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The Marine Protected Area of the Sylt Outer Reef — Eastern German Bight (SOR), located in the German Exclusive
Economic Zone of the North Sea, is an ecologically important region that provides essential habitats for
numerous species and supports high benthic faunal diversity. In this study, we developed the first mass-balanced
food web model for the SOR covering the period 2010-2020, using Ecopath with Ecosim (EwE), in order to
understand ecosystem functioning, structure, and energy flows prior to the implementation of management
measures. The model included 44 functional groups and 8 fishing gear types. We found that the SOR is domi-
nated by low trophic levels and strong benthic recycling, with detritus and primary producers contributing
33.43% and 20.41% of total system throughput (TST), respectively. Ecosystem indicators highlight that the
system is detritus-driven with high internal recycling. It has multiple alternative pathways for energy and
biomass flow, supporting a complex trophic structure and potentially being resilient to disturbance. Keystone
groups and species included surface-feeding birds and harbour porpoise, whereas key structuring groups
included carnivorous polychaetes, phytoplankton, herbivorous zooplankton, and sandeels. Fishing gears in the
SOR target both pelagic and demersal groups, primarily forage fish such as sandeels and sprat. The static food
web model of the SOR is a baseline for evaluating the effect of the implemented management measures on the
ecosystem as the next step, supporting ecosystem-based management decisions for the Sylt Outer Reef such as the
exclusion of bottom trawling from many areas of the SOR in March 2023.

1. Introduction mammals (OSPAR Commission, 2023). Given the increasing distur-
bances to global marine ecosystems (Halpern et al., 2015) and, at the

The North Sea is a highly productive marine region of great same time, the economic importance of marine resources and associated

ecological and economic importance (Walday and Kroglund, 2002;
Andersen et al., 2013). It supports major human activities, including
fisheries, maritime shipping, and offshore renewable energy develop-
ment, particularly wind farms. The simultaneous activities place sub-
stantial anthropogenic pressure on the ecosystem (Alvarez et al., 2019;
Stelzenmiiller et al., 2022; OSPAR Commission, 2023). As a result of
intense previous use such as fishing, the region has experienced declines
in biodiversity, degradation of benthic habitats, reduction in fish stocks
and seabird populations, inducing pressure on populations of marine
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sectors to the EU blue economy (European Commission, 2025), there is
an urgent need for EU member states to adopt sustainable practices in
the management of marine environments. The implementation of
ecosystem-based management approaches is needed for sustainable
management and utilisation of marine resources (O'Hagan, 2020; AORA,
2017). In the North Sea, seabed disturbance and mortality of target and
non-target species by commercial fishing, particularly bottom trawling,
rank among the most significant human pressures on the ecosystem
(Rijnsdorp et al., 2016).
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Marine Protected Areas (MPAs) are common tools for the conserva-
tion of marine biodiversity, promoting the sustainable use of ocean re-
sources (Grorud-Colvert et al., 2021). Evidence shows that both fully
and partially protected MPAs benefit fish and invertebrate populations
compared to open-access areas (Lester and Halpern, 2008; Sciberras
et al., 2015). The provision of benefits is particularly important in ma-
rine conservation zones within the MPAs, where stricter management
measures reduce human pressure, facilitating a balance between con-
servation goals and sustainable human activities (Sciberras et al., 2013).
In the German Exclusive Economic Zone (EEZ) of the North Sea, three
MPAs have been designated in the Natura 2000 framework: the Borkum
Reef Ground, the Dogger Bank, and the Sylt Outer Reef- Eastern German
Bight (SOR), which is the largest of all German MPAs (Krause et al.,
2011; Pedersen et al., 2009). The SOR was subject to anthropogenic
pressure from bottom trawling fisheries, which have been shown to
negatively affect benthic faunal diversity (Lindeboom and De Groot,
1998; Neumann et al., 2016). Research has shown that the impact of
bottom trawling on benthic and demersal communities can be complex
(Van De Wolfshaar et al., 2020), and indeed its negative effects on
benthic habitats and associated fauna have been documented for de-
cades (e.g., Kaiser, 1998; Rijnsdorp et al., 2016). In addition to fishing
pressure, the SOR is also affected by other human activities, including
sand extraction, heavy ship traffic, surrounding offshore constructions
(Alessandrini et al., 2017; Kenny et al., 2018), eutrophication, and
warming (Amorim et al., 2023; Balkoni et al., 2026). Many of these
activities occur across extensive parts of the SOR area, and a manage-
ment plan was implemented by the German Federal Agency for Nature
Conservation (BfN) in March 2023. In the frame of the European Natura
2000 program, to reduce human impact, restore habitats, and
strengthen cooperation between relevant authorities in response to the
growing concerns about the impact of fisheries and the conservation of
species and habitats, different fisheries management measures have
been implemented in the SOR, including a ban on bottom trawling over
large areas, with complete exclusion of all bottom trawling fisheries in
the largest part of the western region, albeit with an exemption for
shrimp fisheries in the eastern region. In both the western and eastern
parts, fishing effort with passive gear was reduced, and a no-take zone
was designated at the Amrum Bank, a sand bank in the eastern part of
the SOR. However, a corridor persists without any exclusions in the EU
Regulation 2023/340 (European Commission, 2023). Although MPAs,
such as the Sylt Outer Reef Eastern German Bight, play an important role
in conserving biodiversity and maintaining ecosystem resilience
(Bildstein et al., 2021; Hahn et al., 2022), a significant knowledge gap on
their effectiveness and the suitability of implemented management
measures remains.

The assessment of the efficiency of management measures is chal-
lenging because of limited knowledge of the ecosystem's structure and
functioning inside the MPAS. Accordingly, a comprehensive baseline
model is needed to properly interpret the responses of the ecosystem to
the exclusion of bottom trawling and other management measures. In
this context, ecosystem-based modelling as a support to management
has received attention from fisheries managers and scientists
(Rodriguez-Perez et al., 2023). In this regard, food web models serve as a
useful tool to simplify complex ecosystems, interactions between spe-
cies, and for the assessment of the effectivity of management strategies
(Walters and Martell, 2004; Link et al., 2005; Heymans et al., 2014).
Food web interactions determine the energy flow in ecosystems, which
are controlled by a complex interplay of biological and environmental
factors. Important factors include the bottom-up regulation of predator
populations by prey availability, and also the top-down control through
predation and exploitation (Frederiksen et al., 2006; Lynam et al.,
2017).

The trophic mass-balanced Ecopath with Ecosim (EwE) modelling
framework built upon the work of Polovina (1984) and developed
further by (Christensen and Pauly, 1992), is an effective tool for
ecosystem modelling that provides an overview of the ecosystem's
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trophic state (Christensen et al., 2005). Ecological Network Analysis
(ENA) is a major output of EWE and can be used to evaluate food web
structure and function by analysing trophic dynamics and energy flows.
It is used to inform ecosystem-based management, assess the impact of
fisheries, and evaluate ecosystem health (Christensen and Pauly, 1993).
The ecological network indicators also serve as a valuable tool for
environmental decision-makers and stakeholders (De La Vega et al.,
2018; Fath et al., 2019). EwE food web models have already been
applied to larger areas, such as the greater North Sea (Mackinson and
Daskalov, 2007), the southern and northern North Sea (Piits et al.,
2020; Hill et al., 2021), the southern Bight of the North Sea (Pint
et al., 2024), as well as individual MPAs, such as the three MPAs in
the Southern Mediterranean Sea (Vilas et al., 2020). A food web model
for the Sylt Outer Reef is important as a baseline for understanding
ecosystem functioning prior to the implementation of management
measures. In this study, we applied the ecosystem model Ecopath to
develop an initial, comprehensive trophic model of the Sylt Outer Reef —
Eastern German Bight for the period 2010-2020. We investigated the
trophic structure and functioning of the SOR MPA, identified keystone
species and essential trophic interactions, and assessed the ecosystem's
state.

2. Material and methods
2.1. Study area

The Sylt Outer Reef - Eastern German Bight (54°55'N, 007°20'E) west
of the North Frisian Island of Sylt is the largest MPA in the German EEZ
and a Special Area of Conservation (SAC) under both the EU Habitats
Directive and the Birds Directive (Fig. 1). The SOR covers an area of
5603 km?, with a water depth ranging from 8 to 48 m (Fig. 1C). As part
of the southern North Sea (Statistical area IVb of the International
Council of the Exploration of the Sea, ICES), the region features signif-
icant riverine inflow, tidal currents, and shallow waters, leading to a
consistently well-mixed water column throughout the year
(Stindermann and Pohlmann, 2011). The input of fine-grained and
organic matter from the Elbe river carried along the river's paleo valley
and other major rivers created extensive muddy seabed areas in the
south-eastern North Sea, including offshore parts of the SOR
(Papenmeier and Hass, 2020; Galvez et al., 2021). The ecosystem of the
SOR is characterized by a complex, dynamic sedimentary environment
dominated by sandy habitats with patches of coarse habitats and stone
fields forming reef-like structures that support diverse benthic commu-
nities (Fig. 1C).

2.2. Sylt Outer Reef — Eastern German Bight food web model

2.2.1. The Ecopath model overview and balancing

In this study, we developed a mass-balanced trophic model of the
SOR using the Ecopath software (EwE) version 6.7 (Christensen and
Steenbeek, 2026). Ecopath is based on two main equations for energy
conservation (1) and mass balance (2) (Polovina, 1984; Christensen and
Pauly, 1992)

Qi = Pi+Ri+ Ui (€D)]

Where Q; is the consumption of group i, Pi is the production, R; is the
respiration, and U; is the unassimilated food.

P, =Y, +Bi(M2)+E +BA +P; (1—EE) 2

With P; being the total production of group i, Y; is the total fishery
catch rate; B; is the biomass; (M2;) is the predation mortality rate, E; is
the net migration rate (immigration and emigration), BA; is the biomass
accumulation rate, EF; is the ecotrophic efficiency, and Pi (1 - EE;) is the
other mortality rate.

The food web is structured by functional groups that include
different trophic levels and species, ranging from detritus, bacteria,
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Fig. 1. Location of the Sylt Outer Reef-Eastern German Bight, within the German exclusive economic zone (EEZ) of the North Sea (A). The map for bathymetry (B)
and for seafloor habitat types (C). The classification of habitat was based on the EUSeaMap (Vasquez et al., 2021), and the bathymetry of the German EEZ was

provided by the Federal Maritime and Hydrographic Agency (BSH, 2020).

primary producers, to invertebrates, fish, birds and mammals. These
groups were classified by taxonomic class (e.g., fish, birds, mammals),
habitat (e.g., demersal, pelagic, benthic), and/or species diet (e.g.,
detritivorous, carnivorous). Fish were classified as pelagic or demersal,
while invertebrates were grouped by habitat (epifauna and/or infauna),
major taxa (e.g., bivalves, echinoderms), and further divided based on
feeding behaviour (e.g., detritivorous polychaetes, suspension-feeding
bivalves). Birds were also classified by their feeding behaviour (diving
and surface-feeding).

The model comprised 44 groups: 2 groups of birds, 1 group of
mammals, 12 groups of fish, 19 groups of invertebrates, 3 groups of
zooplankton, 1 group of phytoplankton, 1 group of meiofauna, 2 groups
of bacteria, and 3 groups of detritus (Table 1). In the model, detritus
fates were defined by functional group. The non-utilized production and
egestion in the benthic and pelagic compartments were assumed to enter
the particulate organic matter (POM) and dissolved organic matter
(DOM) pools proportionally (Table S1). We did not select a single year
but a time span for 2010-2020, to make maximum use of the available
data. We used catch data for 2013, which includes data from 8 fleets (i.
e., beam trawl, bottom otter trawl, bottom pair trawl, demersal seine,
midwater otter trawl, pelagic pair trawl, boat dredge, set gillnet, and
pots).

2.2.2. Data sources and parameter estimation

For the construction of the Ecopath model, information was required
on biomass (B; t km ™2 y_l), the production/biomass ratio (P/B; y_l), the
consumption/biomass ratio (Q/B; y 1) of different groups of organisms,
the ecotrophic efficiency (EE), and the production/consumption ratio
(P/Q; y 1) for different functional groups. Ecopath requires three of
these four basic input parameters and estimates the remaining

parameter during model balancing. Furthermore, the diet composition
for each group in the ecosystem had to be defined, and data on fisheries
landings and discards had to be compiled (t km 2 y~1).

2.2.3. Biomasses

Different data sources were used to obtain biomass values. The
biomass of harbour porpoises was estimated by multiplying the abun-
dance from aerial and shipboard surveys conducted during the SCANS-
III project in the summer of 2016 in European Atlantic waters
(Hammond et al., 2017). by the average body mass of an individual
(Lockyer, 1995).

