food web the least amount of carbon is
recycled via internal loops. Loops (and especially longer loops consisting of
multiple weak interactions) are seen as contributing to network stability, as
they ensure that predation pressures are not focused on one individual
species, but rather divided48. Increased cycling also equates to increased
resource storage in a system, and thus the capacity of a system to retain
matter and endure whenever oscillating resources become scarce49.

Combined, the connectance and recycling properties are expected to
become more prominent with increasing food web maturity49–51. Recent
research inawind farmof similar age and in the samearea indeed shows that
the species community is still evolving, without a clear directionality in the
evolution of themacrofaunal species biomass52. However, it is theorized that
the community eventually reaches a “climax” community dominated by
Mytilus edulis andMetridium senile16.

We had hypothesized that increased species richness in the OWF food
web should lead to increased C throughput and a more complex food web.
The OWF food web does indeed display a larger species richness when
compared to the surrounding habitats, and the carbon throughput is similar
to the coarse sandy habitat where more biomass is present, due to the
summation of smaller, though more plentiful flows. However, the network
properties indicate that the studied OWF is less stable and/or less mature
than the Coarse and Fine sandy food web. Whether these results are a
permanent feature of the OWF food web, or a consequence of an evolving
species community remains to be seen. In view of anticipated changes in
species communities, it could prove useful to look at the evolvingOWF food
web, so as to discriminate between temporal effects, and effects on the food
web that persist throughout the lifetime of the OWF. This requires a sub-
stantial monitoring dataset, and an open-source data-policy across insti-
tutions and national borders44,53.

Potential benefits for fish
We found a similar biomass in demersal fish in theOWF foodweb, as in the
coarse food web, despite the lower biomass of macrofauna—prey— in the
former (in biomass m-2 of food web). However, a large part of the biomass
discrepancy is due to themuch smaller individuals ofE. cordatumpresent in
the OWF food web. This species, though present in high biomass is
apparently not preferred by fish as it was only consumed by Pleuronectidae
in the Coarse food web. It is possible that the fish biomass used in this study
is an underestimation of the truefish biomasswithin theOWF, as the values
were derived from trawling tracks in between turbines (at 250m from
turbines), whereas the largest fish aggregations are seen directly near the
turbines11,54. Standardized fish density assessments this close to the turbine
were not available, and therefore they could not included in the food web
model. The OWF food web did contain the highest diversity in fish species,
containing some species known to associate with hard-substrates (e.g.,
Raniceps raninus) in addition to themore naturally occurring soft sediment
species such as flatfish. Using LIM, we included all observed species in
feeding interactions, as LIM does not include non-trophic interactions. In
that sense, the model considers the fish community purely from the pro-
duction side. In the so-called “production-attraction dichotomy”: mobile
species such as fish may reside in an area without feeding there, and vice-
versa: it may be possible that species feed in an area but predominantly
reside elsewhere.For theOWFspecifically, there arenon-trophic reasons for
fish aggregating near turbines, such as shoaling behaviour, availability of
shelter, or mate selection. As such the presence of fish can be caused by
aggregation, not necessarily leading to increased local productivity54,55.

Refuge effects in offshorewind farmswherefishing of any kind is absent, are
often most pronounced in fish biomass56,57, without necessarily indicating
increased productivity. With this caveat, our model does show a similar
production of fish biomass in the OWF food web when compared to the
Coarse food web (Table S. 8), meaning that the prey density and diversity
within an OWF can potentially sustain all fish biomass present in the area.

