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Bottom trawling is one of the main pressures on benthic ecosystems, directly
impacting the targeted species and physically disturbing the seabed and the
benthic invertebrate communities, in turn indirectly impacting benthivorous fish
and the entire benthic food web structure and functioning. To predict the
cascading effect of bottom trawling on benthic and demersal fish
communities, it is crucial to understand the trophic interactions between
benthic and demersal fish and benthic invertebrates. Here, we assessed the
diet of benthic and demersal fish and the structure and functioning of the benthic
food web in two areas in the German Baltic Sea, the Fehmarnbelt and the Odra
Bank. The Fehmarnbelt benthic invertebrate community is characterized by a
high number of species and biomass, contrary to the one on the Odra Bank
which is species poor with high individual abundance but low biomass. We used
mixing models based on stable isotopes of carbon and nitrogen combined with
stomach content analyses to estimate the fish diet at both sites, and we used
community-wide trophic indices, derived from stable isotopes to compare the
structure and functioning of the fish benthic food webs. We show that fish in the
Fehmarnbelt can chose preferential prey items, resulting in higher trophic
diversity, contrary to fish on the Odra Bank, which feed on all available prey
species, resulting in higher trophic redundancy. We found that the generalist
behavior of fish on the Odra Bank is likely the result of scarcity in prey items, the
benthic invertebrate community being species poor with high abundance of
small individuals. We demonstrate that the differences in structure and
functioning of the benthic fish food web between the two sites was mainly
driven by differences in the characteristics of the benthic prey communities.
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benthic food web structure and functioning, stable isotopes of carbon and nitrogen,
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1 Introduction

Marine ecosystems are being modified as a result of multiple
stressors, including global environmental change, fish exploitation,
pollution, and habitat degradation (IPCC, 2019). Determining the
resilience of marine ecosystems to perturbations is essential for
sustainable management in a changing environment (Silberberger
et al., 2018). In the last decades, the Baltic Sea has experienced
severe changes as a direct result of anthropogenic activities (Ojaveer
et al., 2010; Zeller et al., 2011; Gustafsson et al., 2012; Kabel et al,,
2012; Reusch et al., 2018). The cumulative pressure of
eutrophication, climate change and intensified fisheries have led
to food web reorganization and significant changes in ecosystem
structure and functioning (Tomczak et al., 2016; Méllmann, 2019).
The fishing impact relative to the other stressors has become
stronger in the recent years (Tomczak et al, 2016). Especially,
mobile bottom trawl fisheries directly impact the abundance and
production of the target species, but also physically disturb the
seabed, indirectly impacting the production, biomass and species
richness of benthic invertebrate communities (Collie et al., 2000;
Hiddink et al., 2006; Kaiser et al., 2006; van Denderen et al., 2013;
Nielsen et al, 2022), in turn impacting benthivorous fish, with
consequences for the entire benthic ecosystem (Kaiser et al., 2002;
Eigaard et al, 2016; Hiddink et al, 2017; Pitcher et al., 2017;
Hiddink et al.,, 2019). Food web structure is inherently linked to
ecosystem resilience (Yen et al., 2016; Sanders et al.,, 2018). Thus,
assessing the benthic food web structure and functioning is key to
understand and predict the cascading impacts of mobile bottom
trawling on benthic ecosystem.

Extensive areas of the Baltic Sea seabed are exposed to
damaging fishing gears (European Environment Agency [EEA],
2019). Since the early 1990s, the European Union Habitats Directive
(Council directive 92/43/EEC) on the “Conservation of Natural
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Habitats and of Wild Fauna and Flora”, requires EU Member States
to establish “special areas of conservation” (SAC). In 2017, it was
decided on German national level that measures excluding fishing
with mobile bottom contacting gears should be implemented in the
five Baltic SACs in the German exclusive economic zone (EEZ). The
species composition, abundance, biomass, and trophic functions
(e.g., filter feeder, deposit feeder) in benthic invertebrate
communities are well described in the German Baltic SACs
(Zettler and Gosselck, 2006; Gogina and Zettler, 2010; Darr et al.,
2014; Schiele et al., 2014; Gogina et al., 2016). However, little is
known about benthic fish communities and especially the link
between benthic fish and their biotopes, which is crucial to
evaluate the impact of mobile bottom trawling on fish and the
benthic food web.

Here, we assessed the trophic relationships between benthic and
demersal fish and benthic invertebrates in the Fehmarnbelt area and
on the Odra Bank (Figure 1), both being Baltic SACs, where
measures excluding fishing with mobile bottom contacting gears
are in the process of being implemented. Both areas are important
feeding and/or reproductive grounds for fish, birds, and marine
mammals, but they differ in their biotopes (Zettler and Gosselck,
2006; Darr et al., 2014; Schiele et al., 2014).