Seabird abundance data from 2010 to 2020 were collected from ship-
and aerial-based surveys in the German North Sea, carried out by the
University of Kiel and the German Marine Biodiversity Monitoring
program of the BfN. For the aerial-based survey, visual observations
were conducted simultaneously with a digital imaging survey along
identical transects (Borkenhagen et al., 2021). The dataset included geo-
referenced observations of species' presence, abundance, and group size.
The observations were conducted within transects of predefined width
in the German EEZ across all four seasons. The average body mass of
both surface and diving-feeding birds was compiled from the scientific
literature (Cramp and Simmons, 1983; Bezzel, 1985; Pierotti et al.,
1994; Bauer and Glutz von Blotzheim, 1996; Rizzolo et al., 2015;
Bordage and Savard, 2011).

The biomass of Herring (Clupea harengus) and sprat (Sprattus sprattus)
were estimated using HERAS acoustic survey data from 2014 to 2020
(ICES, 2021). Acoustic measurements combined with pelagic trawl hauls
provided biological data, which were used to calculate total biomass
within predefined strata. Biomass values for each stratum were obtained
from reports of the Working Group of International Pelagic Survey
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Table 1

List for relevant taxonomic division the species/groups included and the
dominant species for the Sylt Outer Reef as used in the Ecopath model.

Taxonomic Species/groups Composition of dominant species
division included
Mammals Harbour porpoise Phocoena phocoena
Birds Diving feeding birds Larus minutus, Larus fuscus, Larus canus,
Larus argentatus, Rissa tridactyla
Surface feeding birds ~ Melanitta nigra, Uria aalge, Gavia spp.,
Gavia stellata, Sterna sandvicensis, Sula
bassana
Demersal fish Sandeels Ammodytes spp., Ammodytes tobianus
Whiting Merlangius merlangus
Dragonet Callionymus lyra
Hooknose Agonus cataphractus
Grey gurnard Eutrigla gurnardus
Scaldfish Arnoglossus laterna
Solenette Buglossidium luteum
Plaice Pleuronectes platessa
Dab Limanda limanda
Cod Gadus morhua
Pelagic fish Herring Clupea harengus
Sprat Sprattus sprattus
Squid Squid Loligo forbesii
Allotheuthis subulata
Epifaunal Brown shrimp Crangon crangon
benthos Edible crab Cancer pagurus
Swimming crabs Polybius holsatus, Polybius depurator
Paguridae Paguridae spp., Pagurus bernhardus
Sand star Astropecten irregularis
Common starfish Asterias rubens
Infaunal Masked crab Corystes cassivelaunus
benthos Phoronids Phoronis muelleri
Nemertea Nemertea indet, Tubulanus polymorphus
Detritivorous Autonoe longipes, Cheirocratus sundevallii,
amphipods
Omnivorous Thia scutellata
decapods
Lancelet Branchiostoma lanceolatum
Detritivorous Aonides paucibranchiata, Eunereis
polychaetes longissima, Mediomastus fragilis,
Notomastus latericeus, Scoloplos armiger,
Spiophanes bombyx.
Carnivourous Glycera lapidum, Nephtys caeca, Nephtys
polychaetes cirrosa, Pholoe baltica, Pisione remota,
Protodorvillea kefersteini
Suspension feeding Lanice conchilega, Polycirrus medusa,
polychaetes Polygordius appendiculatus, Polygordius
lacteus
Deposit feeding Amphipholis squamata, Amphiura
echinoderms filiformis, Echinocardium spp.,
Echinocardium pennatifidum,
Echinocyamus pusillus
Deposit feeding Abra alba, Fabulina fabula, Kurtiella
bivalves bidentata
Suspension feeding Dosinia exoleta, Ensis ensis, Ensis leei, Ensis
bivalves magnus, Phaxas pellucidus
Zooplankton Herbivorous
zooplankton
Carnivorous
zooplankton
Gelatinous
zooplankton
Primary Phytoplankton
producers
Bacteria Pelagic and benthic
Bacteria
Detritus Detritus (DOM) —

Detritus (POM)

(WGIPS) and standardized by the area to yield biomass per square meter
(details in supplementary materials). The epibenthos and demersal fish
data were collected using a beam trawl from 2010 to 2020 (Thiinen-
Institute of Sea Fisheries, with personal communication with Holger

Haslob).

The infauna was sampled with a van Veen grab (0.1 rnz) from 116
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sites in the SOR area using the German research vessel ‘Heincke’
(2014-2018). The samples were sieved (mesh size: 1000 pm) and the
retained benthic macrofauna was stored in buffered 4% formalin-
seawater solution. In the laboratory, the benthic macrofauna was
identified to the lowest taxonomic level possible, and abundances and
biomasses (wet weight in g) were determined. The taxonomy was
matched against the World Register of Marine Species (WoRMS Editorial
Board 2024, https://www.marinespecies.org). Species biomass was first
classified according to habitat association and subsequently normalized
to the total study area based on the proportional extent of each habitat
type (a detailed description of the methodology, Slila et al.in prep.).
Biomass data for zooplankton groups, phytoplankton, bacteria, detritus,
and discards compartments were assumed to be the same as those used
in the model of the Greater North Sea (Mackinson and Daskalov, 2007),
and were used unchanged in the present model.

2.2.4. Production/biomass (P/B) and consumption/biomass (Q/B)

The production/biomass ratio (P/B) and (Q/B) for harbour porpoise
were added from (Mackinson and Daskalov, 2007). The birds (Q/B)
were calculated using the empirical equation of Nilsson and Nilsson
(1976), and the (P/B) was estimated from (Pint et al., 2024). For fish
groups, the (P/B) was estimated as follows:

P o
F=Z=M+ <§> 3)

where Z is the total mortality, (M, y~1) is natural mortality, and the
catch/biomass ratio (C/B) corresponds to fishing mortality (F, t kmfz).

Natural mortality (M, y 1) was obtained from the online database
Fishbase (www.fishbase.se; Froese and Pauly, 2024), and the total
mortality (Z) of the exploited fish species was determined by the sum of
fishing and natural mortalities.

For the consumption/biomass ratio (Q/B), we used the empirical Eq.
(4) of Pauly et al. (1990):

og (=) =7.964 —0.204 x log(Weo) — 1. x T +0. +0.
Log g 7.964 — 0.204 x log(W. 1.1965 x T +0.083A +0.532

+0.398 x h
4

Where Woo is the asymptotic weight, T  is (°C + 273.15), A is the
aspect ratio, h is the length of the tail fin of a fish, and it is found in (www
fishbase.se).

The (P/B) ratio for invertebrates, such as crabs, and benthic infauna,
was calculated using the network model of Brey (2001), which requires
as inputs temperature, depth, and other parameters such as taxonomic
classification and mobility, and for brown shrimp and edible crab, it was
estimated based on Eq. (3).

For the production/consumption ratio (P/Q), we assumed a P/Q
gross efficiency of 20% for sand star, common starfish, swimming crabs,
and masked crab. For all infaunal groups and brown shrimp, we assumed
a gross efficiency of 30% (Mackinson and Daskalov, 2007). The gross
food conversion efficiency (P/Q) ranged from 0.1 to 0.3, except for
small, fast-growing organisms such as bacteria (Darwall et al., 2010;
Heymans et al., 2016).

2.2.5. Fisheries and diet composition

Fisheries data for the SOR were obtained from the EU Data Collection
Framework (DCF) and Fisheries Dependent Information (FDI)
(European Commission, Joint Research Centre, 2026a). Landing data
were collected based on predefined strata. The data were obtained for
each stratum overlapping the SOR and then adjusted according to the
proportion of the stratum that overlapped the SOR. These values were
subsequently standardized by area to calculate landings per km2. All
gear types, such as beam trawl, bottom otter trawl, bottom pair trawl,
demersal seine, midwater otter trawl, pelagic pair trawl, boat dredge, set
gillnet, and pots, were included. The most targeted fisheries were
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sandeels and sprat. Discard ratios, calculated from ICES rectangle 27.4.B
catch data, were applied to estimate species and gear-specific discards in
the SOR, and bycatch data were not considered (European Commission,
Joint Research Centre, 2026b). Diets of different species and groups
were collected from FishBase (www.fishbase.se; Froese and Pauly,
2024) and from scientific literature. For multispecies groups with mul-
tiple sources of diet information, diets were adapted from the nearest
geographic area (Table S5).

2.3. Model balancing and data quality

We considered the model balanced when the ecotrophic efficiency,
which is the fraction of its production that is consumed (EE < 1) for all
groups, and the respiration/biomass (R/B) ratio was within 1-10 year !
for fish. Production/respiration (P/R) <1 for all groups besides bacterial
groups and gelatinous zooplanktons (Heymans et al., 2016). The inte-
grated pedigree routine was assigned to assess the data and parameters
(biomass, P/B, Q/B, diet composition, and catches) and the model's
quality. The pedigree indicates the quality and confidence interval of a
parameter. It gives an index ranging from O to 1, with 1 indicating high
confidence based on locally accurate sampling data of the modelled
system (Christensen et al., 2005; Christensen et al., 2005).

2.4. Ecosystem indicators and energy flows

Ecological Network Analysis (ENA) provides a set of ecosystem
indices for understanding ecosystem functioning, structure, and status
(Ulanowicz, 1986; Christensen et al., 2005). We used relative ascen-
dency (A/C), which is the ratio between ascendency (A), a measure of
the system's ability to process energy or material structurally and effi-
ciently, to development capacity (C), which is the system's growth ca-
pacity. A/C is an index of the organization and efficiency in the transfer
of energy and matter from primary producers to high trophic levels.
Higher relative ascendency suggests more orderly flows and a greater
presence of dietary specialists (Ulanowicz, 1986; Canning and Death,
2018). Conversely, the overhead (O) is the difference between the sys-
tem development capacity (C) and the ascendency (A), which refers to
the ecosystem's reserve capacity and flexibility, and the relative over-
head (O/C) is the ratio of the total calculated overhead (O) and the
development capacity (C). Systems with a high relative overhead (0/C)
have more complex structures, including multiple pathways and
redundant connections that enhance long-term stability and adapt-
ability. These systems also tend to show prevalence of generalists
(Ulanowicz, 1986; Heymans et al., 2014; Fath et al., 2019). Relative
ascendency and relative overhead are counterparts, and the trade-off
between organization and flexibility is central to assessing the
ecosystem health (Ulanowicz, 2004).

The calculated Finn Cycling Index (FCI) measures the fraction of
total system throughput that is recycled. A high FCI indicates a greater
degree of internal recycling of energy or matter within the ecosystem
(Finn, 1976). We also took into account the average path length (APL),
which is the average number of compartments an inflow passes through
the system (Finn, 1976). A longer APL suggests greater structural
complexity as energy passes through more compartments before exiting
the system (Finn, 1980). Moreover, APL tends to be greater in ecosys-
tems with a wider variety of flow pathways and lower in systems with
shorter pathways or simpler food webs (Christensen, 1995). It is also
affected by the system's number of trophic levels, the amount of cycling,
and the model's resolution and complexity (Finn, 1980). Finally, the
system omnivory index (SOI) was used to understand the degree to
which consumers feed across multiple trophic levels, with a high SOI
reflecting trophic complexity (Libralato, 2008).

Energy transfer across trophic levels was assessed using the Linde-
man trophic spine, which simplifies complex food webs to a linear chain
(Lindeman, 1942). The Lindeman spine enables the tracking of energy as
it moves from producers to higher trophic levels, and quantifies energy
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losses due to respiration, export, or transfer to detritus. From this, tro-
phic transfer efficiency (TE) was calculated to quantify how much en-
ergy passes across trophic levels in a linear food chain, and how much is
diverted to detritus (Christensen et al., 2005; Christensen et al., 2005).
To compare the SOR model with other published models covering
adjacent areas, the Southern Bight of the North Sea (Pint et al., 2024)
and the Greater North Sea (Mackinson and Daskalov, 2007) models we
used the following robust indicators based on the total system
throughput (TST), which is the total of all energy flows in the food web,
as identified by Heymans et al. (2016) for comparing different marine
ecosystem models. These indicators are all based on total system
throughput (TST), total primary production to TST (PP/TST), con-
sumption to TST (Q/TST), flow to detritus to TST (FD/TST), and export
to TST (EX/TST) (Table S6).

2.4.1. Mixed trophic impact (MTI) and keystone analysis (KS)

The Mixed Trophic Impact (MTI) was originally developed by
Leontief (1951) and implemented in Ecopath with Ecosim (EWE) by
Ulanowicz and Puccia (1990). It describes the combined direct effects (e.
g., predation) and indirect interactions (e.g., competition) among
groups in the food web (Eq. (5)). MTI quantifies the positive or negative
relative impact that a change in the biomass of one group has on other
groups, based on prey-predator interactions (Ulanowicz and Puccia,
1990; Christensen et al., 2005), and is calculated as follows:

MTI; = DC;; — FC; 5

where DC;jj(Diet Composition) represents the proportion of the prey
group i in the diet of predator group j, and FCj; indicates the proportion
of total mortality of the prey i, that is caused by predator j.