A second model observation is that the combined fish species in the
OWF food web gather some 25% of their prey from the hard substrate
community, and the majority of prey items are crustaceans (Fig. 5). For
several fish groups, the proportion of crustaceans in their diet was higher in
the OWF food web, than in the Coarse (e.g. Carangiformes, Gadiformes),
and certainly the Fine food web (e.g., Callionymiformes, Carangiformes,
Gadiformes, Table S. 12). Recent works in the vicinity ofOWFs have shown
that certain fish species do indeed adapt their diet to the presence of hard-
substrate– associatedprey10,11. For examplewe used the findings ofMavraki
et al. (2021)10 in the feeding matrix to supplement the known prey pre-
ference of several fish species in the vicinity of anOWF, such as inclusion of
P. longicornis in the diet of M. scorpioides, and the abundant amphipod J.
herdmani in the diets of several species. Very high-resolution observations
of Pleuronectes platessa diurnal migrations also show that these flatfish
reside a considerable time on the soft sediments in between wind turbines,
withdailymigrations to the SPL to feedon specifichard substrate prey types,
which is reflected in the stomach contents and fatty acid signature of
individuals feeding in these different areas58. In our model, the uptake of
Pleuronectids (a blend of several flatfish with similar diets in this case), also
shows that these species include a variety of hard-substrate species in their
diet, though our output does not reflect the high specificity to Ophiotrix
fragilis apparently displayed by P. platessa residing near the turbine11. For
this, our LIMmodel would need to include subsets of Pleuronectids feeding
on different locations near the hard substrate, increasing the number of
components in a model already approaching the limits of solvability.

Generalizing effects of OWFs on the marine food web
We studied an offshore windfarm located in a shallow (~25m), nearshore,
eutrophic and dynamic environment, a typical setting for fixed offshore-
wind turbines59. We therefore expect the additional link between water
column and the seafloor generated by the epifauna on the turbine foun-
dation and SPL to be a consistent feature of many OWF food webs. Near-
shore waters generally tend to bemore productive thanmore offshore areas
as well60, increasing the food supply to the hard substrate community, and
increasing their chances of development, and establishing a similar
importance for the soft-substrate community as was observed in our study.

A difference with more recently constructed, and future offshore wind
farms is that the densities and species biomass in our study are based on
turbine dimensions which are already smaller than recently installed tur-
bines. Towards the future, there is a trend towards even larger turbines for
increased energy yield, that have to be spaced further apart to negate effi-
ciency loss61,62.With our current results, it is difficult tomake an estimate of
the specific scale-dependent effects of turbine dimensions on alterations to
the food web. One could expect larger turbines, spaced further apart to have
a similar effect on the surrounding food web (per m−2), but the ecological
response to these variations in stressor structure will not necessarily be
linear63.

In this study we approximated changes to a food web across an OWF,
assuming that observations performed on a single turbine are representative
for other turbines within that same wind farm. As larger scale studies have
shown7,8,36,64, OWF effects on their surroundings tend to dilute with
increasing distance away from the OWF. For our OWF, this will likely be at
the scale of several kilometres, over which the seafloor C-enrichment effect
was modelled to disappear64. Whereas effects on the macrofaunal com-
munity are unlikely to persist that far, effects on more mobile larger fauna
(fish, marine mammals, seabirds) may play out at much larger scales, as a
high concentration of prey items may be worth a trip of several 10’s of
kilometres if it includes their natural foraging area, or is energetically ben-
eficial. Marine mammals and seabirds could not be integrated in our food
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web study, as no standardized stock assessments were available. However, it
has been described that seals and various seabird species can benefit from
the presence of OWFs, whereas other seabird species are negatively affected
or react indifferently65–67, with similarly contrasting findings for harbour
porpoises (the most common cetacean in the study area)68–72.

Despite our inclusion of a reference site (Coarse) which shared similar
grain size characteristics and hydrodynamic setting to the OWF site, this
was not a true control site. The different sized E. cordatum, much smaller in
theOWF sites, caused theOWF to have a lower benthic biomass, whichwas
unexpected. Despite the fact that OWFs are now widespread, and are being
constructedon large scale since the late 2000’s, true control– impactdatasets
are needed. Combined with recurrent sampling of the soft- and hard-
substrate species (diversity andbiomass) throughout the lifetimeof anOWF
(e.g., every 4 years), such datasets would allow species communities and
their functioning to be tracked over time. The temporal dimension would
firstly increase the strength of extrapolations towards the future, and sec-
ondly result in “current state” assessments that could support policy deci-
sions (e.g. changes to the local dynamics of fish and crustacean populations
with economic implications).