The Fehmarnbelt area is a reef area at ~40 m depth, and is the
main pathway of water exchange between the North Sea and the
Baltic Sea (Leppdranta and Myrberg, 2009). The combination of
permanent exposure to saline and oxygen-rich waters on sandy and
muddy sediment allow the settlement of species-rich communities
(Darr et al, 2014), dominated by the long-lived ocean quahog
(Arctica islandica; Schiele et al. (2014)). The Odra Bank area is a
permanently submerged sandbank at ~20 m depth in the brackish
central Pomeranian Bight (Leppdranta and Myrberg, 2009) and a
typical habitat for a benthic community of limited species number,
dominated by crustaceans, mollusks and polychaetes, with relatively
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Map depicting the sediment type of the sampling sites in the Fehmarnbelt and Odra Bank regions. Data source: Bundesamt fur Seeschifffahrt und
Hydrographie (BSH), 2016: Meeresbodensedimente im Mafstab 1:100.000 in der deutschen Ostsee - WMS. Bundesamt fUr Seeschifffahrt und
Hydrographie (BSH); https://www.geoseaportal.de/mapapps/resources/apps/sedimentverteilung_auf_dem_meeresboden/index.html?

lang=en&stateld=df8ea853-9890-4f7e-8ea8-5398906f7e7b.
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low biomass but high individual abundance (Darr et al., 2014),
especially of species that can cope with high water turbulence
exposure and low salinity (Zettler and Gosselck, 2006). Overall,
the benthic invertebrate community in the Fehmarnbelt area
consists of numerous large, long-lived species, whereas the one on
the Odra Bank consists of few, small short-living species, following
the eastward decrease in salinity (Darr et al., 2014). In general,
benthic communities in fully marine areas, such as the
Fehmarnbelt, are characterized by specialist species, whereas
benthic communities in brackish waters, such as on the Odra
Bank, are dominated by few generalist species that are able to
switch between different functional traits, therefore increasing the
functional redundancy in the community (Bonsdorff, 2006; Darr
et al., 2014). In food webs, trophic redundancy is a similar concept,
defined as the proportion of species having similar trophic ecologies
(Layman et al, 2007a). The trophic redundancy increases with
increasing diet overlap between species. It is generally predicted that
food web resilience to perturbations increases with trophic
redundancy (Sanders et al., 2018).

Bulk stable isotopes of carbon and nitrogen are common tools to
study food webs. The ratio between heavy (*C) and light (*2C) stable
carbon isotopes of bulk tissue (3'C, expressed in per mil) at the base
of the food web is influenced by the environment, and 83C values
are transferred with a ">C enrichment of 1%o to 2%o between each
trophic level, creating an inextricable link between the base of the
food web and consumers (Fry et al., 1984). 8"3C values can therefore
be used to trace the origin of food sources in consumers, e.g.
terrestrial versus marine environment (Boutton, 1991; Keeley and
Sandquist, 1992), benthic versus pelagic production (DeNiro and
Epstein, 1978; Rau et al., 1983; France, 1995), coastal versus offshore
environments (Graham et al., 2010; McMahon et al., 2013; Bird et al.,
2018). The ratio between heavy (**N) and light ("*N) stable nitrogen
isotopes of bulk tissue (8'°N) increases by ~3%s at each trophic level,
providing a continuous measure of trophic position of consumers
(Post, 2002). This method is complementary to stomach content
analyses (Sturbois et al., 2022). Stomach content analyses give a
snapshot of the ingested prey items whereas stable isotope
composition provides dietary information integrated over a few
days to a few months depending on the turnover rate and
metabolic activity of the analyzed tissue (Vander Zanden et al,
2015). As stable isotope composition of consumers tissues provides a
cumulative signal of assimilated diet, isotopic niches can be used to
infer trophic niches (Bearhop et al, 2004; Layman et al., 2007a;
Jackson et al., 2012). The complexity of food web structures can be
described by “community-wide” trophic indices, such as trophic
redundancy, calculated from community distribution of bivariate
stable isotope data, i.e., 8'3C and 8N values (Layman et al., 2007a).

In this study, we analyzed §"°C and 8"°N values of benthic
invertebrates and fish, combined with stomach contents of fish, to
investigate the diet of benthic fish, and used community-wide
trophic indices to compare the structure of the benthic food webs
in the Fehmarnbelt area and on the Odra Bank in spring-early
summer. We predict that, 1- as the benthic invertebrate communities
differ, the diet of benthic fish will also differ between the Fehmarnbelt
and Odra Bank, with fish on the brackish Odra bank being more
opportunistic than in the more marine Fehmarnbelt area, 2- the
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trophic redundancy in the fish community will be higher on the
Odra Bank than in the Fehmarnbelt area.

2 Material and methods
2.1 Fish and benthic invertebrate sampling

Fish were collected between the 23 of May and the 20™ of July
2020 with beam trawls operated from the Fisheries Research Vessels
(FRV) “Clupea” and “Solea”. We used two different gears, a 2m (2m
width, 0.45m height, 10mm mesh size at codend) and a 3m (3m
width, 0.45m height, 20mm mesh size at codend) beam trawl, with
different fishing selectivity to increase the number of species caught.
The 2m beam trawl was towed for 2.5 minutes at an average speed
of 2 knots. The 3m beam trawl was towed for 15 minutes at an
average speed of 3 knots. During the sampling period, a total of 73
hauls were carried out in the Fehmarnbelt area (32 hauls) and on
the Odra Bank (41 hauls; Figure 1). The sampling effort with both
fishing gears, and thus the probability of capture, was similar in
both areas. Fish were identified to the lowest possible taxonomic
level, counted and frozen on board until further analysis. In the lab,
each fish was measured to the nearest millimeter and weighed to the
nearest 10mg.

Because of the small net mouth, beam trawls are likely to fail
capturing large and fast-swimming fish individuals. Our results
therefore focus on the benthic and demersal fish communities of
less mobile and small fish individuals. Less mobile species, by
staying for a longer period in the studied areas, are good
indicators of ecological and environmental changes, and they are
likely to be the first and most impacted by physical changes on the
seabed, and/or functional changes in the benthic food web,
compared to highly mobile and migratory species.