Keystone groups are defined as functional groups or species with
relatively low biomass and a functioning and structuring role in shaping
the food web (Power et al., 1996). Keystone groups were identified using
the keystoneness index proposed by Libralato et al. (2006) index (Eq.
(6)):

KS; = log[Ei(1 —py)] Q)]

Where E; is the total trophic impact of group i on all other groups in
the food web, and p; is the biomass proportion of the species to the total
biomass of the food web. This index integrates both the magnitude of
trophic impact and the relative biomass of each functional group.
Following the keystoneness analysis, KS values were interpreted
together with the relative biomass of the functional groups. Groups with
high keystoneness and low relative biomass were considered keystone
groups. In contrast, groups with high trophic impact and relatively high
biomass were interpreted as key or structuring groups because of their
important roles in ecosystem functioning and energy flow (Piraino and
Fanelli, 1999).

3. Results
3.1. Food web trophic organization, structure, and energy flow

The balanced Ecopath model included 44 functional groups spanning
four trophic levels (TLs) (Fig. 2; Table 2). The basal trophic level of the
food web was formed by phytoplankton and particulate and dissolved
organic detritus, which together provided the foundation for energy
input into the system. The ecotrophic efficiency for detritus was high
(DOM = 0.93; POM = 0.72), while phytoplankton had a low EE of 0.26.
Groups with TLs between 2.0 and 2.5 included herbivorous
zooplankton, benthic and pelagic invertebrates feeding mainly on
detritus, phytoplankton, and ingested bacteria. These groups consisted
of both suspension feeding bivalves (e.g., Dosinia exoleta, Ensis leei, and
Ensis ensis), and deposit feeding bivalves (e.g., Fabulina fabula and Abra
alba), as well as suspension feeding polychaetes (e.g., Lanice conchilega,
and Polycirrus medusa), deposit feeding echinoderms (e.g.,
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Echinocardium spp. and Echinocardium pennatifidun), and phoronids. The
detritivorous and carnivorous polychaetes, phoronids, and deposit- and
suspension-feeding bivalves showed relatively high ecotrophic effi-
ciencies (EE > 0.6), except for the lancelet, whose EE was exceptionally
low (0.01) due to its high biomass and limited predation.

Intermediate trophic levels (TL ~ 2.8-3.8) were constituted by
planktivorous fish, predatory and omnivorous invertebrates, small
demersal fish, and zooplankton. These include common starfish, Nem-
ertea, brown shrimp, gelatinous and carnivorous zooplankton, and
decapods such as masked crab, hermit crab, and edible crab. Groups of
sea birds ranged from (TL 2.9) for surface feeding- birds to (TL 3.7) for
diving feeding- birds. Demersal fish, such as the common dragonet,
plaice, and dab, occupied TLs of 3.6. Other small pelagic fish, such as
sprat (TL 2.8) and herring (TL 3.38), were also presented in the mid
trophic level. Dominant predatory fish and marine mammals, such as the
grey gurnard, whiting, harbour porpoise, and cod, occupied the highest
trophic level (3.99-4.5). This trophic structure is consistent with the
typical fundamental TLs of marine food webs (Fig. 2).

The Lindeman spine indicated that most of the energy flow in the
SOR food web occurred at the first trophic level, with detritus and pri-
mary producers contributing up to 33.4% and 20.42% of TST, respec-
tively. In contrast, the second trophic level (TL2) accounted for 36.92%
of TST and 51.24% of the total biomass excluding detritus (Fig. 3). The
functional groups with high biomass at TL 2 included the lancelet
B. lanceolatum (101 tkm’z), suspension feeding bivalves (17.75 t kmfz),
deposit feeding echinoderms (16.35 t km™2), and herbivorous
zooplankton (16 t km~2) (Table 2). The TL3 accounted for 31.95% of
total biomass and 7.6% of TST. Among the groups with high biomass,
sandeels had the highest estimated biomass (3 t km’z), followed by
carnivorous zooplankton (1.11 t km’z), meiofauna (4 t km’z), and dab
(1.07 t km—2). The groups in the food web with the lowest biomass were
detritivorous amphipods (0.0015 t km’z) and cod (0.0038 tkm’z). The
estimated mean transfer efficiency (TE) from primary producers was
10.54%, from detritus 16.90%, and the total transfer efficiency was
16.26% (Table 3).

In terms of fisheries, the four most intensively exploited groups were
sandeels (0.48 tkm’z), sprat (0.31t km’z), brown shrimp (0.34 t kmfz),
plaice (0.09 t km™2), and dab (0.06 t km~2) (Table 2). Bottom trawls and
pelagic pair trawls mainly target sandeels and sprat (Table 2). Brown
shrimp is targeted mainly by beam trawl, whereas brown shrimp, dab,
and plaice were the most discarded species (Tables S2 and S3). Overall,
the highest fisheries catches were associated with beam trawl, bottom

otter trawl, and pelagic pair trawls. Functional groups such as brown
shrimp, herring, whiting, sandeels, and plaice exhibited a high EE value
ranging from 0.9 to 0.99.

3.2. Mixed trophic impact and keystone analyses

The mixed trophic impact (MTI) analyses showed both positive and
negative impacts of one group on another in the ecosystem (Fig.4). The
analyses indicated negative impacts of intraspecific competition and
predation pressure on benthic fauna, particularly benthic invertebrates
such as crustaceans, echinoderms, bivalves, and polychaetes. On the
other hand, detritus POM and DOM had a positive impact on many
pelagic and benthic groups, supporting the growth of various marine
groups. Carnivourous polychaetes had a strong negative impact on their
prey, including phoronids, detritivorous polychaetes, and suspension-
feeding bivalves. Moreover, diving- feeding birds had strong direct
negative impacts on sandeels. In turn, sandeels positively impacted top
predators such as diving and surface-feeding birds and harbour
porpoises.

Commercial fishing fleets impacted species across a wide range of
trophic levels (2.8-4.48). For example, beam trawl had a relatively
strong impact on several species, including brown shrimp, dab, plaice,
and cod. Additionally, pelagic pair trawl, midwater trawl, and bottom
otter trawl had a negative impact on demersal fish. Demersal seines
showed a substantial negative impact on grey gurnard.

Keystoneness analysis (Table 4; Fig. 5) identified several functional
groups with high ecological impact within the SOR food web. Carni-
vourous polychaetes showed the highest keystone index (KS = —0.06)
and relative total impact (RTI = 1), followed by phytoplankton (KS =
-0.08), diving-feeding birds (KS = -0.08), sandeels (KS = -0.11), her-
bivorous zooplankton (KS = -0.15), and harbour porpoise (KS = -0.18).
These groups comprised both potential keystone groups and biomass-
dominant groups that play important structuring roles within the food
web.

3.3. Ecological indicators

The model's output parameters (Table 5) indicated that the total
community biomass excluding detritus was 191.59 t km-2, and the total
system throughput (TST) was 10,930.05 t km-2. yr_l). The total con-
sumption, respiratory flow, and flow to detritus represented 48%, 13%,
and 38% of the TST, respectively. The primary production flow was 19%
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Basic estimates of the trophic model of the MPA Sylt Outer Reef: Group name, trophic level (TL); biomass (B; t km™2), production/biomass ratio (P/B; y’l), con-

sumption/biomass ratio (Q/B; y’l), ecotrophic efficiency (EE), production/consumption (P/Q; y’l), biomass accumulation (BA; t km™2), fisheries catch (C; t km™

year!). Ecopath estimated the values in bold.

2

ID Group name TL B P/B Q/B EE P/Q BA C

1 Surface feeding birds 2.96 0.03 0.10 75.73 0.00 0.00 0

2 Diving feeding birds 3.70 0.14 1.12 66.00 0.00 0.02 0

3 Harbour porpoise 4.17 0.01 0.02 17.63 0.00 0.00 0

4 Squid 3.80 0.01 4.00 20.00 0.82 0.20 0 0

5 Herring 3.39 0.38 0.61 4.59 0.98 0.13 0 0.03
6 Cod 4.51 0.0038 0.42 2.58 0.61 0.16 0 0

7 Sandeels 3.24 3.00 2.28 10.10 0.90 0.23 0 0.48
8 Sprat 2.85 2.67 0.81 8.00 0.66 0.10 0 0.31
9 Whiting 4.06 0.01 0.50 2.60 0.96 0.19 0 0

10 Common dragonet 3.54 0.03 0.69 6.10 0.31 0.11 0 0

11 Hooknose 3.76 0.03 1.42 3.70 0.02 0.38 0 0

12 Grey gurnard 4.00 0.04 0.26 3.70 0.49 0.07 0 0.01
13 Scaldfish 3.77 0.02 1.42 3.70 0.09 0.38 0 0

14 Solenette 3.84 0.08 1.42 3.70 0.66 0.38 0 0

15 Plaice 3.69 0.39 0.31 3.42 0.95 0.09 0 0.09
16 Dab 3.61 1.08 0.37 3.69 0.57 0.10 0 0.06
17 Brown shrimp 3.04 0.09 4.62 15.42 0.99 0.30 0 0.34
18 Edible crab 3.40 0.08 1.98 9.88 0.37 0.20 0 0.04
19 Swimming crabs 3.06 0.66 0.55 2.77 0.62 0.20 0

20 Masked crab 3.49 0.14 0.55 2.77 1.00 0.20 0

21 Hermit crab 3.29 0.32 0.60 3.00 0.74 0.20 0

22 Sand star 3.63 0.29 0.70 3.50 0.72 0.20 0

23 Common starfish 2.89 4.20 0.23 1.15 0.50 0.20 0

24 Phoronids 2.48 0.46 1.30 4.33 1.00 0.30 0

25 Nemertea 2.82 0.26 0.60 2.00 0.06 0.30 0

26 Detritivorous amphipods 3.07 0.0015 2.80 9.34 0.61 0.30 0

27 Lancelet 291 101.10 1.08 3.60 0.01 0.30 0

28 Omnivorous decapods 2.35 0.58 1.25 4.18 0.88 0.30 0

29 Detritivorous polychaetes 2.62 1.44 1.97 6.55 0.83 0.30 0

30 Carnivourous polychaetes 2.42 6.32 2.30 7.66 0.59 0.30 0

31 Suspension feeding polychaetes 2.38 291 1.84 6.13 0.34 0.30 0

32 Deposit feeding echinoderms 2.19 16.35 0.83 2.76 0.13 0.30 0

33 Deposit feeding bivalves 2.16 0.48 1.73 5.78 0.67 0.30 0

34 Suspension feeding bivalves 2.13 17.75 0.55 1.84 0.98 0.30 0

35 Gelatinous zooplankton 3.26 0.07 2.86 6.35 0.10 0.45 0

36 Herbivorous zooplankton 2.06 16.00 9.20 30.00 0.35 0.31 0

37 Carnivorous zooplankton 3.13 1.12 4.00 12.50 0.99 0.32 0

38 Meiofauna 3.03 4.01 35.00 125.00 0.99 0.28 0

39 pelagic bacteria 2.16 1.46 571.00 1142.00 0.53 0.50 0

40 benthic bacteria 2.24 0.11 9470.00 18,940.00 0.71 0.50 0

41 Phytoplankton 1.00 7.50 286.67 0.26 0

42 Detritus DOM sediment 1.00 25.00 0.94 103.091

43 Detritus -POM sediment 1.00 25.00 0.72 681.189

44 Discard 1.00 50.00 0.02 0

of TST, and the export flow out of the system was very low (0.00013 t
km 2. yr‘l). Furthermore, the total net primary production (NPP) was
(2150 t km~2. yr™1), and the ratio of total primary production to total
respiration (TPP/TR) was 1.47. The system showed a low degree of
organization, with a relative ascendency (A/C; 22.73%) compared to its
capacity to buffer perturbations (0/C; 77.27%), and an omnivory index
of 0.3. Approximately one-third of the system's energy was recycled, as
indicated by Finn's cycle index (FCI) of 32.79%, and Finn's mean path
length (APL) was 7.4. Finally, the mean trophic level of the catch (MTL)
was 3.15, and the pedigree index was 0.4.