Conclusion
Our study reveals the OWF food web as a species rich food web, where a
highly concentrated stock of hard-substrate suspension feeding biomass
plays a significant role in carbon cycling, despite the limited physical space
theyoccupy in the availablehabitat. Suspension feeding faunaon the turbine
foundation andSPLcollect phyto- and zooplankton from thewater column,
are preyed upon by mobile macrofauna and several fish species, and enrich
the surrounding sediment with organic carbon by 8.7–11.6% to the direct
benefit of detritivores in the sediment. Despite its high species richness, the
OWF food web is less stable than adjacent soft sediment habitats, as indi-
cated by several network indices. Thismay be a sign that the foodweb is still
evolving towards a stable equilibrium compared to other dynamic marine
habitats, or that the large amount of species present in low biomass prevent
the formation of more stable links. To constrain changes to trophic inter-
actions in the vicinity of OWFs with certainty, biomass data on the various
compartments that make up the OWF food web is needed. This data is
sparse, and often depend on research grants for hypothesis driven research
(as was the case in the current work). We recommend a fixed monitoring
strategy associated with the lifetime of an OWF, where changes to species
assemblages canbe trackedover time, tohavedata available that can support
ecological research.

Materials and methods
Study sites
Thebentho-pelagic foodweb, frommacrofauna to pelagicfish, was sampled
in three locations within the Belgian sector of the Southern Bight of the
North Sea (SBNS), duringAugust andSeptember of 2016–2017 (Fig. 1). The
Coarse location is a coarse sandy sediment site, with a median grainsize of
392 ± 31 μm and permeability of 28.5 ± 2 10−12m−2 30 (historically named
“station 330”), and offers habitat to the Hesionura elongata community73.
The Fine location is defined as a fine-sandy sediment habitat (median grain
size: 173 ± 2 μm, permeability 0.3 ± 0.3 10−12m−2, “Station 780”30) that is
more biomass and species-rich as opposed to the Coarse site, and home to
theAbra alba community74. TheOWFsite is focused around the “C-Power”
windfarm (51 32.88 N 2 55.77 E), which has been the subject of earlier
OWF-related studies9,15,75, increasing the amount of available information.
The turbines in thiswind farmare amix of gravity based foundations (n = 6)
and jacket foundations (n = 48), however, for the purpose of generality, we
chose tomodel the food web after monopile foundation dimensions, as this
is by far themostwidely occurring type of foundation, including in the other
offshore wind farms in the SBNS. A recent analysis of available data in the
study area showed a high similarity between the biofouling community on
both foundation types, with differences between surrounding water masses
overshadowing the effects of different foundation types52. The OWF site
contains both the fauna attached to the hard substrate (turbine foundation

+ scour protection layer (SPL)), as well as the surrounding soft sediment
(median grain size: 439 ± 144 μm, and permeability of 36.3 ± 20.9
10−2m−2 30) (Fig. 1).We chose this delineation of the OWF food web, as the
turbines in this OWF are spaced regularly, 500 meters apart. An OWFmay
thus be subdivided into units containing a single turbine and the sur-
rounding sediment up to half of the distance towards another turbine.
Beyond this distance, the next unit under dominant influence of another
turbine begins. The fauna on the hard substrate occurs in a typical depth
zonation pattern where species such asMytilus edulis, Jassa herdmani, and
Metridiumsenileoccur roughly inbands, anddominate thebiomass15,75. The
species community in the surrounding soft sediment also belongs to theH.
elongata community according to habitat suitabilitymodels73, though a shift
in species biomass and community appears to be taking place closest to the
turbine, towards a community associated with the enrichment effect of the
turbines17.

All chosen locations are well studied in the SBNS, and have recently
been thoroughly described in terms of biomass composition and biogeo-
chemical properties30,75.

Food web modelling
Topological food web construction. All species encountered in the
different samples were included in the study as food web components.
Possible trophic links between different food web components were
derived from literature research, by screening the literature for the species
name (scientific name and common name, if available), family name, or
higher taxon level (if no result from lower levels was found) in combi-
nation with the words “diet”, “prey”, “feeding”, and “food”. Ideally,
references were found with recordings of stomach contents and obser-
vational or experimental determinations of prey preferences of the
individual species. If this was not the case, we used studies determining
prey preference based onmorphology of the feeding apparati, or assumed
a similar feeding preference to closely related species for which infor-
mation could be found. We also prioritized studies geographically closer
to the study site over studies further away (See supplementary refer-
ences). In the resulting predator-prey interactionmatrix, we occasionally
noticed an almost complete overlap between the diets of (often related)
species. To limit the number of links in the model and avoid excessively
long computation times of the LIMs, taxonomically related species with
similar feeding preferences were therefore grouped into functional
groups to represent a single link in the food web (see Table S. 14, Table S.
15, Table S. 16).