In addition to fish samples, epi-benthic invertebrates and
benthic infauna were collected throughout the Fehmarnbelt and
the Odra Bank areas. Epi-benthic invertebrates were sampled from
the beam trawl catches. In addition, demersal Mysidacea individuals
(hereafter mysids) were collected from the 2m beam trawl catches
on the Odra Bank. At least three individuals from the dominant size
class were taken from each species. Benthic infauna was collected
using a Van-Veen grab (45kg, sampled area per grab: 0.125m 2, 10~
15cm penetration depth) operated from the FRV “Solea”. Three
replicates were performed within the Fehmarnbelt area and on the
Odra Bank. The content of Van-Veen grab was sieved through 1
mm metal mesh, following the guidelines of the Helsinki
Commission 2008. All macrozoobenthic species were kept alive
for 24h in filtered seawater to allow gut content evacuation, before
being frozen at -20°C until further analysis.

2.2 Fish stomach content analyses
The stomach content of up to five individuals per 5mm intervals

size classes and per species were examined. The stomach of each
individual fish was removed via ventral dissections. Stomach content
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was stored in 98% ethanol and later sorted and identified to the
lowest possible taxonomic level. Due to differences in digestibility
between prey items, it is difficult to robustly quantify the amount of
each prey item in the stomach. Here, we calculated the average
frequency of occurrence (%) of prey species for each fish species, all
size classes combined. This method provides a qualitative picture of
the food spectrum consumed by the fish community.

2.3 Sample preparation for stable
isotope analyses

For each species of benthic invertebrates, three replicates were
analyzed for stable isotopes. To cover the range of individual size in
the whole population, three size classes were analyzed per species.
When the animals were large enough to be analyzed individually,
three entire individuals were analyzed. When the animals were too
small to be analyzed individually, 10 individuals per size classes
were pooled. Bivalves were dissected, and shells and guts removed.

We analyzed the fish species contributing of at least 5% of the
total biomass of fish caught. To avoid substantial ontogenetic shifts,
we grouped the fish individuals into two size classes: longer or equal
to 10cm, and shorter than 10cm. At least five individuals per group
were analyzed. We analyzed dorsal muscle tissue for individuals
longer than 10cm, and the entire eviscerated individuals when they
were shorter than 10cm.

All samples were freeze-dried and homogenized using a pastel
and mortar. To avoid potential bias due to CaCO; in organisms
with calcified structure (e.g. echinoderms, entire fish individuals),
samples for §'°C analyses were acidified in glass vials with lmol.L"!
hydrochloric acid, dried at 50°C and homogenized again (Bunn
etal,, 1995; Pinnegar and Polunin, 1999). Lipids were removed from
fish samples using repeated rinses with 2ml cyclohexane to avoid
the bias due to the depletion in >C in lipids relative to the diet
(Tieszen et al., 1983) before §'C analyses. Samples were then dried
at 50°C and homogenized again. §'°N values were determined on
raw samples to avoid any potential bias due to acidification and
delipidation. Approximately 0.5mg of sample was precisely weighed
( + 1ug) and sealed in a tin capsule.

To have a reference of basal §'°C and §'°N values in both areas,
we analyzed the stable isotope composition of the small fraction of
particulate organic matter (POM;<55um) and the bigger fraction of
POM (55-200pm). Sampling procedure, sample preparation and
results of POM §'°C and 8'°N values are detailed in
Supplementary Material.

2.4 Instrumental analyses for
stable isotopes

All samples were run for §'>C and 8"°N separately. Samples
were analyzed using an elemental analyzer (Flash EA 1112, Thermo
Scientific, Milan, Italy) coupled to Delta V isotope ratio mass
spectrometer (IRMS; Thermo Fisher Scientific) at the LIENSs
stable isotope facility of the University of La Rochelle, France.
Isotope values are reported in standard 8-notation (%o) relative to
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Vienna Pee Dee Belemnite and atmospheric N2 for 83C and 8N,
respectively. To monitor precision, we used acetanilide (Thermo
Fisher Scientific) as laboratory internal standard, and precision
was<0.15%o for both 3'°C and §'°N. To determine accuracy, we
used international reference standards with known §"°C (USGS-24:
8'°C = -16.05%o0; IAEA-CHG6: §'"°C = -10.45%0; TAEA-600: §'°C = -
27.771%0) and &8'°N values (IAEA-N-2: §"°N = 20.41%o; IAEA-
NO-3: §"°N = 4.7%o; IAEA-600: §"°N = 1.0%o).

2.5 Data treatment and statistical analyses

2.5.1 Grouping of invertebrate species

Invertebrate species were grouped based on their trophic behavior
according to Gogina and Zettler (2010) for statistical analyses on
stable isotope data. We identified four groups in the Fehmarnbelt area,
ie. filter feeders (dominated by A. islandica), polychaete omnivores
(unidentified polychaete species), epifauna omnivores (dominated by
Carcinus maenas and Psammechinus miliaris), and scavengers
(dominated by Ophiura albida), and five groups on the Odra Bank,
ie. filter feeders (dominated by Cerastoderma edule and Mpytilus
edulis), polychaete omnivores (unidentified polychaete species),
epifauna omnivores (dominated by Crangon crangon), detritivores
(Gammarus species) and grazers (Peringia ulvae). The list of species
per group is shown in Supplementary Table 2.