4. Discussion

4.1. Holistic view of the food web structure and functioning of the Sylt
Outer Reef

The balanced Ecopath model provided the first detailed description
of the Sylt Outer Reef food web structure and functioning, which com-
prises 44 recognized functional groups spanning trophic levels from 1.0
to 4.5. The model integrates diverse pelagic and benthic components
connected through both grazing and detritus-based food chains. The
import of non-living material was not explicitly included, as the

information available on-import and export of detritus and other com-
partments from outside the Sylt Outer Reef is thin. Thus, the fate to
detritus and discards was defined to be the unassimilated biomass from
the functional groups, which was assumed to partition proportionally
into particulate organic matter (POM) and dissolved organic matter
(DOM) and to represent the principal pathways by which organic matter
is retained and recycled within the system (Table S3). Most fish groups
in the model were represented at the species level, and benthic in-
vertebrates were aggregated into 20 functional groups. The improved
resolution of the benthic groups is important in the SOR, where func-
tional groups such as detritivorous polychaetes, deposit-feeding bi-
valves, swimming crabs, and brown shrimp obtain their primary energy
from detrital particles (POM and DOM), supporting the dominant role of
detritus-based pathways in structuring the energy flow of the system.
This improved inclusion of these functional groups enhances the link
between living and non-living compartments, and the relatively high
ecotrophic efficiencies observed for these groups (EE > 0.60) further
indicate that a large fraction of their production is utilized within the
food web (Table 1), supporting their role in energy transfer to higher
trophic levels. The important role of these complex macrobenthic
communities in the North Sea has been recognized, as they increase the
complexity of trophic interactions and support the stability of the food
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Table 3
Transfer efficiency (mean values) from different trophic levels of the Sylt Outer
Reef ecosystem.

Source \ Trophic level TE

Transfer efficiencies (calculated as geometric mean for TL II-IV)

From primary producers: 10.54%
From detritus: 16.90%
Total: 16.26%

chain web (Sokotowski et al., 2012). The functional role of benthic in-
vertebrates is highlighted by the presence of key bioturbators such as
Echinocardium spp., which enhance recycling of organic matter in the
sediment and transfer energy-rich food to higher trophic levels (Wrede
et al., 2017; Beermann et al., 2023).

The model also highlights the ecological importance of suspension
and filter feeders, such as suspension-feeding bivalves and polychaetes,
in supporting the grazing food chain as prey for benthivorous fish
(Table S5). It also applies to small planktivorous fish (e.g., sprat, san-
deels, herring) that feed mainly on zooplankton, and constitute a major
prey for predatory fish and birds in the area (Table S5). However, the
results show that the lancelet (B. lanceolatum) had the highest biomass in
the system (101 t km-2), and the limited ecological information on this
species in the SOR and particularly on its predators introduces uncer-
tainty in the representation of the trophic link of B. lanceolatum.
Consequently, a high proportion of its production remained unused (EE
= 0.01; Table 1). Future studies focusing on the role of the lancelet in the
food web could substantially improve models for areas where the
biomass is dominated by this species.

The improved representation of benthic invertebrates, therefore,
influences energy flows in the system. The mean transfer efficiency (TE)
of the SOR (16.26%; Table 4) exceeds the theoretical (10%) benchmark
suggested by Pauly and Christensen (1995) and aligns more closely with
the average TE values reported for ecosystems such as the Greater North
Sea and the Irish Sea (Lees and Mackinson, 2007; Mackinson and
Daskalov, 2007). Notably, TE from detritus (16.90%) surpasses that of
primary production (10.54%), likely due to the inclusion of microbial
groups and a better representation of detritus groups, and the benthic
detritivores and deposit feeders. This enhances the recycling of

particulate and dissolved organic matter, making energy more acces-
sible to their predators. Consequently, the food web of the SOR is pri-
marily detritus-driven, supporting a diverse array of groups that
contribute to the overall system throughput. While reliance on detritus
dynamics enhances ecosystem stability (Moore et al., 2004), long-term
modification of detrital input or dynamics can reshape benthic com-
munities, influence system energy reserve, and alter the structure of the
food web (Essink, 1999; Jorge-Romero et al., 2019).

4.2. Comparison between the models of the Sylt Outer Reef, Southern
Bight of the North Sea, and the Greater North Sea

A general assessment of the Sylt Outer Reef model was made by
comparing it with models of the Southern Bight of the North Sea (SBoNS;
Pint et al., 2024) and the Greater North Sea (GNS; Mackinson and
Daskalov, 2007), using the most robust ecosystem-level indices recom-
mended for comparative analysis (Heymans et al., 2014; Table 5). The
Ecopath model generates a range of ecosystem-level outputs, which are
sensitive to model structure, spatial scale, and input resolution and
must, therefore, be interpreted cautiously (Christensen et al., 2005).
However, ecosystem biomass, total system throughput (TST), and TST-
based indicators are recognized to be robust indicators of the ecosys-
tem's overall size and function (Heymans et al., 2014). The total system
throughput, which measures the size and activity of the food web
(Ulanowicz, 1986), were lower in the SOR (TST; 10,930.58 t km~2.
year’l) and in the SBoNS (TST; 10,248.01 t km 2. year’l) than in the
GNS (TST; 12,150.01 t km'> year’l). The SBoNS and SOR are smaller
sub-regions and shallower areas of GNS, with a maximum water depth in
southeastern North Sea of 50 m depth (Stabler et al., 2018). The dif-
ference is probably due to the GNS having a larger spatial extent, greater
depth, and greater habitat complexity, which make its food web more
productive. Most TST-based indicators are similar across the SOR, with
comparable ratios such as Q/TST, FD/TST, PP/TST, and R/TST
(Table 5). However, the relative export of biomass (Ex/TST) is almost
four times lower in the SOR (0.12 0.1073; Table 5) than in the GNS and
the SBoNS, as data on exports and imports between the SOR and other
areas were not included. This may suggest that the SOR is a more
retentive system and a larger fraction of energy is recycled internally
rather than exported, or it may reflect a bias in model construction. This
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Table 4
Keystone index 1 (Libralato et al., 2006) for the group with a keystone index >
—-0.2.

D Group name Keystone index #1 Relative total impact
30 Carnivourous polychaetes —0.06 1

41 Phytoplankton —0.08 0.96

2 Diving feeding-birds —0.08 0.92

7 Sandeels -0.11 0.87

36 Herbivorous zooplankton -0.15 0.87

3 Harbour porpoise —0.18 0.74

pattern is consistent with the results from the models analysed by
Heymans et al. (2014) (Fig. 5 b), where relative exports tend to increase
with the spatial extent of the ecosystem, in contrast to the Finn cycling
index, which tends to be higher in smaller systems. Higher recycling
(FCI) and longer cycles (APL) in the SOR (Table 5) further indicate that
this system is self-reliant, with an extended energy pathway and robust
matter recycling. This is important because systems, which recycle
detritus more effectively, tend to be more resilient and recover better
from disturbances (Vasconcellos et al., 1997).

A noticeable difference is the total biomass of the communities
(excluding detritus), which is three times lower in the SOR model
(Table 5). The difference is likely due to methodological differences
rather than ecological contrasts, as the SOR model biomass values for
the infauna, epifauna, and fish are based on locally collected, field-
sampled data for each group (see section 2.2.3), whereas the larger-
scale models rely more on averaged biomass datasets (c.f. Mackinson
and Daskalov, 2007; Pint et al., 2024).

Three ratio indicators, relative ascendency (A/C), relative overhead
(0/C), and the system omnivory index (SOI), were also used for com-
parison because these metrics are unaffected by network size or
complexity (Heymans et al., 2014; Baird et al., 2009). The three models

had low relative ascendency (A/C) and high relative overhead (O/C),
indicating low predictability in energy flows, as numerous alternative
routes exist for energy to move from primary producers to higher trophic
levels. This indicates that the food web of the SOR is sustained by a wide
range of first- and second-order consumers using similar food sources,
which together facilitate energy transfer and buffer the ecosystem
against disturbances (Ulanowicz, 1980; Lewis et al., 2001). The aggre-
gated functional groups of the SOR model at lower trophic levels, such as
the keystone groups, carnivorous polychaetes, which feed on a variety of
benthic and pelagic prey (e.g., phytoplankton, DOM, POM, discards, and
infauna), and planktivorous fish (e.g., sandeels, sprat, herring), that
primarily consume zooplankton and phytoplankton, together link pri-
mary producers and benthic production simultaneously to predatory
fish, birds, and crustaceans through numerous parallel routes. In this
context, high overhead enables mid- and top-predator species to access
redundant prey resources, thereby increasing the robustness of the food
web. Therefore, the SOR likely is resilient, with more alternative path-
ways for energy and biomass flow, reinforcing the complexity of its
trophic interactions (Ulanowicz, 1986; Christensen, 1995; Fath et al.,
2019). The system omnivory index (SOI) was calculated by averaging
the omnivory index across all functional groups, thereby indicating the
variance of the trophic levels in the predators' diets within the food web
(Pauly et al., 1993). The SOI was higher in the SOR (0.3) than in the SOR
of the SBoNS and the GNS (0.22; 0.26) and higher than in other systems
such as the Mediterranean Sea (Coll et al., 2006), the Adriatic Sea (Coll
et al., 2007), and the Portuguese continental shelf (Veiga-Malta et al.,
2019) where SOI ranged from 0.19 to 0.22. This demonstrates that the
SOR has more groups with an unspecialized diet (Pauly et al., 1993), and
a web-like structure of trophic flows (Ulanowicz, 1986; Christensen,
1995), which further supports the high relative overhead in the sys-
tem. The three food-web models are expressed in identical area-
standardized units, represent systems of similar size, and highlight
some similarities. However, the ability to draw broader conclusions
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Fig. 5. Keystone index for the Sylt Outer Reef, keystone index vs Relative total impact. For the colour code, see the caption of Fig. 2.

from the models might be affected by different spatial extents and
structure of the ecosystems, the time periods they represent, and un-
derlying ecosystem characteristics. Ecosystem indicators from the SOR
model provide only a temporal snapshot value, making it difficult to
draw broad, conclusive interpretations of ecosystem stability and state.
The use of multiple models across different time frames may allow for a
more complete picture of ecosystem health and change over time, under
different management measures. For example, a future model excluding
bottom trawling, compared with the current model, would enable a
holistic assessment of ecosystem changes before and after the exclusion
of bottom trawling, given that a healthy ecosystem requires a balance
between ascendency (the ability to maintain its organization) and
overhead (resilience and adaptation to disturbances) (Costanza and
Mageau, 1999; Ulanowicz, 2004; Ulanowicz, 2020).

4.3. Keystone groups, fisheries, and management implications

The results showed that none of the keystone functional groups had
values close to or greater than zero (Libralato et al., 2006), indicating
the absence of groups with high ecological impact relative to their
biomass. Nevertheless, several functional groups showed relatively high
relative total impact and were identified as either potential keystone
groups or structuring groups within the SOR food web (Table 4; Fig. 5).
The latter included carnivorous polychaetes, phytoplankton, herbivo-
rous zooplankton, and sandeels, whereas diving-feeding birds and
harbour porpoise were identified as potential keystone groups. Among
the structuring groups, carnivorous polychaetes were identified likely
due to their positive trophic impact, as shown in (MTIL Fig. 4). They feed
on a variety of benthic prey across different trophic levels while they are
preyed upon by different predatory fish and birds. Therefore, their
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trophic impact can extend through different trophic levels. Species in
this group (e.g., Nephtys caeca) exert a regulatory influence through
predation on other populations within their community (Caron et al.,
2004). At the mid-trophic level, sandeels were identified as another
important structuring group. They derive their energy from a broad
range of zooplankton and, in turn, constitute a major prey for many fish,
birds, and mammals. Several predators in the North Sea are trophically
highly dependent on sandeels as prey, such as the black-legged kittiwake
(Rissa tridactyla) and the harbour porpoise (Phocoena phocoena). Both
species are threatened and declining in the North Sea (Reilly et al., 2014;
Lewis et al., 2001). The ecological importance of sandeels is further
emphasized by their role as conduits for energy transfer from
zooplankton to top predators, as is the case for other forage fish (e.g.,
sprat, herring), emphasizing the need for efficient control of sandeels,
which is the most intensively fished species in the SOR. So far, the
identified keystone and structuring key groups suggest that the
ecosystem of the SOR is primarily bottom-up-regulated, where predators
are limited by the availability of their prey (Reilly et al., 2014). In
ecosystems with bottom-up limitations, a decline in key species, such as
sandeels and forage fish, can severely affect predators, especially pred-
ators with limited capacities to exploit alternative food sources (Rindorf
et al., 2000; Daunt et al., 2008; Yaragina and Dolgov, 2009; Reilly et al.,
2014). However, the identification of keystone groups, such as
diving-feeding birds and harbour porpoise, with high trophic levels
(3.5-4.17; Fig. 5, Table 4) might also indicate top-down effects within
the food web. These findings highlight that maintaining prey availability
and the integrity of low trophic levels is essential for sustaining higher
trophic levels, including commercially and ecologically important
predators. The SOR is ecologically significant for its high benthic faunal
diversity (Hahn et al., 2022) and provides crucial habitat for numerous
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Table 5
Comparison between the Sylt Outer Reef food and other North Sea models using
ecological network analysis, Odum (1969) attributes as calculated by
Christensen (1995), with robust indicators as suggested by Heymans et al.
(2014).