Whereas the Coarse and Fine food webs allowed all macrofauna to
interact with each-other as they share the same sediment matrix, macro-
fauna species on the turbine foundation are separated in space from those in
the sediment.Hence species in this foodwebwere separated into interaction
groups of “Turbine only”, “Turbine and SPL”, “SPL and soft-sediment”,
=“soft sediment”, and “ubiquitous” (occurring everywhere).

To close the food webs, additional components were introduced for
water column bacteria, sediment bacteria, sedOM (sediment organic mat-
ter), watPOM (suspended POM in the water column), and DIC (Dissolved
Inorganic Carbon resulting from respiration) in the water column. sedOM
and watPOM are detrital food sources for fauna in the sediment and water
column respectively. In turn, dead organisms and (pseudo-)faeces con-
tribute to the detrital pools where they occur. The detrital pools form the
food source for bacteria in the water column or in the sediment. Bacteria
remineralize sedOM and watPOM to DIC (available for uptake by phyto-
plankton), however the incomplete mineralization of OM in the sediment
leads to a certain amount of burial in sediments (Figure S. 2).

With the collected sampling data, supplemented with literature
information, a linear inverse model (LIM26) was constructed to estimate
carbon flows between individual food web components.

Linear inverse modelling. Linear inverse models (LIM) were con-
structed from the topological food webs developed in the previous sec-
tion, following Soetaert & van Oevelen (2009) and De Smet et al. (2016).
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In LIMs, unknown flows between food web components are constrained
by observational data collected from the system, which in this case were
measurements of the stocks of the food web components, measured
isotopic compositions, and known bounds to physiological processes.

Mathematically, the carbon flows (inmmolCm−2 d−1) in the foodweb
are cast in matrix notation as a set of linear equalities (1) and inequalities
(2)24:

A � x ¼ b ð1Þ

G � x ≥ h ð2Þ

where x is a vectorwithNunknown foodwebflows. Each row inmatrixA is
a mass balance or data point expressed as a linear combination of the food
web flows, where the corresponding rate of change of a compartment (for
mass balances) or numerical value (for data equalities) is given in vector b. h
is a vector containing values for biological constraints, and the constraint
coefficients, signifying whether and how much a flow contributes to the
constraint, are given inmatrixG. Equalities containquantitative site-specific
data such as the species biomass and δ15N values of the different
compartments. Isotopic values can be used to constrain the specific prey
consumed by an organism out of a pool of possible prey types76–79.
Inequalities contain lower and upper bounds of physiological processes
(production rates, assimilation efficiencies, respiration rates) derived from
literature, since they are used to constrain single flows or linear
combinations of flows to biologically realistic values. The specific inequal-
ities were respiration rates of fauna and the sediment community, and
literature-derived process rate constants described below. All variables
(respiration, uptake, assimilation, production) are expressed in units of
mmolCm−2 d−1, as a result of themultiplication of rate constants (d−1) with
stocks of fauna, bacteria, detrital sources, phytoplankton, or DIC, expressed
in mmol C m−2, or multiplication of a dimensionless constant (e.g.
assimilation proportion) with a flow (expressed in mmol C m−2 d−1).

Respiration was added for each functional group to the LIM to cal-
culate the biomass production of the food web components. Biomass pro-
duction results from the difference between assimilated carbon (total prey
uptake minus (pseudo)defecation), and respiration needed to sustain the
metabolism of the current biomass.

Formacrofauna the respiration rate was calculated using the following
formula80 (3), valid for shallow water organisms in a 15–20 °C temperature
range:

r ¼ 0:017 �W�0:156 ð3Þ

with r the biomass specific respiration rate (d−1) and W the individual
biomass (mg C ind−1). The respiration (mmol C m−2 d−1) results from the
multiplication of r with the biomass of the given species. Lower and upper
bounds to the respiration rates were set as R*0.75 (minResp) and R*1.25
(maxResp) respectively26.