2.5.2 Stable isotopes mixing models

The combination of classical stomach content analyses and
stable isotope analysis provide complementary information about
trophic ecology of consumers (e.g. Sturbois et al. (2022)) and allows
a more complete picture of the fish diet. To provide an estimate of
the relative contribution of food sources assimilated by each fish
species, we used Bayesian mixing models from the MixSIAR
package (Stock et al., 2018) in R (R Core Team, 2018). Separate
mixing models were run for each area (i.e., Fehmarnbelt and Odra
Bank) using the groups of invertebrate species as food sources. They
were only caught on the Odra Bank. As mysids are an important
food source for many fish species in the Baltic Sea (Ustups et al.,
2016), and as they are present in the Fehmarnbelt area (Zettler and
Gosselck, 2006), we included mysids as food source in the mixing
models for the Fehmarnbelt area, using their §'°C and 8"°N values
from the Odra Bank, assuming that they had similar values between
the two areas. This assumption is supported by the similar §'°C and
8'°N values of both fractions of particulate organic matter (POM)
in the Fehmarnbelt area and on the Odra Bank (Supplementary
Table 3). The small fraction of POM (<55um) represents the base of
the food web, and the bigger fraction of POM (55-200um) mainly
consisted of zooplankton (Supplementary Data).

We run separate models for fish<10cm (whole individuals) and
fish >10cm (muscle tissue), as the trophic fractionation factors
between food sources and consumers can vary between tissues
(Sweeting et al.,, 2007). Fractionation factors between invertebrates
and fish were assumed to be 3.2 + 1.3%o for muscle tissue and 2.9 +
1.8%o for whole individuals for 8'°N (Sweeting et al., 2007) and 0.4
+ 1.30%o for both muscle tissue and whole individuals for §'°C
(Kiljunen et al., 2020).
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2.5.3 Community-wide trophic indices

All trophic indices based on stable isotopes were calculated
using the Stable Isotope Bayesian Ellipses in R (SIBER) package
(Jackson et al., 2019) in R (R Core Team, 2018). These indices were
proposed by Layman et al. (2007a) and adapted by (Jackson et al.,
2011) for calculation using Bayesian statistical approach. The
indices were calculated with 10° iterations from the Markov
chain Monte Carlo (MCMC) simulation (Jackson et al., 2011),
the mode and 50%, 75% and 95% confidence intervals of each
index are reported. To compare the indices between sites, we
calculated the proportion, and therefore the probability, of their
Bayesian posterior distribution at one site to be smaller (or bigger)
than at the other site. We consider tendencies between sites when
the probability of the posterior distribution of one index to be
different between sites was between 75% and 95%. We considered
significant differences between sites when the probability was
>95%. The indices include: 1. the sample size corrected standard
ellipse area (SEAc in %o?), 2. the mean percentage overlap of SEAc
within each fish community, 3. SN range, 4. 3¢ range, 5. mean
distance to centroid (CD), 6. mean nearest neighbor distance
(MNND), 7. standard deviation of the nearest neighbor
distance (SDNND).

We used the SEAc as a measure of the mean core isotopic niche
width of the entire fish community (Supplementary Figure 1A), and
of each fish species separately (Supplementary Figure 2), in the
Fehmarnbelt area and on the Odra Bank. SEAc is not influenced by
extreme values or samples sizes (Jackson et al., 2011), allowing
robust comparison between sites. To have a measure of the diet
overlap between species in the fish community, we calculated the
mean percentage of overlap between all the standard ellipses of fish
species (Mean%Overlap; Eq. 1), in the Fehmarnbelt area and on the
Odra Bank. Generally, high diet overlap indicates high trophic
redundancy (Layman et al., 2007a).

Mean % Overlap
= (% OverlapEllipses1.2 + % OverlapEllipses1.3

+ % OverlapEllipses1.4 ... ) + N Eq. 1

With %OverlapEllipsesl.2 = percentage of overlap between the
ellipse of species 1 and the ellipse of species 2, %OverlapEllipses1.3 =
percentage of overlap between the ellipse of species 1 and the ellipse
of species 3 and so on, for all the two-by-two combinations possible
within each fish community (i.e., in the Fehmarnbelt area and on the
Odra Bank), N = number of possible combinations.

We calculated the 8°N and &'*C ranges, CD, MNND and
SDNND for the entire fish community at both sites. The §'°N range
provides information on the trophic length of the community. The
8'°C range gives an estimate of niche diversification at the base of
the food web (Jackson et al,, 2011). The CD is the average Euclidean
distance of each species to the 8C - 8N centroid, which is
calculated as the mean §'>C and §'°N value for all species in the
food web. The CD is a measure of the average degree of trophic
diversity (Layman et al., 2007a; Jackson et al., 2011). The MNND is
the mean of the Euclidean distances to each species’ nearest
neighbor in the §"°C - 8"°N bi-plot space and is a measure of the
overall density of species packing. The SDNND is the standard
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deviation of the Euclidean distances to each species’ nearest
neighbor in §"°C - §'°N bi-plot space, and can be used to infer
population trophic evenness (Jackson et al.,, 2012): low SDNND
values suggest more even distribution and higher redundancy in
trophic niches (Layman et al., 2007a; Jackson et al., 2011).