Area Sylt Outer The Southern Bight The Great
Reef (SOR) of the North Sea North Sea
(SBONS) (GNS)
Model characteristics
Area (km?) 6503 km* 63,633 km* 570,000 km?
Depth range (m) 8-48 m <50 m 50 m - 100 m
Number of groups 44 43 68
Ecosystem properties
(t . km~2 year -1
Total system throughput ~ 10,930.01 10,248.01 12,150.01
Total biomass of the 191.34 569.26 551.8
community
Total net primary 2150 2150 2150
production
total primary 1.47 No data 1.11
production/total
respiration
total primary 11.23 3.77 3.89
production / total
Biomass
Total export/Total 0.130.10 3 0.44-10 3 0.46-10 3
system throughput
Total consumption/ 0.48 0.48 0.51
Total system
throughput
Total respiration/ Total 0.13 0.2 0.16
system throughput
Flows to detritus / Total ~ 0.38 0.32 0.32
system throughput
Primary production/ 0.19 0.21 0.17
Total system
throughput
Food web structure
Relative Ascendency 22.73 23.63 21.2
Relative Overhead 77.27 76.37 78.74
System omnivory index 0.30 0.22 0.26
Finn's cycle index 32.79 25.25 20.24
Finns' mean path length 7.4 No data No data
Fishery indices
Mean trophic level of 3.15 3.55 3.6
the catch
Information index
The pedigree index 0.4 No data No data

species, including seabirds such as Kittiwakes (Rissa tridactyla), marine
mammals such as harbour porpoise (Phocoena phocoena) and harbour
seal (Phoca vitulina), and numerous fish. Notably, it serves as a nursery
ground and migration corridor, particularly for harbour porpoises with
juveniles (Bundesamt fiir Naturschutz (bfN), 2020). Management mea-
sures, including the exclusion of bottom trawling in large parts of the
SOR, have been implemented to safeguard habitat types and to achieve a
favourable conservation status for species such as harbour porpoise and
seabirds (Article 11 and 18 No 1380/2013). Bottom trawling was ban-
ned in large parts of the area in March 2023, while other pressures still
persist (EU Regulation 2023/340). These management measures could
also help preserve the overall ecosystem structure and function and
should address the protection of keystone and key structuring species
across different trophic levels, which is crucial for ensuring ecosystem
resilience and stability and for improving conservation status. In this
study, a first step toward developing a baseline model for
ecosystem-based management in the SOR was taken.
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4.4. Model limitations and future implications

The SOR food-web model was developed as a baseline representation
of the marine protected area, as a snapshot for the time period from
2010 to 2020. Biomass estimates for major taxonomic groups were ob-
tained either from local sampling campaigns or from a regional model
with spatial overlap with the SOR. However, temporal inconsistencies
arise because the biomass of different functional groups was sampled at
different time frames. For example, biomass of infaunal benthos and
pelagic fish were sampled at high-resolution from 2014 to 2018, and
pelagic fish data are similarly restricted (see Supplementary Material for
methodological details), whereas biomass data for demersal fish and
benthic epifauna cover the full period of 2010-2020. Moreover, the
infauna was sampled in different areas of the SOR in different years.
Hence, the period with the most complete data coverage was selected for
the model. Catchability limitations of the beam trawl survey likely
underestimated the biomass of species such as sandeels and brown
shrimp. These inputs were thus estimated by Ecopath. Although dietary
information is relatively well documented for certain groups of fish,
mammals, or some invertebrate species (e.g., Hinz et al., 2005; Schiickel
et al., 2012; Jansen et al., 2013), it remains limited or generalized for
many invertebrate groups, as no local dietary data is available and no
experiments were conducted. Likewise, data on lower trophic groups,
such as detritus, bacteria, meiofauna, and zooplankton, are scarce,
despite their recognized importance in nutrient cycling and energy
transfer (De Jonge et al., 2006; Van Der Heijden et al., 2020); Improved
monitoring of these compartments would substantially enhance future
food-web analyses. Fishery landings and discard data were obtained
from the EU Data Collection Framework (DCF) and Fisheries Dependent
Information (FDI) (European Commission, 2025). These data are re-
ported by administrative boundaries and reflect multinational fishing
activities, thereby limiting access to local catch data. Therefore, the
catch was assumed to be evenly distributed and normalized based on
ICES squares and the proportion of the catch allocated to the MPA. This
introduces additional uncertainty, and related results should accord-
ingly be interpreted with caution. Note that model accuracy generally
depends on the availability and quality of data (Plaganyi, 2007).
Consequently, following Heymans et al. (2016) advice to quantify input
uncertainty, a pedigree index was used to evaluate the data quality. The
relatively low pedigree of the SOR is primarily due to limited empirical
information available for benthic invertebrates (Table 5), particularly
regarding Q/B ratios and diet composition, compared with
better-studied fish and vertebrate groups. Nevertheless, it is noteworthy
that the improved functional resolution of benthic compartments en-
hances the representation of ecosystem structure and trophic pathways,
despite data limitations.

5. Conclusion

The German Marine Protected Area Sylt Outer Reef - Eastern German
Bight (SOR) is a highly heterogeneous area, with different habitats and
species with diverse feeding traits. Trophic flow analysis indicates that
the SOR is dominated by low trophic levels and strong benthic recycling,
with detritus playing a key role in supporting the system's productivity.
The greater use of both dissolved organic matter (DOM) and particulate
organic matter (POM) highlights the improved resolution and repre-
sentation of low-trophic-level groups. Consequently, the food web of the
SOR is primarily detritus-driven, making the ecosystem sensitive to
bottom trawling and to long-term alterations in detrital input (Mutsert
et al., 2012; Jorge-Romero et al., 2019; Pezy et al., 2018).

The comparison with the Southern Bight of the North Sea (SBNoS)
and the Greater North Sea (GNS) indicates that the SOR has comparably
high internal recycling and longer energy-flow pathways, which makes
it a self-reliant system with robust matter recycling. The low relative
ascendency and high relative overhead suggest that the ecosystem is
potentially robust to disturbances, but lacking specialized pathways.
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The SOR also showed a relatively higher omnivory index (SOI), sug-
gesting greater feeding generalization and a complex trophic structure.

The keystone analysis identified both keystone groups and important
key groups within the SOR food web. Diving-feeding birds and harbour
porpoise were identified as keystone groups, whereas carnivourous
polychaetes, phytoplankton, herbivorous zooplankton, and sandeels
emerged as key structuring groups. The forage and benthivorous fish,
such as sandeels, sprat, plaice, and brown shrimp, are highly targeted in
the area. The Ecopath model presented in this study is the first trophic
food web model developed for this marine protected area and in-
corporates the most complete biological dataset to date. Nonetheless,
many uncertainties remain regarding the diet composition and life his-
tory of some functional groups. This model provides a baseline for un-
derstanding the structure and functioning of the SOR and will be used to
assess the effectiveness of management measure through temporal
simulations.

Declaration of generative Al and Al-assisted technologies in the
manuscript preparation process

The drafted paper was checked using Grammarly Pro (Grammarly
Inc., 2025) to check readability, spelling, and grammar. After using this
tool, the authors reviewed and edited the content as needed and take full
responsibility for the content of the published article.

CRediT authorship contribution statement

Chaimae Slila: Writing — original draft, Visualization, Validation,
Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Sabine Horn: Writing — review & editing, Valida-
tion, Supervision, Project administration, Methodology, Funding
acquisition, Formal analysis, Conceptualization. Miriam Piits: Writing —
review & editing, Validation, Supervision, Methodology, Formal anal-
ysis, Conceptualization. Holger Haslob: Writing — review & editing,
Resources. Jan Beermann: Writing — review & editing, Resources.
Marie-Catherine Riekhof: Writing — review & editing, Supervision.
Lars Gutow: Writing — review & editing, Resources. Karen Helen
Wiltshire: Writing — review & editing, Validation, Project administra-
tion, Funding acquisition, Conceptualization.

Funding
This study was part of the project MGF-Nordsee Phase II (FKZ
03F0936A, 03F0936E), funded by the German Federal Ministry of

Research, Technology and Space (BMFTR) as part of the research
mission “sustainMare” of the German Marine Research Alliance (DAM).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that have appeared to influence the
work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.seares.2026.102724.

Data availability
The authors do not have permission to share data.

References

Alessandrini, A., Guizzardi, D., Janssens-Maenhout, G., Pisoni, E., Trombetti, M.,
Vespe, M., 2017. Estimation of shipping emissions using vessel Long Range

Journal of Sea Research 212 (2026) 102724

Identification and Tracking data. J. Maps 13, 946-954. https://doi.org/10.1080/
17445647.2017.1411842.

Alvarez, H., Perry, A.L., Blanco, J., Garcia, S., Aguilar, R., 2019. Protecting the North Sea:
New Research for Biodiversity Recovery. Oceana, Madrid, Spain, p. 20. https://doi.
org/10.31230/0sf.io/6dukn.

Amorim, F.D.L.L.D., Wiltshire, K.H., Lemke, P., Carstens, K., Peters, S., Rick, J.,
Gimenez, L., Scharfe, M., 2023. Investigation of marine temperature changes across
temporal and spatial gradients: providing a fundament for studies on the effects of
warming on marine ecosystem function and biodiversity. Prog. Oceanogr. 216,
103080. https://doi.org/10.1016/j.pocean.2023.103080.

Andersen, J., Stock, A., Heinanen, S., Mannerla, M., Vinther, M., 2013. Human Uses,
Pressures and Impacts in the Eastern North Sea. Report 18. Aarhus University, DCE-
Danish Centre for Environment and Energy, Aarhus, Denmark.

AORA, 2017. AORA Working Group on the Ecosystem Approach to Ocean Health and
Stressors, January 2017, Reykjavik, Iceland. https://doi.org/10.17895/ices.
pub.19145540.v1.

Baird, D., Fath, B.D., Ulanowicz, R.E., Asmus, H., Asmus, R., 2009. On the consequences
of aggregation and balancing of networks on system properties derived from
ecological network analysis. Ecol. Model. 220, 3465-3471. https://doi.org/
10.1016/j.ecolmodel.2009.09.008.

Balkoni, A., Boersma, M., Sidorenko, V., De Amorim, F.D.L.L., Sarker, S., Spence-
Jones, H.C., Rick, J.J., Van Beusekom, J.E.E., Wiltshire, K.H., 2026. Long-term
effects of nutrient shifts and warming on chlorophyll-a in a temperate coastal
environment. Estuar. Coasts 49, 13. https://doi.org/10.1007/512237-025-01620-2.

Bauer, K.M., Glutz von Blotzheim, U.N., 1996. Handbuch der Vogel Mitteleuropas.
Akademische Verlagsgesellschaft, Frankfurt am Main, Germany.

Beermann, J., Gutow, L., Withrdemann, S., Konijnenberg, R., Heinicke, K., Bildstein, T.,
Jaklin, S., Gusky, M., Zettler, M.L., Dannheim, J., Pesch, R., 2023. Characterization
and differentiation of sublittoral sandbanks in the southeastern North Sea. Biodivers.
Conserv. 32, 2747-2768. https://doi.org/10.1007/s10531-023-02629-4.

Bezzel, E., 1985. Kompendium der Vogel Mitteleuropas. Band I: Nonpasseriformes.
AULA-Verlag Wiesbaden, Germany.

Bildstein, T., Schuchardt, B., Kramer, M., Bleich, S., Schiickel, S., Huber, A.,

Dierschke, V., Koschinski, S., Garniel, A., 2021. Die Meeresschutzgebiete in der
deutschen ausschlieBlichen Wirtschaftszone der Nordsee: Beschreibung und
Zustandsbewertung. BfN-Skripten 477. Bundesamt fiir Naturschutz, Bonn, Germany.
https://doi.org/10.19217/SKR477.

Bordage, D., Savard, J.-P.L., 2011. Black scoter (Melanitta americana), version 2.0. In:
Poole, A.F. (Ed.), The Birds of North America. Cornell Lab of Ornithology, Ithaca,
USA.

Borkenhagen, K., Guse, N., Markones, H., Markones, N., Schwemmer, H., Garthe, S.,
2021. Seabird Monitoring in the German North Sea and Baltic Sea 2019. Research
and Technology Centre West Coast (FTZ), Kiel University, Busiim, Germany.

Brey, T., 2001. Population Dynamics in Benthic Invertebrates. A Virtual Handbook.
http://www.thomas-brey.de/science/virtualhandbook/.

BSH, 2020. Bathymetrie Meeresboden DGM. https://www.geoseaportal.de/ (accessed
2025).

Bundesamt fiir Naturschutz (bfN), 2020. Managementplan fiir das Naturschutzgebiet
"Sylter AuBenriff — Ostliche Deutsche Bucht" (MPSyl). Bundesamt fiir Naturschutz,
Bonn, Germany. https://www.bundesanzeiger.de/pub/publication/h0d1RV6aENh
Z85BfVb3/content/200411001798M001/BAnzAT13052020B1100.pdf.