For larger organisms (fish) a respiration rate of 0.01 (d-1) was taken81.
Total sediment community oxygen consumption (SCOC) measure-

ments measured at each of the studied locations in 2016/201730 were used to
constrain total respiration rates of the combined macrofauna and sediment
bacteria components, i.e. we instructed the LIM to keep the sum of all
components consumingoxygen in the sediment as close as possible tooxygen
consumption rates of the total community measured in experimental units.

Additionally, a number of general inequality constraints was taken
from literature to constrain bacterial growth efficiency, assimilation, and
production efficiency of all faunal compartments (Table S. 17)78,82.

A parsimonious solution to the system of equations and inequalities
was acquired through least distance programming, i.e., by minimizing the
sum of the squared unknowns (the flows, xi

2):

min
X

Costi � xi2
� �

ð4Þ

Since our LIMswere of underdetermined nature (number of equations
was less than the number of flows to be estimated, see Table S. 18), multiple
solutions were possible, each consistent with the equality and inequality
constraints of thematrix. The parsimonious solutionswere used to initialize
a Monte Carlo Markov Chain (MCMC) method to explore the solution
space further83. For each foodweb, theMCMCswere performed to generate
10000possible solutions that satisfied the constraints of theLIM, resulting in
a distribution of estimates for each individual flow from which a reliable
mean and standard deviation of each flow could be calculated83,85.

Convergence of the solutions towards consistent flow means and
standard deviations was checked to confirm that our 10,000 solutions were
sufficient84. For the three food webs, model convergence within 10% of the
final mean and standard deviation for each flow value was achieved after
2000 solutions (Figure S. 3), which we considered as successful
convergence84. After 10,000 solutions the variance of the standard deviation
for a given flow solution was 4% or less of the variance on the standard
deviations of 50 randomly sampled solutions.

LIMswere solved using the LIMpackage85, using R86 andRStudio87. To
speed up the MCMC, solutions were run on the HPC cluster of the Royal
Netherlands Institute of Sea Research (NIOZ).

Availability of data
Stock data. The measurements of species biomass as described above were
used as stock data of the different food web components. In case of missing
biomasses, these were taken from previous works in the area, or from
measurements collected in anOWF in the Dutch part of the North Sea (See
Table S. 1, Table S. 2, Table S. 3 for the species biomass, calculated
respiration rates, and alternative source if not originally from this work).
Species densities and biomass in the OWF domain, were standardized to
their respective surface of occurrence (Table S. 19, Figure S1). Weights of
macrofauna and epifauna were converted to carbon units using published
conversion factors for aquatic organisms88.

Data on fish densities and length classes were provided by ILVO
(Institute of Agriculture and Fisheries Research), who perform annual trawl
surveys in the area of interest. From this information, biomass was derived
by using published length-weight relationships for the different species89.
Fish weights were converted to carbon units (mmol C m−2) using appro-
priate conversion factors90.

An available dataset based on zooplankton field samples collected with
aWP2net showed a very limited number of individuals present. To provide
more realistic values to these observations, jellyfish biomass and densities
were estimated from gelatinous plankton densities recorded for the SBNS91.
Eventually, due to the mixed nature of the SBNS, we chose to use the same
three species for all stations, corresponding to very common species, and
average weights for these jellyfish species were then found in various pub-
lished references92–94. Finally a jellyfish WW to C conversion factor was
used95 (see supplementary Table S. 20 for the jellyfish recalculations).

Zooplankton stocks were estimated from Schrum et al.96. Phyto-
plankton biomass was converted from water column chlorophyll a con-
centrations measured in the area by Toussaint et al. (unpubl.), by using a
published conversion factor of chlorophyll to phytoplankton97. To max-
imize comparability of results between the different food webs, the initial
input of carbon into the food web (primary productivity, i.e. the flow
representing net uptake of DIC by phytoplankton), was fixed for the three
locations at 250mmol Cm−2 d−1 98, assuming awell-mixedwater column in
the SBNS99 and no physiological differences between phytoplankton com-
munities over such short distances.