As the isotopic values of consumers depends on those of dietary
items, conclusions about consumer trophic niches drawn from
isotopic niches are influenced by the variability in isotopic values
of available food sources (Newsome et al., 2007; Hoeinghaus and
Zeug, 2008). To meaningfully compare the fish trophic indices
between the Fehmarnbelt area and the Odra Bank accounting for
isotopic variability in the prey items, we standardized the fish
indices using the benthic invertebrate trophic indices, following
the approach of Warry et al. (2016). We divided the SEAc of the
entire fish community (SEAc.fish; Supplementary Figure 1A) and
the SEAc of the two fish species occurring at both sites (P. platessa
and P. minutus) by the SEAc of the entire benthic invertebrate
community (SEAc.invert; Supplementary Figure 1A). We divided
the 8'°N and 8'">C ranges of the fish community (Supplementary
Figure 1B) by the 8'°N and 8'C ranges of the benthic invertebrate
community (Supplementary Figure 1C). We divided the CD,
MNND and SDNND indices of the fish communities by the
square root of SEAc of benthic invertebrate community to
maintain common units in the numerator and denominator
(Warry et al,, 2016).

In addition, 8"°C and 8"N values represent two different
aspects of trophic structure, i.e., the relative importance of basal
sources and trophic position, respectively, and should have equal
weighting when combined in trophic indices describing the overall
trophic structure of a food web (Hoeinghaus and Zeug, 2008). Thus,
to avoid over- or underweighting of one of the two isotopic ratios,
8"°C and §'°N values were scaled using z-transformation before
calculation of the indices based on Euclidian distances, i.e., CD,
NND and SDNND, as advised by Cornwell et al. (2006) and
Hoeinghaus and Zeug (2008).

3 Results

3.1 Fish diet in spring-early summer
assessed from stomach content analyses

In the Fehmarnbelt area, the diet assessed from stomach
content analyses of most fish species consisted of multiple prey
species (Figure 2A). Bivalves had the highest occurrence in the
stomach of the most abundant flat fish, Limanda limanda (39.5%)
and Pleuronectes platessa (52.6%), followed by gastropods,
crustaceans, polychaetes, Ophiuroidea and plant detritus
(Figure 2A). Lumpenus lampretaeformis, Zoarces viviparus and
Pomatoschistus minutus had similar diverse diets, with bivalves
having the highest occurrence (30.8 to 50.1%), followed by
crustaceans (25.6% to 37.6%; Figure 2A). The diet of Merlangius
merlangus consisted of bivalves, the gastropod, crustaceans,
polychaetes, nematodes and plant detritus (Figure 2A). The diet
of the flat fish A. laterna <10cm and G. morhua <10cm consisted
only of crustaceans, with a clear dominance of mysids (80%)
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followed by copepods (20%) in the diet of G. morhua <10
cm (Figure 2A).

On the Odra Bank, the diet of all fish species (ie., Platichthys
flesus 210cm, P. platessa 210cm and P. minutus <10cm) assessed
from stomach content analyses, consisted of a wide range of prey
species with relatively similar occurrence (Figure 2B). Bivalves, such
as M. edulis, had the highest occurrence in the diet of P. flesus >10cm
(36.7%), followed by multiple species of crustaceans (25.9%),
gastropods (17.6%), and polychaetes (13.6%; Figure 2B).
Gastropods had the highest occurrence in the diet of P. platessa
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>10cm (35.4%), followed by bivalves (25.1%) and polychaetes (20.8%;
Figure 2B). Polychaetes had the highest occurrence in the diet of P.
minutus (37.5%), followed by crustaceans (25.0%), bivalves,
gastropods, crustaceans and Bryozoa (Figure 2B).

The diet of P. platessa 210cm and P. minutus <10cm differed
between the Fehmarnbelt and the Odra Bank. The diet of P.
platessa 210cm was dominated by bivalves in the Fehmarnbelt
area and by gastropods on the Odra Bank (Figures 2A, B). The diet
of P. minutus <10cm was dominated by bivalves in the Fehmarnbelt
area and by polychaetes on the Odra Bank (Figures 2A, B).
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3.2 Stable isotope composition of benthic
invertebrate and fish

The range of 8'°C values of benthic invertebrate groups was
6.3%0, from -21.5 + 1.1%0 (filter feeders) to -15.2 + 2.2%o
(scavengers) in the Fehmarnbelt area (Figure 3A) and 3.0%o from -
23.5 + 0.6%o (filter feeders) to -20.5 + 1.6%o (epifauna omnivores) on
the Odra Bank (Figure 3B). The range of 8"°N values of benthic
invertebrate groups was 2.0%o from 8.8 + 0.7%o (filter feeders) to
10.8 + 0.7%o (epifauna omnivores) in the Fehmarnbelt area

10.3389/fmars.2023.1143792

(Figure 3A) and 4.6%o from 4.2 + 0.8%o (grazers) to 8.8 £ 1.9%o
(epifauna omnivores) on the Odra Bank (Figure 3B).