Canning, A.D., Death, R.G., 2018. Relative ascendency predicts food web robustness.
Ecol. Res. 33, 873-878. https://doi.org/10.1007/511284-018-1585-1.

Caron, A., Desrosiers, G., Olive, P.J.W., Retiére, C., Nozais, C., 2004. Comparison of diet
and feeding activity of two polychaetes, Nephtys caeca (Fabricius) and Nereis virens
(Sars), in an estuarine intertidal environment in Québec, Canada. J. Exp. Mar. Biol.
Ecol. 304, 225-242. https://doi.org/10.1016/j.jembe.2003.12.014.

Christensen, V., 1995. Ecosystem maturity — towards quantification. Ecol. Model. 77,
3-32. https://doi.org/10.1016,/0304-3800(93)E0073-C.

Christensen, V., Pauly, D., 1992. ECOPATH II — a software for balancing steady-state
ecosystem models and calculating network characteristics. Ecol. Model. 61,
169-185. https://doi.org/10.1016/0304-3800(92)90016-8.

Christensen, V., Pauly, D., 1993. Trophic models of aquatic ecosystems. In: ICLARM
Conference Proceedings, vol. 26, pp. 1-390.

Christensen, V., Steenbeek, J., 2026. User Guide for Ecopath with Ecosim (EwE). The
University of British Columbia, Vancouver, BC. Available from. https://pressbooks.
becampus.ca/eweguide/.

Christensen, V., Walters, C.J., Pauly, D., 2005. Ecopath with Ecosim: A User’s Guide.
Fisheries Center, University of British Columbia, Vancouver, BC, Canada, 158 pp.
https://www.ecopath.org.

Coll, M., Palomera, 1., Tudela, S., Sarda, F., 2006. Trophic flows, ecosystem structure and
fishing impacts in the South Catalan Sea, Northwestern Mediterranean. J. Mar. Syst.
59, 63-96. https://doi.org/10.1016/j.jmarsys.2005.09.001.

Coll, M., Santojanni, A., Palomera, 1., Tudela, S., Arneri, E., 2007. An ecological model of
the Northern and Central Adriatic Sea: analysis of ecosystem structure and fishing
impacts. J. Mar. Syst. 67, 119-154. https://doi.org/10.1016/j.jmarsys.2006.10.002.

Costanza, R., Mageau, M., 1999. What is a healthy ecosystem? Aquat. Ecol. 33, 105-115.
https://doi.org/10.1023/A:1009930313242.

Cramp, S., Simmons, K.L. (Eds.), 1983. Handbook of the birds of Europe, the Middle East
and North Africa. The Birds of the Western Palearctic. Vol. 3: Waders to Gulls.
Oxford University Press, Oxford, UK.

Darwall, W.R.T., Allison, E.H., Turner, G.F., Irvine, K., 2010. Lake of flies, or lake of fish?
A trophic model of Lake Malawi. Ecol. Model. 221, 713-727. https://doi.org/
10.1016/j.ecolmodel.2009.11.001.

Daunt, F., Wanless, S., Greenstreet, S.P., Jensen, H., Hamer, K.C., Harris, M.P., 2008. The
impact of the sandeel fishery closure on seabird food consumption, distribution, and


https://doi.org/10.1016/j.seares.2026.102724
https://doi.org/10.1016/j.seares.2026.102724
https://doi.org/10.1080/17445647.2017.1411842
https://doi.org/10.1080/17445647.2017.1411842
https://doi.org/10.31230/osf.io/6dukn
https://doi.org/10.31230/osf.io/6dukn
https://doi.org/10.1016/j.pocean.2023.103080
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0020
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0020
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0020
https://doi.org/10.17895/ices.pub.19145540.v1
https://doi.org/10.17895/ices.pub.19145540.v1
https://doi.org/10.1016/j.ecolmodel.2009.09.008
https://doi.org/10.1016/j.ecolmodel.2009.09.008
https://doi.org/10.1007/s12237-025-01620-2
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0040
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0040
https://doi.org/10.1007/s10531-023-02629-4
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0050
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0050
https://doi.org/10.19217/SKR477
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0060
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0060
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0060
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0065
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0065
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0065
http://www.thomas-brey.de/science/virtualhandbook/
https://www.geoseaportal.de/
https://www.bundesanzeiger.de/pub/publication/h0d1RV6aENhZ85BfVb3/content/200411001798M001/BAnzAT13052020B1100.pdf
https://www.bundesanzeiger.de/pub/publication/h0d1RV6aENhZ85BfVb3/content/200411001798M001/BAnzAT13052020B1100.pdf
https://doi.org/10.1007/s11284-018-1585-1
https://doi.org/10.1016/j.jembe.2003.12.014
https://doi.org/10.1016/0304-3800(93)E0073-C
https://doi.org/10.1016/0304-3800(92)90016-8
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0105
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0105
https://pressbooks.bccampus.ca/eweguide/
https://pressbooks.bccampus.ca/eweguide/
https://www.ecopath.org
https://doi.org/10.1016/j.jmarsys.2005.09.001
https://doi.org/10.1016/j.jmarsys.2006.10.002
https://doi.org/10.1023/A:1009930313242
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0130
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0130
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0130
https://doi.org/10.1016/j.ecolmodel.2009.11.001
https://doi.org/10.1016/j.ecolmodel.2009.11.001

C. Slila et al.

productivity in the northwestern North Sea. Can. J. Fish. Aquat. Sci. 65, 362-381.
https://doi.org/10.1139/f07-164.

De Jonge, V.N,, Elliott, M., Brauer, V.S., 2006. Marine monitoring: its shortcomings and
mismatch with the EU Water Framework Directive’s objectives. Mar. Pollut. Bull. 53,
5-19. https://doi.org/10.1016/j.marpolbul.2005.11.026.

De La Vega, C., Schiickel, U., Horn, S., Kroncke, 1., Asmus, R., Asmus, H., 2018. How to
include ecological network analysis results in management? A case study of three
tidal basins of the Wadden Sea, south-eastern North Sea. Ocean Coast. Manag. 163,
401-416. https://doi.org/10.1016/j.ocecoaman.2018.07.019.

Essink, K., 1999. Ecological effects of dumping of dredged sediments; options for
management. J. Coast. Conserv. 5, 69-80. https://doi.org/10.1007/BF02802741.

European Commission, 2023. Commission Delegated Regulation (EU) 2023/340 of 8
December 2022 amending Delegated Regulation (EU) 2017/118 as regards
conservation measures in Sylter Aussenriff, Borkum-Riffgrund, Doggerbank and
Ostliche Deutsche Bucht, and in Klaverbank, Friese Front and Centrale
Oestergronden. Off. J. Eur. Union 1-19.

European Commission, 2025. The EU Blue Economy Report. Publications Office of the
European Union, Luxembourg. https://data.europa.eu/doi/10.2771/2333701.

European Commission, Joint Research Centre, 2026a. 2025 - Fisheries Landings and
Effort: Data by c-Square. Data up to 2024 [dataset]. European Commission, Joint
Research Centre. https://doi.org/10.2905/JRC.ACOEMWS.

European Commission, Joint Research Centre, 2026b. 2025 - Fisheries Effort, Landings,
Catches, Capacity, Biological Data up to 2024 [Dataset]. European Commission,
Joint Research Centre. https://doi.org/10.2905/JRC.KJFN63G.

Fath, B.D., Asmus, H., Asmus, R., Baird, D., Borrett, S.R., De Jonge, V.N., Ludovisi, A.,
Niquil, N., Scharler, U.M., Schiickel, U., Wolff, M., 2019. Ecological network analysis
metrics: the need for an entire ecosystem approach in management and policy.
Ocean Coast. Manag. 174, 1-14. https://doi.org/10.1016/j.
ocecoaman.2019.03.007.

Finn, J.T., 1976. Measures of ecosystem structure and function derived from analysis of
flows. J. Theor. Biol. 56, 363-380. https://doi.org/10.1016/50022-5193(76)80080-
X.

Finn, J.T., 1980. Flow analysis of models of the Hubbard Brook Ecosystem. Ecology 61,
562-571. https://doi.org/10.2307/1937422.

Frederiksen, M., Edwards, M., Richardson, A.J., Halliday, N.C., Wanless, S., 2006. From
plankton to top predators: bottom-up control of a marine food web across four
trophic levels. J. Anim. Ecol. 75, 1259-1268. https://doi.org/10.1111/].1365-
2656.2006.01148.x.

Froese, R., Pauly, D., 2024. FishBase. URL. https://www.fishbase.se (accessed 3
November 2024).

Galvez, D.S., Papenmeier, S., Sander, L., Hass, H., Fofonova, V., Bartholoma, A.,
Wiltshire, K., 2021. Ensemble mapping and change analysis of the seafloor sediment
distribution in the Sylt Outer Reef, German North Sea from 2016 to 2018. Water 13,
2254. https://doi.org/10.3390/w13162254.

Grorud-Colvert, K., Sullivan-Stack, J., Roberts, C., Constant, V., Horta E Costa, B., Pike, E.
P., Kingston, N., Laffoley, D., Sala, E., Claudet, J., Friedlander, A.M., Gill, D.A.,
Lester, S.E., Day, J.C., Gongalves, E.J., Ahmadia, G.N., Rand, M., Villagomez, A.,
Ban, N.C., Gurney, G.G., Spalding, A.K., Bennett, N.J., Briggs, J., Morgan, L.E.,
Moffitt, R., Deguignet, M., Pikitch, E.K., Darling, E.S., Jessen, S., Hameed, S.O., Di
Carlo, G., Guidetti, P., Harris, J.M., Torre, J., Kizilkaya, Z., Agardy, T., Cury, P.,
Shah, N.J., Sack, K., Cao, L., Fernandez, M., Lubchenco, J., 2021. The MPA guide: a
framework to achieve global goals for the ocean. Science 373, eabf0861. https://doi.
org/10.1126/science.abf0861.

Hahn, S.J., Brandt, A., Sonnewald, M., 2022. Annotated checklist and biodiversity
analysis of benthic fauna at Sylt Outer Reef and Borkum Reef Ground (North Sea).
Check List 18 (3), 593-628. https://doi.org/10.15560/18.3.593.

Halpern, B., Frazier, M., Potapenko, J., Casey, K.S., Koenig, K., Longo, C., Lowndes, J.S.,
Rockwood, R.C., Selig, E.R., Selkoe, K.A., Walbridge, S., 2015. Spatial and temporal
changes in cumulative human impacts on the world’s ocean. Nat. Commun. 6, 7615.
https://doi.org/10.1038/ncomms8615.

Hammond, P., Santos, M.B., Gilles, A., Viquerat, S., Borjesson, P., Herr, H., Macleod, k.,
Ridoux, V., Santos, M., Scheidat, M., Teilmann, J., Vingada, J., @ien, N., 2017.
Estimates of Cetacean Abundance in European Atlantic Waters in Summer 2016 from
the SCANS-III Aerial and Shipboard Surveys. Report. Wageningen Marine Research,
Wageningen, The Netherlands.

Heymans, J.J., Coll, M., Libralato, S., Morissette, L., Christensen, V., 2014. Global
patterns in ecological indicators of marine food webs: a modelling approach. PLoS
One 9, €95845. https://doi.org/10.1371/journal.pone.0095845.

Heymans, J.J., Coll, M., Link, J.S., Mackinson, S., Steenbeek, J., Walters, C.,
Christensen, V., 2016. Best practice in Ecopath with Ecosim food-web models for
ecosystem-based management. Ecol. Model. 331, 173-184. https://doi.org/
10.1016/j.ecolmodel.2015.12.007.

Hill, C.E., Bentley, J., Serpetti, N., Fox, C.J., Heymans, J.J., Chevonne, Angus, 2021.
Modelling the Trophic Interaction, Structure, and Function of the Northern North
Sea Food Web. Ecopath Technical Report. https://doi.org/10.13140/
RG.2.2.11303.06561.

Hinz, H., Kroncke, 1., Ehrich, S., 2005. The feeding strategy of Limanda limanda in the
southern North Sea: linking stomach contents to prey availability in the
environment. J. Fish Biol. 67, 125-145. https://doi.org/10.1111/1.0022-
1112.2005.00918.x.

ICES, 2021. Working Group of International Pelagic Surveys (WGIPS). ICES Scientific
Reports, vol. 3, p. 40, 481pp. 10.17895/ices.pub.8055.

Jansen, O.E., Michel, L., Lepoint, G., Das, K., Couperus, A.S., Reijnders, P.J., 2013. Diet of
harbor porpoises along the Dutch coast: a combined stable isotope and stomach
contents approach. Mar. Mamm. Sci. 29, E295-E311. https://doi.org/10.1111/
j-1748-7692.2012.00621.x.