The stocks of sediment organic matter reported in Toussaint et al.
(2021)were converted to themodel units. Forwater columnorganicmatter,
we used values sampled specifically in the Coarse station by van Oevelen
et al. (2009) (see Table S. 21 for the calculations for zooplankton, phyto-
plankton, sedOM and watPOM).

Finally, bacterial biomass in water and sediment were derived from
Billen100 (see Table S. 22). For water bacteria, the biomass was constant for
the three sites, and the average value reported inTable 1 ofBillen et al. (1990)
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of ± 30 μgC L−1 for the BPNS was converted to mmol C m−3. For sediment
bacterial biomass, the relationship between sediment organic matter con-
tent (mg cm−3) and bacterial biomass (μgC cm−3) reported in Figure 18 of
Billen et al. (1990) was used to convert organic matter contents reported in
Toussaint et al. (2021) to bacterial biomass in the sediment.

Species collection for stable isotope analysis. To acquire δ15N data from each
of the foodweb compartments, dedicatedfield samplingswere carried out in
September 2016 and2017. Thewater columnwas sampled forwatPOMand
zooplankton, and pelagic fish, while the turbine foundationwas sampled for
colonizing macrofauna and the sediment for sedOM, macrobenthos,
demersal fish and epibenthos.

One otter trawl at the Coarse and Fine location, and two within the
OWF location (250m away from the turbines) were performed to collect
fish (see Table S. 23 for otter trawl location and track length, Figure S. 4 for
locations inOWF).Onceon the vessel, organismswere sortedand identified
to species level where possible. Trawling was supplemented with long-line
fishing to include pelagic fish to the study using Arenicola marina as bait,
and a variety of artificial bait types. Fish were identified on board. A
minimum of five individuals of each species was selected for stable isotope
analysis (SIA below). For all fish species, part of the dorsal muscle (without
skin) was collected for at least 5 individuals per species.

Zooplankton was collected from vertical hauls across the entire water
columnwith aWP2plankton net (Ø 0.57m2,mesh size of 200 μm). The net
was lowered down to 3m above the seafloor, and slowly recovered. The
zooplankton sampleswere then concentrated by sieving over differentmesh
sizes (800 and 250 μm), and organisms were starved in filtered in situ sea-
water (0.45 μm GF/F filter) to allow for gut clearance overnight, for sub-
sequent analysis of isotopic composition101. In the lab, the collected benthic
organisms, and jellyfish collected in theWP2netwere identifiedup to lowest
taxonomic level using field guides and where needed, under a stereo
microscope.

ForwatPOM,5 Lof bottomwaterwere collectedandpre-filteredwith a
63 μm sieve to remove any zooplankton or algal debris. watPOM was
extracted from the water via filtration through precombusted and pre-
weighed Whatman GF/C filters.

Fauna in the sediment was collected with a NIOZ boxcorer (Ø 30 cm)
and a Van Veen grab (0.1 m2), in the wind farm this was done at 200m SW
of the turbine. At each study site triplicate samples were collected with each
device. The boxcore samples were then sieved over a 1mm sieve and the
collectedmacrofauna were stored frozen at−20 °C until identification. The
boxcores were also subsampled for environmental characteristics, including
the sediment organic matter (sedOM) content, which was also analyzed for
stable isotope ratios. The macrobenthos from the Van Veen samples was
extracted by decantation, by collecting them into a large bucket and topping
off with water, and swirling around the bucket and picking out fauna from
the water. This step was repeated 10 times or until no new organisms
surfaced. The remaining content of the buckets was sieved over a 1mm
sieve, and faunawere collected. Faunawas separated intomorphospecies on
board, and processed further for stable isotope analysis. All smaller
organisms were sorted into lowest taxonomical groups possible after sam-
pling, left overnight in filtered sea water (0.45 μm GF/F filter) for gut eva-
cuation and subsequently frozen (−20 °C) in vials filled with fresh filtered
sea water. Within each taxon only organisms of similar size were used for
SIA to avoid possible isotopic signature changes due to ontogenetic shifts102.
Extended details on sampling and lab procedures are described
elsewhere10,75. Eventually, the biomass and species densities of each species
were derived from all samples.