The range of 3"°C values of fish was 4.3%o from -23.6 + 0.3%o (G.
morhua <10cm) to —19.3 + 0.5%o (S. solea >10cm) in the Fehmarnbelt
area (Figure 3A) and 1.0%o from -22.3 + 0.9%o (P. minutus<10cm) to —
21.3 + 0.5%o (P. flesus <10cm) on the Odra Bank (Figure 3B). The range
of 8°N values of fish was 2.6%o, from 14.5 + 0.4%o (M. merlangus
>10cm) to 11.9 + 0.3%o (P. platessa 210cm), in the Fehmarnbelt area
(Figure 3A) and 2.6%o from 12.6 £ 1.8%o (P. flesus 210cm) to 10.0 =
0.3%o (P. flesus <10cm) on the Odra Bank (Figure 3B).
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Stable isotope bi-plots for (A) Fehmarnbelt and (B) Odra Bank, illustrating the isotopic niche of invertebrate groups and fish species. The symbols
represent the mean of each invertebrate groups and fish species. The lines enclose the small sample size corrected standard ellipse area (SEAc) for
each invertebrate groups and fish species. The full species names are listed in Supplementary Table 2.
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3.3 Fish diet assessed with stable isotopes

Opverall, the diet of most fish species in the Fehmarnbelt area
consisted of a mixture of epifauna omnivores, filter feeders,
polychaete omnivores, scavengers, and mysids (Figure 4A). Filter
feeders, mainly consisting of bivalves (Supplementary Table 2),
dominated the diet of the two most abundant flat fish, L.
limanda >10cm (464 + 9.5%) and P. platessa >10cm (73.1 +
7.4%), and of P. minutus <10cm (62.1 + 11.9%; Figure 4A). Mysids
dominated the diet of G. morhua <10cm (84.8 + 7.4%; Figure 4A).

Generally, all fish species on the Odra Bank had a more mixed
diet than those in the Fehmarnbelt area (Figures 4A, B). The diet of
the two flat fish species P. flesus 210cm and P. platessa 210cm, the
goby P. minutus <10cm was a mixture of polychaete omnivores
(27.5 £ 13.2%, 31.4 £ 20.1% and 32.0 + 27.3%, respectively),
epifauna omnivores (27.2 + 8.3%, 27.4 + 11.3% and 12.4 + 10.6%,
respectively), mysids (26.5 + 11.5%, 17.0 + 11.7% and 27.6 £ 22.0%,
respectively), with grazers, filter feeders and detritivores
contributing to ~10% (Figure 4B). Contrary to the Fehmarnbelt
area, filter feeders had low contribution to the fish diets on the Odra
Bank, from 7.7 + 6.4% to the diet of P. flesus >10cm to 10.1 + 8.7%
to the diet of P. flesus <10cm (Figure 4B).

10.3389/fmars.2023.1143792

3.4 Trophic indices

The standardized trophic niche width of the total fish
community (SEAc.fish/SEAc.invert) tended to be smaller in the
Fehmarnbelt area than on the Odra Bank (89.6% probability;
Figure 5A). The standardized trophic niche widths of P. minutus
<10cm and P. platessa 210cm, which are the only fish species caught
at both sites, were significantly smaller (>95% probability) in the
Fehmarnbelt area (mode SEAc<1%o” for both species) than on the
QOdra Bank (CI95%: 2.3 to 9.5%0> for P. minutus; CI95%: 1.0 to
3.9%0” for P. platessa; Figure 5B). Overall, the trophic niche widths
of benthic and demersal fish species from the Fehmarnbelt area
were smaller than those from the Odra Bank (Supplementary
Figure 2A, B). In the Fehmarnbelt area, most of the fish species
had similar trophic niche widths ranging from 0.1 to 1.2%”
(Supplementary Figure 2A). On the Odra Bank, the trophic niche
width of P. minutus <10cm was the largest (CI95%: 2.3 to 9.5%0°)
and the trophic niche width of P. flesus <10cm was the smallest
(CI95%: 0 to 1%o% Supplementary Figure 2B).

The average proportion of overlap between the standard ellipses
of fish species was significantly higher (with >95% probability) on
the Odra Bank (23.4%) than in the Fehmarnbelt area (13.2%;
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Figure 5C). In the Fehmarnbelt area, six species, i.e., P.
platessa 210cm, S. solea 210cm, Aphia minuta <10cm, Z.
viviaprus <10cm, M. merlangus >10cm and G. morhua<l0Ocm,
showed standard ellipses which did not overlap with any of the
other fish species (Figure 3A). On the Odra Bank, the standard
ellipse of each fish species overlapped with the standard ellipse of at
least one other fish species (Figure 3B).

Both the standardized 3'°N and §'"°C ranges of the fish
community were significantly higher (>95% probability) in the
Fehmarnbelt area (1.3%o and 0.7%o, respectively) than on the Odra
Bank (0.4%o0 and 0.4%o, respectively; Figure 5D). When not
standardized, the 8'°N range of the fish community was similar in
the Fehmarnbelt area and on the Odra Bank (Supplementary
Figure 1B), whereas the 8'°N range of the benthic invertebrate
community was significantly lower (>95% probability) in the
Fehmarnbelt area than on the Odra Bank (Supplementary Figure 1C).

The standardized CD and standardized SDNND calculated on
scaled 8'°N and 8'3C values tended to be higher (87.2% and 77.1%
probability, respectively) in the Fehmarnbelt area (0.34%o0 and
0.17%o, respectively) than on the Odra Bank (0.27%o and 0.11%o,
respectively; Figure 5E). The standardized MNND calculated on
scaled 8'°N and §'°C values did not differ between sites (Figure 5E).