13

Journal of Sea Research 212 (2026) 102724

Jorge-Romero, G., Lercari, D., Ortega, L., Defeo, O., 2019. Long-term ecological
footprints of a man-made freshwater discharge onto a sandy beach ecosystem. Ecol.
Indic. 96, 412-420. https://doi.org/10.1016/j.ecolind.2018.09.024.

Kaiser, M.J., 1998. Significance of bottom-fishing disturbance. Conserv. Biol. 12,
1230-1235. https://doi.org/10.1046/j.1523-1739.1998.0120061230.x.

Kenny, A.J., Jenkins, C., Wood, D., Bolam, S.G., Mitchell, P., Scougal, C., Judd, A., 2018.
Assessing cumulative human activities, pressures, and impacts on North Sea benthic
habitats using a biological traits approach. ICES J. Mar. Sci. 75, 1080-1092. https://
doi.org/10.1093/icesjms/fsx205.

Krause, J., Wollny-Goerke, K., Boller, F., Hauswirth, M., Heinicke, K., Herrmann, C.,
Korber, P., Narberhaus, I., Richter-Kemmermann, A., 2011. Die deutschen
Meeresnaturschutzgebiete in Nord- und Ostsee. Nat. Landschaft 86, 397-409.
https://doi.org/10.17433/9.2011.50153115.397-409.

Lees, K., Mackinson, S., 2007. An Ecopath model of the Irish Sea: ecosystems properties
and sensitivity analysis. Sci. Ser. Tech. Cefas Lowestoft 138, 49.

Leontief, W.W., 1951. The structure of the US economy. Sci. Am. 212, 25-35.

Lester, S., Halpern, B., 2008. Biological responses in marine no-take reserves versus
partially protected areas. Mar. Ecol. Prog. Ser. 367, 49-56. https://doi.org/10.3354/
meps07599.

Lewis, S., Wanless, S., Wright, P., Harris, M., Bull, J., Elston, D., 2001. Diet and breeding
performance of black-legged kittiwakes Rissa tridactyla at a North Sea colony. Mar.
Ecol. Prog. Ser. 221, 277-284. https://doi.org/10.3354/meps221277.

Libralato, S., 2008. System omnivory Index. In: Jorgensen, S.E., Fath, B.D. (Eds.),
Encyclopedia of Ecology. Academic Press, Oxford, pp. 3472-3477. https://doi.org/
10.1016/B978-008045405-4.00135-X.

Libralato, S., Christensen, V., Pauly, D., 2006. A method for identifying keystone species
in food web models. Ecol. Model. 195, 153-171. https://doi.org/10.1016/j.
ecolmodel.2005.11.029.

Lindeboom, H.J., De Groot, S.J., 1998. Impact-II: The Effects of Different Types of
Fisheries on the North Sea and Irish Sea Benthic Ecosystems. NIOZ-rapport.
Netherlands Institute for Sea Research (NIOZ), Den Burg, The Netherlands, p. 404.

Lindeman, R.L., 1942. The trophic-dynamic aspect of ecology. Ecology 23, 399-417.
https://doi.org/10.2307/1930126.

Link, J.S., Stockhausen, W.T., Methratta, E.T., 2005. Food-web theory in marine
ecosystems. In: Belgrano, A., Scharler, U.M., Dunne, J.A., Ulanowicz, R.E. (Eds.),
Aquatic Food Webs: An Ecosystem Approach. Oxford University Press, Oxford,
pp. 98-113.

Lockyer, C., 1995. Aspects of the biology of the harbour porpoise, Phocoena phocoena,
from British waters. In: Developments in Marine Biology, 4. Elsevier Science,

DPp. 443-457. https://doi.org/10.1016/50163-6995(06)80045-4.

Lynam, C.P., Llope, M., Mollmann, C., Helaouét, P., Bayliss-Brown, G.A., Stenseth, N.C.,
2017. Interaction between top-down and bottom-up control in marine food webs.
Proc. Natl. Acad. Sci. 114, 1952-1957. https://doi.org/10.1073/pnas.1621037114.

Mackinson, S., Daskalov, G., 2007. An ecosystem model of the North Sea to support an
ecosystem approach to fisheries management: description and parameterisation.
Cefas Sci. Ser. Tech. Rep. 142, 196.

Moore, J.C., Berlow, E.L., Coleman, D.C., De Ruiter, P.C., Dong, Q., Hastings, A.,
Johnson, N.C., McCann, K.S., Melville, K., Morin, P.J., Nadelhoffer, K., Rosemond, A.
D., Post, D.M., Sabo, J.L., Scow, K.M., Vanni, M.J., Wall, D.H., 2004. Detritus,
trophic dynamics and biodiversity. Ecol. Lett. 7, 584-600. https://doi.org/10.1111/
j.1461-0248.2004.00606.x.

Mutsert, K., Cowan Jr., J.H., Walters, C.J., 2012. Using Ecopath with Ecosim to explore
nekton community response to freshwater diversion into a Louisiana estuary. Mar.
Coast. Fish. 4, 104-116. https://doi.org/10.1080/19425120.2012.672366.

Neumann, H., Diekmann, R., Kroncke, 1., 2016. Functional composition of epifauna in
the South-Eastern North Sea in relation to habitat characteristics and fishing effort.
Estuar. Coast. Shelf Sci. 169, 182-194. https://doi.org/10.1016/j.ecss.2015.12.011.

Nilsson, S.G., Nilsson, L.N., 1976. Numbers, food consumption, and fish predation by
birds in Lake Mockeln, Southern Sweden. Ornis Scand. 7, 61-70. https://doi.org/
10.2307/3676175.

Odum, E.P., 1969. The strategy of ecosystem development. Science 164 (3877),
262-270.

O’Hagan, A.M., 2020. Ecosystem-based management (EBM) and ecosystem services in
EU law, policy and governance. In: O’Higgins, T.G., Lago, M., DeWitt, T.H. (Eds.),
Ecosystem-Based Management, Ecosystem Services and Aquatic Biodiversity.
Springer International Publishing, Cham, pp. 353-372. https://doi.org/10.1007/
978-3-030-45843-0_18.

OSPAR Commission, 2023. Quality Status Report 2023. OSPAR Commission, London,
UK. https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/
(accessed 15 February 2026).

Papenmeier, S., Hass, H.C., 2020. Revisiting the paleo elbe valley: reconstruction of the
holocene, sedimentary development on basis of high-resolution grain size data and
shallow seismics. Geosciences 10, 505. https://doi.org/10.3390/
geosciences10120505.

Pauly, D., Christensen, V., 1995. Primary production required to sustain global fisheries.
Nature 374, 255-257. https://doi.org/10.1038/374255a0.

Pauly, D., Christensen, V., Sambilay Jr., V., 1990. Some Features of Fish Food
Consumption Estimates Used by Ecosystem Modelers. ICES CM 1990/G:17, Session
0, 9 pp.

Pauly, D., Soriano-Bartz, M.L., Palomares, M.L., 1993. Improved construction,
parametrization and interpretation of steady-state ecosystem models. In:
Christensen, V., Pauly, D. (Eds.), Trophic Models of Aquatic Ecosystems. ICLARM
Conference Proceedings, vol. 26, pp. 1-13.

Pedersen, S.A., Fock, H.O., Sell, A.F., 2009. Mapping fisheries in the German exclusive
economic zone with special reference to offshore Natura 2000 sites. Mar. Policy 33,
571-590. https://doi.org/10.1016/j.marpol.2008.12.007.


https://doi.org/10.1139/f07-164
https://doi.org/10.1016/j.marpolbul.2005.11.026
https://doi.org/10.1016/j.ocecoaman.2018.07.019
https://doi.org/10.1007/BF02802741
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0155
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0155
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0155
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0155
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0155
https://data.europa.eu/doi/10.2771/2333701
https://doi.org/10.2905/JRC.AC0EMW8
https://doi.org/10.2905/JRC.KJFN63G
https://doi.org/10.1016/j.ocecoaman.2019.03.007
https://doi.org/10.1016/j.ocecoaman.2019.03.007
https://doi.org/10.1016/S0022-5193(76)80080-X
https://doi.org/10.1016/S0022-5193(76)80080-X
https://doi.org/10.2307/1937422
https://doi.org/10.1111/j.1365-2656.2006.01148.x
https://doi.org/10.1111/j.1365-2656.2006.01148.x
https://www.fishbase.se
https://doi.org/10.3390/w13162254
https://doi.org/10.1126/science.abf0861
https://doi.org/10.1126/science.abf0861
https://doi.org/10.15560/18.3.593
https://doi.org/10.1038/ncomms8615
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0220
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0220
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0220
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0220
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0220
https://doi.org/10.1371/journal.pone.0095845
https://doi.org/10.1016/j.ecolmodel.2015.12.007
https://doi.org/10.1016/j.ecolmodel.2015.12.007
https://doi.org/10.13140/RG.2.2.11303.06561
https://doi.org/10.13140/RG.2.2.11303.06561
https://doi.org/10.1111/j.0022-1112.2005.00918.x
https://doi.org/10.1111/j.0022-1112.2005.00918.x
http://10.17895/ices.pub.8055
https://doi.org/10.1111/j.1748-7692.2012.00621.x
https://doi.org/10.1111/j.1748-7692.2012.00621.x
https://doi.org/10.1016/j.ecolind.2018.09.024
https://doi.org/10.1046/j.1523-1739.1998.0120061230.x
https://doi.org/10.1093/icesjms/fsx205
https://doi.org/10.1093/icesjms/fsx205
https://doi.org/10.17433/9.2011.50153115.397-409
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0275
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0275
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0280
https://doi.org/10.3354/meps07599
https://doi.org/10.3354/meps07599
https://doi.org/10.3354/meps221277
https://doi.org/10.1016/B978-008045405-4.00135-X
https://doi.org/10.1016/B978-008045405-4.00135-X
https://doi.org/10.1016/j.ecolmodel.2005.11.029
https://doi.org/10.1016/j.ecolmodel.2005.11.029
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0305
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0305
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0305
https://doi.org/10.2307/1930126
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0315
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0315
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0315
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0315
https://doi.org/10.1016/S0163-6995(06)80045-4
https://doi.org/10.1073/pnas.1621037114
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0330
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0330
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0330
https://doi.org/10.1111/j.1461-0248.2004.00606.x
https://doi.org/10.1111/j.1461-0248.2004.00606.x
https://doi.org/10.1080/19425120.2012.672366
https://doi.org/10.1016/j.ecss.2015.12.011
https://doi.org/10.2307/3676175
https://doi.org/10.2307/3676175
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0355
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0355
https://doi.org/10.1007/978-3-030-45843-0_18
https://doi.org/10.1007/978-3-030-45843-0_18
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/
https://doi.org/10.3390/geosciences10120505
https://doi.org/10.3390/geosciences10120505
https://doi.org/10.1038/374255a0
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0380
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0380
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0380
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0385
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0385
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0385
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0385
https://doi.org/10.1016/j.marpol.2008.12.007

C. Slila et al.

Pezy, J.-P., Raoux, A., Marmin, S., Balay, P., Dauvin, J.-C., 2018. What are the most
suitable indices to detect the structural and functional changes of benthic
community after a local and short-term disturbance? Ecol. Indic. 91, 232-240.
https://doi.org/10.1016/j.ecolind.2018.04.009.

Pierotti, R.J., Good, T., Poole, A., Frang, G., 1994. Herring gull (Larus argentatus). In:
The Birds of North America Online. https://doi.org/10.2173/bna.124.

Pint, S., Stevens, M., Musimwa, R., Standaert, W., De Troch, M., Van Oevelen, D.,
Heymans, J.J., Everaert, G., 2024. A food web model of the Southern Bight of the
North Sea. Ocean Coast. Manag. 255, 107256. https://doi.org/10.1016/j.
ocecoaman.2024.107256.

Piraino, S., Fanelli, G., 1999. Keystone species: what are we talking about? Conserv. Ecol.
3 (D).

Plagényi, E.E., 2007. Models for an ecosystem approach to fisheries. FAO Fisheries
Technical Paper No. 477. FAO, Rome, p. 108.

Polovina, J.J., 1984. Model of a coral reef ecosystem: 1. The ECOPATH model and its
application to French Frigate Shoals. Coral Reefs 3, 1-11. https://doi.org/10.1007/
BF00306135.

Power, M.E., Tilman, D., Estes, J.A., Menge, B.A., Bond, W.J., Mills, L.S., Daily, G.,
Castilla, J.C., Lubchenco, J., Paine, R.T., 1996. Challenges in the quest for keystones.
BioScience 46, 609-620. https://doi.org/10.2307/1312990.