To sample the community inhabiting the turbine foundation, a com-
bination of scraping the turbine surface of the intertidal zone from aboard a
rubber hulled inflatable boat, and sample collection by scientific divers was
used to sample the turbine at 5, 8.5, 15–20, and 25–27mwater depth75. Larger
crustaceans collected by divers were immediately freeze-killed and cheliped
tissue was subsequently collected for SIA analysis. Extended details on the
sampling ofmacrofauna andwater column suspendedmatter can be found in

Toussaint et al. (2021)30 for the Coarse, Fine, and sediment surrounding the
OWF site, and in Mavraki et al. (2020, 2021)10,75 for the turbine itself.

Sample analysis
Staple isotope composition. To determine the δ15N signature, individual
organisms and muscle tissue samples were defrosted and rinsed with milli-Q
to avoid cross-contamination, and dried at 60 °C for 12–48 hours depending
on their size. Dried samples were powderized with a glass mortar and pestle.
1mg of powderized sample was then placed in pre-weighed Sn cups, before
storage inmulti-wellMicrotitre plates in a desiccator until further analysis103,104.

For thewatPOMδ15N values,filterswere dried for 24 h at 60 °C.Half of
the filter, reserved for this specific analysis, was then placed in a tin (Sn)
capsule and stored.

The samples were analyzed on a PDZ Europa ANCA GSL elemental
analyzer, interfaced to a PDZEuropa 20–20 isotope ratiomass spectrometer
at the UC Davis Stable Isotope Facility (University of California, USA).
Eventually the nitrogen isotope ratio was expressed in the standard delta (δ)
notation (5):

δ15N ¼ RSample

RStandard

� �
� 1

� �
� 103 ð5Þ

where R is the ratio of 15N/14N of the sample or the reference standard,
expressed in‰.

nMDS representation of biomass
To visualise the differences between the species communities between the
food webs, we used a non-metric multidimensional scaling (nMDS) of the
faunal biomass densities. The metaMDS function from the R package
‘vegan’105 was used, with Bray-Curtis dissimilarity.

Calculation of network indices
Several network indiceswere calculated to evaluate structural and functional
differencesbetween thedifferent foodwebs:Total systemthroughflow(TST,
the sum of all compartimental/nodal carbon inputs), the total number of
links (Ltot), the number of internal links (Lint, does not include fluxes to or
from externals), the link density (LD, average number of links per com-
partment), the average link weight (Tij, a measure of the average flow
through a food web component), the connectance (CI, the fraction of all
possible links realized in the food web), and the revised Finn’s cycling index
(FCI, ameasureof the retentiveness of a system).The indiceswere calculated
on the averaged output of the Monte Carlo simulations, using the ‘NetIn-
dices’ package29 available in R. See Kones et al. (2009) for the formulas
behind each index.

Intermodel comparison of results. To test the hypotheses, the variables
resulting from the three models were compared by calculating the frac-
tion of which the randomized set of 1000 results of one model is larger
than that of another model. For example, when this fraction is 0.90, this
implies that 90%of the values ofmodel 1 are larger than the ones ofmodel
2 (and consequently, 10% of the values are lower). We define differences
of 90% and 10% as significant difference and 95% and 5% as highly
significant difference.

To compare the diets of fish species in different food webs, a PER-
MANOVA test, followed by a pairwise PERMANOVA was performed to
test for significant differences in the proportion of major food groups in the
species’ diet, followed by a SIMPER analysis to highlight the specific diet
components contributing most to this difference. Both analyses were per-
formed with 999 permutations of 1000 randomly selected model solutions
from each food web. Flows were transformed to proportions of total food
intake per species, and Bray-Curtis dissimilarity was used as a distance
matrix for both analyses. These analyses were performed in the R package
‘vegan’105.
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Data availability
Data tables containing information used to construct the foodwebs (species
biomass and densities, isotopic values, topological food web relations) are
available under CC-BY 4.0 license in the following repository: https://doi.
org/10.6084/m9.figshare.c.7722626.v1106.

Code availability
Input files and code to reproduce results reported in the article are available
under the following Github repository under a CC-BY 4.0 license: https://
doi.org/10.5281/zenodo.15042067107.
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