4 Discussion

4.1 Fish diet

The fish diets assessed with stomach contents represented a
snapshot of the ingested prey items at the time of sampling between
the 23" of May and the 20" of July. In contrast, the half-life of fish
muscle tissue being estimated to be one to three months (Buchheister
and Latour, 2010; Winter et al., 2019), the stable isotopes reflected the
fish diet assimilated between March and July. Overall, fish diets
assessed with stomach contents concur with fish diets estimated with
mixed models based on the stable isotope compositions. For example,
the high occurrence of mysids in the diet of the demersal small cod (G.
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morhua<10cm) in the Fehmarnbelt area inferred from stomach
contents was confirmed by stable isotope results, and supports the
importance of pelagic crustaceans in the diet of small cods (Sparholt,
1994). The high proportion of filter feeders in the diet of several “true”
benthic fish species, such as L. limanda, P. platessa, and P. minutus
from the Fehmarnbelt area, compared to the Odra Bank found using
stable isotopes was supported by the high occurrence of bivalves in the
stomach of these fish species. The diet of the two fish species caught at
both sites, ie., P. platessa and P. minutus was dominated by bivalve
filter feeders in the Fehmarnbelt area in both stomach contents and
mixing models based on stable isotopes. The high proportion of
polychaetes in the diet of P. minutus on the Odra Bank was also
confirmed by both diet assessment methods. However, the high
proportion of gastropods (mainly P. ulvae) in the diet of P. platessa
on the Odra Bank observed in stomach content was not supported by
mixing model based on stable isotope results, showing instead high
proportion of polychaetes and epifauna omnivores (e.g., C. crangon). P.
platessa in the Baltic Sea is generally assigned to the flat fish feeding
group “polychaete and small crustacean feeders” (Link et al., 2005; Rau
et al., 2019), which agrees with the results of the mixing model based on
stable isotopes. The high occurrence of gastropods in fish stomach
contents is likely an overestimation due to differences in digestibility of
food items (Amundsen and Sanchez-Hernandez, 2019), the shell of
gastropods such as P. ulvae remaining longer in the fish stomach
compared to soft tissue of polychaetes or chitin of crustaceans. The
overall agreement between both diet assessment methods provides
confidence in the stable isotope methods to further infer fish trophic
relationships and benthic food web structure and functioning.

The diet of fish differed between the Fehmarnbelt area and the
Odra Bank, confirming our prediction. The high contribution of filter
feeders, consisting mainly of bivalves, to the diet of fish from the
Fehmarnbelt area, is consistent with the high biomass of bivalves
dominating the total biomass of the benthic invertebrate community
in the Fehmarnbelt area (Darr et al, 2014), as it is energetically
advantageous for fish to select large prey items (Norin and Clark,
2017). In contrast, the benthic invertebrate community in the Odra
Bank is characterized by low biomass but high individual abundance
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of bivalves, gastropods, polychaetes and amphipods (Darr et al,
2014), which could explain the more mixed diet of fish on the
Odra Bank, feeding on all available small but abundant prey items.
Combined with the smaller isotopic niche width of individual fish
species (Figure 5B, Supplementary Figure 2), and the smaller
standardized isotopic niche of the entire fish community
(Figure 5A) in the Fehmarnbelt area compared to the Odra Bank,
these results show that fish on the Odra Bank are more generalist and
feed on a wider variety of the available resources (Cummings et al.,
2012) than in the Fehmarnbelt area, confirming our prediction. The
trophic niche width increases when food resources become scarce,
constraining the ability of the fish to choose preferential prey items
(Wilson and Turelli, 1986; Bolnick, 2001; Svanback and Persson,
2004). The generalist behavior of fish on the Odra Bank is likely the
result of scarcity in prey items, the benthic invertebrate community
being species poor and having low biomass (Darr et al, 2014),
preventing the fish to select large prey items as they can do in the
Fehmarnbelt area.

4.2 Food web structure and functioning

The smaller overlapping area of isotopic niches in the
Fehmarnbelt (Figure 5C) shows that the proportion of small
benthic fish species having similar trophic ecologies, and thus the
trophic redundancy, is lower in the Fehmarnbelt area than on the
Odra Bank (Layman et al., 2007a), confirming our prediction. This
is supported by the larger ranges of 8'°N and §'>C values of fish in
the Fehmarnbelt area (Figure 5D) suggesting respectively more
trophic levels and more diversity in the exploited food sources, and
thus lower trophic redundancy in the Fehmarnbelt area than on the
Odra Bank (Jackson et al., 2011). The higher CD in the Fehmarnbelt
area also indicates higher trophic diversity, and therefore lower
trophic redundancy in the Fehmarnbelt area compared to the Odra
Bank (Layman et al., 2007a; Jackson et al., 2011). This is supported
by the lower SDNND on the Odra Bank which reflects more even
distribution and lower diversity, and therefore higher trophic
redundancy in the benthic and demersal fish community on the
Odra Bank compared to the Fehmarnbelt area (Layman et al,
2007a; Jackson et al, 2011). Overall, all trophic indices concur,
strongly suggesting that the trophic redundancy is higher, and
conversely, that the trophic diversity is lower on the Odra Bank
than in the Fehmarnbelt area.

4.3 Implication for food web resilience
to perturbations

It is generally predicted that trophic generalists are less sensitive
to perturbations because of their ability to shift among alternative
food resources (Purvis et al., 2000). The presence of opportunistic
generalist consumers relying on similar prey species increases the
number of parallel trophic links in a food web, and thus the trophic
redundancy (Saint-Beat et al., 2015), in turn increasing the food web
resilience to perturbations (Baird et al., 2007; Sanders et al., 2018).
This would suggest that the demersal and benthic fish food web on
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the Odra Bank has higher ability to cope with disturbances than the
one in the Fehmarnbelt area. However, if anthropogenic impacts,
such as mobile bottom trawling, reduce available resource pools to a
certain tipping point, the extension of the fish species and/or
community niche widths (Wilson and Turelli, 1986; Bolnick,
2001; Svanbdck and Persson, 2004) might no longer ensue in
response to resource scarcity because prey choice is so
constrained (Layman et al, 2007b). The food web of the Odra
Bank, which is species-poor with low biomass, might thus not have
buffering capacity to additional perturbations.