Piits, M., Taylor, M., Ntnez-Riboni, ., Steenbeek, J., Stabler, M., Mollmann, C.,
Kempf, A., 2020. Insights on integrating habitat preferences in process-oriented
ecological models — a case study of the southern North Sea. Ecol. Model. 431,
109189. https://doi.org/10.1016/j.ecolmodel.2020.109189.

Reilly, T.O.M., Fraser, H.M., Fryer, R.J., Clarke, J., Greenstreet, S.P.R., 2014. Interpreting
variation in fish-based food web indicators: the importance of “bottom-up
limitation” and “top-down control” processes. ICES J. Mar. Sci. 71, 406-416. https://
doi.org/10.1093/icesjms/fst137.

Rijnsdorp, A.D., Bastardie, F., Bolam, S.G., Buhl-Mortensen, L., Eigaard, O.R., Hamon, K.
G., Hiddink, J.G., Hintzen, N.T., Ivanovié, A., Kenny, A., Laffargue, P., Nielsen, J.R.,
O’Neill, F.G., Piet, G.J., Polet, H., Sala, A., Smith, C., Van Denderen, P.D., Van
Kooten, T., Zengin, M., 2016. Towards a framework for the quantitative assessment
of trawling impact on the seabed and benthic ecosystem. ICES J. Mar. Sci. 73,
1127-i138. https://doi.org/10.1093/icesjms/fsv207.

Rindorf, A., Wanless, S., Harris, M.P., 2000. Effects of changes in sandeel availability on
the reproductive output of seabirds. Mar. Ecol. Prog. Ser. 202, 241-252. https://doi.
org/10.3354/meps202241.

Rizzolo, D.J., Schmutz, J.A., Speakman, J.R., 2015. Fast and efficient: postnatal growth
and energy expenditure in an Arctic-breeding waterbird, the red-throated loon
(Gavia stellata). Auk Ornithol. Adv. 132, 657-670.

Rodriguez-Perez, A., Tsikliras, A.C., Gal, G., Steenbeek, J., Falk-Andersson, J.,
Heymans, J.J., 2023. Using ecosystem models to inform ecosystem-based fisheries
management in Europe: a review of the policy landscape and related stakeholder
needs. Front. Mar. Sci. 10, 1196329. https://doi.org/10.3389/fmars.2023.1196329.

Schiickel, S., Sell, A.F., Kroncke, L., Reiss, H., 2012. Diet overlap among flatfish species in
the southern North Sea. J. Fish Biol. 80, 2571-2594. https://doi.org/10.1111/
j.1095-8649.2012.03309.x.

Sciberras, M., Jenkins, S.R., Kaiser, M.J., Hawkins, S.J., Pullin, A.S., 2013. Evaluating the
biological effectiveness of fully and partially protected marine areas. Environ. Evid.
2, 4. https://doi.org/10.1186/2047-2382-2-4.

Sciberras, M., Jenkins, S.R., Mant, R., Kaiser, M.J., Hawkins, S.J., Pullin, A.S., 2015.
Evaluating the relative conservation value of fully and partially protected marine
areas. Fish Fish. 16, 58-77. https://doi.org/10.1111/faf.12044.

Sokotowski, A., Wotowicz, M., Asmus, H., Asmus, R., Carlier, A., Gasiunaité, Z.,
Grémare, A., Hummel, H., Lesutiené, J., Razinkovas, A., Renaud, P.E., Richard, P.,
Kedra, M., 2012. Is benthic food web structure related to diversity of marine
macrobenthic communities? Estuar. Coast. Shelf Sci. 108, 76-86. https://doi.org/
10.1016/j.ecss.2011.11.011.

Stébler, M., Kempf, A., Temming, A., 2018. Assessing the structure and functioning of the
southern North Sea ecosystem with a food-web model. Ocean Coast. Manag. 165,
280-297. https://doi.org/10.1016/j.0ocecoaman.2018.08.017.

14

Journal of Sea Research 212 (2026) 102724

Stelzenmiiller, V., Letschert, J., Gimpel, A., Kraan, C., Probst, W.N., Degraer, S.,
Doring, R., 2022. From plate to plug: the impact of offshore renewables on European
fisheries and the role of marine spatial planning. Renew. Sust. Energ. Rev. 158,
112108. https://doi.org/10.1016/j.rser.2022.112108.

Siindermann, J., Pohlmann, T., 2011. A brief analysis of North Sea physics. Oceanologia
53, 663-689. https://doi.org/10.5697/0c.53-3.663.

Ulanowicz, R.E., 1980. An hypothesis on the development of natural communities.

J. Theor. Biol. 85, 223-245. https://doi.org/10.1016/0022-5193(80)90019-3.

Ulanowicz, R.E., 1986. Growth and Development: Ecosystems Phenomenology. Springer,
New York.

Ulanowicz, R.E., 2004. Quantitative methods for ecological network analysis. Comput.
Biol. Chem. 28, 321-339. https://doi.org/10.1016/j.compbiolchem.2004.09.001.

Ulanowicz, R.E., 2020. Quantifying sustainable balance in ecosystem configurations.
Curr. Res. Environ. Sustain. 1, 1-6. https://doi.org/10.1016/j.crsust.2019.09.001.

Ulanowicz, R.E., Puccia, C.J., 1990. Mixed trophic impacts in ecosystems. Coenoses
7-16.

Van De Wolfshaar, K.E., Van Denderen, P.D., Schellekens, T., Van Kooten, T., 2020. Food
web feedbacks drive the response of benthic macrofauna to bottom trawling. Fish
Fish. 21, 962-972. https://doi.org/10.1111/faf.12481.

Van Der Heijden, L.H., Niquil, N., Haraldsson, M., Asmus, R.M., Pacella, S.R., Graeve, M.,
Rzeznik-Orignac, J., Asmus, H., Saint-Béat, B., Lebreton, B., 2020. Quantitative food
web modeling unravels the importance of the microphytobenthos-meiofauna
pathway for a high trophic transfer by meiofauna in soft-bottom intertidal food
webs. Ecol. Model. 430, 109129. https://doi.org/10.1016/j.
ecolmodel.2020.109129.

Vasconcellos, M., Mackinson, S., Sloman, K., Pauly, D., 1997. The stability of trophic
mass-balance models of marine ecosystems: a comparative analysis. Ecol. Model.
100, 125-134. https://doi.org/10.1016,/50304-3800(97)00150-6.

Vasquez, M., Allen, H., Manca, E., Castle, L., Lillis, H., Agnesi, S., Al Hamdani, Z.,
Annunziatellis, A., Askew, N., Bekkby, T., Bentes, L., Doncheva, V., Drakopoulou, V.,
Duncan, G., Gongalves, J., Inghilesi, R., Laamanen, L., Loukaidi, V., Martin, S.,
McGrath, F., Mo, G., Monteiro, P., Muresan, M., Nikilova, C., O’Keeffe, E., Pesch, R.,
Pinder, J., Populus, J., Ridgeway, A., Sakellariou, D., Teaca, A., Tempera, F.,
Todorova, V., Tunesi, L., Virtanen, E., 2021. EUSeaMap 2021. A European Broad-
Scale Seabed Habitat Map. EMODnet. https://doi.org/10.13155/83528.

Veiga-Malta, T., Szalaj, D., Angélico, M., Azevedo, M., Farias, 1., Garrido, S., Lourenco, S.,
Margalo, A., Marques, V., Moreno, A., Oliveira, P., Paiva, V., Prista, N., Silva, C.,
Sobrinho-Gongalves, L., Vingada, J., Silva, A., 2019. First representation of the
trophic structure and functioning of the Portuguese continental shelf ecosystem:
insights into the role of sardine. Mar. Ecol. Prog. Ser. 617-618, 323-340. https://doi.
org/10.3354/meps12724.

Vilas, D., Coll, M., Corrales, X., Steenbeek, J., Piroddi, C., Calo, A., Di Franco, A., Font, T.,
Guidetti, P., Ligas, A., Lloret, J., Prato, G., Sahyoun, R., Sartor, P., Claudet, J., 2020.
The effects of marine protected areas on ecosystem recovery and fisheries using a
comparative modelling approach. Aquat. Conserv. Mar. Freshwat. Ecosyst. 30,
1885-1901. https://doi.org/10.1002/aqc.3368.

Walday, M., Kroglund, T., 2002. The North Sea - Bottom Trawling and Oil/Gas
Exploitation. European Environment Agency (EEA), Copenhagen, Denmark. Report.
https://docslib.org/doc/7967276/the-north-sea-bottom-trawling-and-oil-gas-explo
itation.

Walters, C.J., Martell, S.J., 2004. Fisheries Ecology and Management. Princeton
University Press.

Wrede, A., Dannheim, J., Gutow, L., Brey, T., 2017. Who really matters: influence of
German Bight key bioturbators on biogeochemical cycling and sediment turnover.
J. Exp. Mar. Biol. Ecol. 488, 92-101. https://doi.org/10.1016/j.jembe.2017.01.001.

Yaragina, N.A., Dolgov, A.V., 2009. Ecosystem structure and resilience—a comparison
between the Norwegian and the Barents Sea. Deep-Sea Res. II Top. Stud. Oceanogr.
56, 2141-2153. https://doi.org/10.1016/j.dsr2.2008.11.025.


https://doi.org/10.1016/j.ecolind.2018.04.009
https://doi.org/10.2173/bna.124
https://doi.org/10.1016/j.ocecoaman.2024.107256
https://doi.org/10.1016/j.ocecoaman.2024.107256
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0410
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0410
http://refhub.elsevier.com/S1385-1101(26)00058-4/optTn1cgDDSL5
http://refhub.elsevier.com/S1385-1101(26)00058-4/optTn1cgDDSL5
https://doi.org/10.1007/BF00306135
https://doi.org/10.1007/BF00306135
https://doi.org/10.2307/1312990
https://doi.org/10.1016/j.ecolmodel.2020.109189
https://doi.org/10.1093/icesjms/fst137
https://doi.org/10.1093/icesjms/fst137
https://doi.org/10.1093/icesjms/fsv207
https://doi.org/10.3354/meps202241
https://doi.org/10.3354/meps202241
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0440
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0440
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0440
https://doi.org/10.3389/fmars.2023.1196329
https://doi.org/10.1111/j.1095-8649.2012.03309.x
https://doi.org/10.1111/j.1095-8649.2012.03309.x
https://doi.org/10.1186/2047-2382-2-4
https://doi.org/10.1111/faf.12044
https://doi.org/10.1016/j.ecss.2011.11.011
https://doi.org/10.1016/j.ecss.2011.11.011
https://doi.org/10.1016/j.ocecoaman.2018.08.017
https://doi.org/10.1016/j.rser.2022.112108
https://doi.org/10.5697/oc.53-3.663
https://doi.org/10.1016/0022-5193(80)90019-3
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0490
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0490
https://doi.org/10.1016/j.compbiolchem.2004.09.001
https://doi.org/10.1016/j.crsust.2019.09.001
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0505
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0505
https://doi.org/10.1111/faf.12481
https://doi.org/10.1016/j.ecolmodel.2020.109129
https://doi.org/10.1016/j.ecolmodel.2020.109129
https://doi.org/10.1016/S0304-3800(97)00150-6
https://doi.org/10.13155/83528
https://doi.org/10.3354/meps12724
https://doi.org/10.3354/meps12724
https://doi.org/10.1002/aqc.3368
https://docslib.org/doc/7967276/the-north-sea-bottom-trawling-and-oil-gas-exploitation
https://docslib.org/doc/7967276/the-north-sea-bottom-trawling-and-oil-gas-exploitation
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0545
http://refhub.elsevier.com/S1385-1101(26)00058-4/rf0545
https://doi.org/10.1016/j.jembe.2017.01.001
https://doi.org/10.1016/j.dsr2.2008.11.025

	Trophic modelling as a pathway to ecosystem-based management – the Marine Protected Area “Sylt Outer Reef - Eastern German  ...
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Sylt Outer Reef – Eastern German Bight food web model
	2.2.1 The Ecopath model overview and balancing
	2.2.2 Data sources and parameter estimation
	2.2.3 Biomasses
	2.2.4 Production/biomass (P/B) and consumption/biomass (Q/B)
	2.2.5 Fisheries and diet composition

	2.3 Model balancing and data quality
	2.4 Ecosystem indicators and energy flows
	2.4.1 Mixed trophic impact (MTI) and keystone analysis (KS)


	3 Results
	3.1 Food web trophic organization, structure, and energy flow
	3.2 Mixed trophic impact and keystone analyses
	3.3 Ecological indicators

	4 Discussion
	4.1 Holistic view of the food web structure and functioning of the Sylt Outer Reef
	4.2 Comparison between the models of the Sylt Outer Reef, Southern Bight of the North Sea, and the Greater North Sea
	4.3 Keystone groups, fisheries, and management implications
	4.4 Model limitations and future implications

	5 Conclusion
	Declaration of generative AI and AI-assisted technologies in the manuscript preparation process
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