In the Fehmarnbelt area, the higher trophic diversity, shown by
the higher standardized §'°N and §"°C ranges and the higher CD
and SDNND, was partly driven by six fish species, whose trophic
niches did not overlap with any other fish species (Figure 3A).
These include four important commercial species, i.e., G. morhua,
P. platessa, M. merlangus and S. solea. Our results highlight the
importance of bivalve filter feeders as food source for the fish
community, especially P. platessa, in the Fehmarnbelt area. Hard-
bodied and large benthic invertebrates, such as bivalves, are
generally assumed to be the most affected by mobile bottom
trawling, which can induce a shift in the benthic community
towards smaller and soft-bodied species (Kaiser et al., 2000;
Duineveld et al., 2007). This suggests that potential negative
impact of mobile bottom trawling on the biomass and abundance
of bivalves in the Fehmarnbelt area might alter the functioning of
the benthic food web, with stronger impact on fish species relying
on bivalves, including commercially important species.

4.4 Isotopic variability in prey species

The range of §'°N values was higher in the benthic invertebrate
community on the Odra Bank (4.6%o) than in the Fehmarnbelt area
(2.0%o). The high 8'°N range on the Odra Bank could be due to either,
the benthic invertebrate community covering two trophic levels, if
considering a trophic fractionation factor of ~3%o (Post, 2002), or, and
most likely, high variability in §'°N values of basal sources. 3'°N values
of basal sources in the coastal Baltic Sea are highly spatially and
seasonally variable due to a combination of factors including availability
of inorganic nitrogen, riverine versus marine influence and seasonal
phytoplankton succession (Maksymowska et al., 2000; Lesutiené et al,,
2014; Remeikaite-Nikiené et al.,, 2017). Studies in the Curonian lagoon
showed that the 8N values of particulate organic matter (POM)
potentially range within one year from —0.9 %o to 15.5 %o (Remeikaite-
Nikieneé et al., 2017). The Odra Bank is seasonally influenced by the
Oder River, supplying ""N-enriched nitrate (Voss et al, 2000). In
addition, locally and temporally restricted blooms of N,-fixing
cyanobacteria can lead to low 8'°N values of POM down to 0.9 %o
(Lesutiené et al, 2014). The high range of §'°N values in benthic
invertebrates from the Odra Bank therefore likely reflects high
variability in 8'°N values of basal sources. The lower 8'°N range in
the Fehmarnbelt could be explained by its permanent exposure to
saline and oxygen-rich waters, compared to the more riverine
influenced Odra Bank. The higher range of §'>C values in the
benthic invertebrate community in the Fehmarnbelt area (6.3%o)
compared to that on the Odra Bank (3.0%o), suggests that benthic
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invertebrates in the Fehmarnbelt area rely on a higher diversity of food
sources. This was mainly driven by the presence of Ophiura albida
which has various modes of feeding (Boos and Franke, 2004). Further
studies are needed to robustly constrain the temporal and spatial
variability in stable isotope composition of basal sources, and better
understand the functioning of trophic relationships within the benthic
invertebrate community.

5 Conclusion

Here, we demonstrate that the difference in trophic behavior of
benthic and demersal fish species between the two sites was mainly
driven by differences in the characteristics of the prey communities.
This suggests that the distribution of fish (species richness, biomass
and abundance) between the Fehmarnbelt area and the Odra Bank,
and potentially in the entire Baltic Sea (Frelat et al., 2018; Rau et al.,
2019), is driven by food availability, and not only by salinity, which is
likely an indirect driver through its influence on benthic prey
communities (Darr et al, 2014). European Union member states
with fishing interests in the area agreed in 2022 on measures
excluding fishing with mobile bottom contacting gears in the five
special areas of conservation (SAC) in the Baltic German exclusive
economic zone (EEZ), including the Fehmarnbelt and the Odra Bank.
The exclusion of mobile bottom trawling from the Fehmarnbelt and
Odra Bank areas, which are both currently influenced by a
combination of multiple anthropogenic stressors, is likely to have
positive effects on food availability for fish, potentially enhancing fish
biomass and production. This needs to be investigated further once
this exclusion measure will have been implemented. To evaluate the
efficiency of this conservation measures, benthic and demersal fish
monitoring should be conducted monthly or seasonally, as the fish
community, and thus the structure and functioning of the fish food
web, might differ between seasons, this study investigating only the
fish food web in spring-early summer. In addition, fish often connect
different habitats (Kritzer et al., 2016), therefore additional food web
studies looking at potential links between the different biotopes in the
Fehmarnbelt and adjacent areas, and including larger and more
mobile fish individuals, are needed to better understand the
functioning of the food web on a larger spatial scale. Overall, our
results demonstrate differences in the functioning and structure of the
benthic fish food web between the Fehmarnbelt area and Odra Bank
and can be used as a baseline for further studies assessing the effect of
the exclusion of fisheries with mobile bottom contacting gears on the
benthic food web structure and functioning in these two areas.
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animals as low as possible.
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