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Abstract

Quantification of the physical and biological factors that influence the spatial structuring of food webs is cen-
tral to inform effective resource management. We used baseline-corrected stable isotope ratios (5'*C and §'°N) of
63 invertebrate and fish to investigate food web structure across a continental shelf gradient—the Celtic Sea Shelf
in the Northeast Atlantic Ocean. Hierarchical clustering on 5'*C and 5'°N showed that the shelf food web is char-
acterized by four trophic levels with trophic groups spread across pelagic and benthic trophic pathways. Four
biomass-weighted isotopic diversity metrics provided indicators on the status of the system, showing a relatively
complex food web with high trophic redundancy at intermediate trophic levels suggesting resilience to distur-
bances. Two sets of statistical models, at the community scale and for each trophic group, identified five distinct
trophic assemblages associated with different chlorophyll a concentrations, water depth, and bottom temperature.
A cold, vertically mixed-water assemblage over the outer shelf comprised the largest habitat and most diverse
assemblage, highlighting the importance of cold productive conditions in the Celtic Sea. Trophic group model
results were used to generate spatial area predictions to compare functioning of groups using isotopic overlap (sim-
ilarity and nestedness) metrics. Isotopic niche area was larger (spanning two trophic levels) in shallow habitats,
but not in habitats underlying high primary production or nutrient-rich water masses, suggesting stronger
benthic-pelagic trophic coupling in inner shelf habitats. Results suggest that depth and intensity of pelagic

production are major drivers of trophic structure and functioning of Celtic Sea communities.

Food web structure (i.e., the networks of trophic interactions
that occur among species within ecosystems) is a fundamental
feature of marine ecosystems as it affects energy transfer across
trophic levels and biogeochemical cycles within and across ecosys-
tems (Eddy et al. 2020). Understanding how marine food webs
are structured along environmental gradients is essential to predict
the response of ecosystems to the effects of global change, includ-
ing anthropogenic pressures such as fishing on biodiversity. In
addition, understanding the drivers of food web structure has
been a key question in marine sciences: addressing the relation-
ship between the intensity of primary production, usually inferred
by the measurement of chlorophyll a concentration, and the pro-
duction of biomass at high trophic levels is of prime importance,
as mid- and high trophic level species largely enter global fisheries
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(Petrik et al. 2019). Biological transfer of carbon and other nutri-
ents between the sea surface and deep waters may notably blur
the link between pelagic primary production and benthic second-
ary production (Cresson et al. 2020; van Denderen et al. 2018),
through the alteration of organic matter fluxes and organization
of trophic niches among co-occurring species (Hayden
et al. 2019). Human-induced anthropogenic impacts, such as fish-
ing on benthic environments, can therefore have direct effects on
demersal and pelagic systems and coupling strength between
these systems (Agnetta et al. 2019).

Ecosystem models are an important tool to understand the
effects of climate change and other anthropogenic activities
across all trophic levels. However, they require reliable data
inputs on food web linkages and overall food web structure
(Seibold et al. 2018). Nitrogen (6'°N) and carbon (§'3C) stable
isotope ratios are now recognized as efficient tracers of trophic
fluxes in marine systems. The increase in 8'°N at each trophic
level allows the use of this isotope ratio as a proxy of a con-
sumers’ trophic level. In contrast, 8'*C only slightly increases
along the food web, and is thus commonly used to trace the
origin of the production supporting the food web. For exam-
ple, in marine systems globally, benthic food webs, whether
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relying on macro- or microphytobenthic primary production,
or on detrital matter, exhibit higher 8'*C values than pelagic
ones based on the direct integration of phytoplanktonic pro-
duction (Day et al. 2019; Hayden et al. 2019; Cresson
et al. 2020). Combining both 8'°N and 8'3C has proven useful
for illuminating the ecological structure and the organization
of food webs within complex systems (Layman et al. 2012;
Trueman et al. 2014; Giraldo et al. 2017). However, as the iso-
topic ratio of a consumer depends on the isotopic ratio of the
production at the base of its food web, a consumer’s ratio can-
not be interpreted without knowledge about the trophic base-
line. Addressing accurately the most reliable baseline value,
whether with empirical measurements or statistical inferences
(Jennings and Warr 2003; Jennings and van der Molen 2015)
is one of the most important caveats in isotopic ecology, nota-
bly when investigating trophic patterns over large geographical
scales. In addition, stable isotope derived metrics (i.e., Isotopic
Functional Indices) have been recently demonstrated to be able
to capture the trophic diversity and functioning of ecological
systems. Under the premise that isotopic niche (the space occu-
pied by organisms in a §'>C-8'°N space) is a proxy of the tro-
phic niche (e.g., Newsome et al. 2007), and including species
biomass as a proxy of their importance (Cucherousset and Vil-
léger 2015), indices can efficiently capture the trophic function-
ing of the system, notably by providing indicators of trophic
redundancy or patchiness (Rigolet et al. 2015).

The Celtic Sea Shelf located in the Northeast Atlantic
Ocean supports some of the largest and most important
demersal and pelagic trawl fisheries in the region (Mateo
et al. 2017; Moore et al. 2019). The shelf has undergone recent
declines in the abundance of the large cold-water species
(Atlantic cod Gadus morhua) in the area and an increase of
small, noncommercial pelagic species (such as the boarfish
Capros aper) has been documented in the area and elsewhere
in the Northeast Atlantic (Pinnegar et al. 2002; Blanchard and
Vandermeirsch 2005; McLean et al. 2019). To date, research
into the Celtic Sea food web has predominantly focused on
the trophic ecology of the fish community—demersal, ben-
thic, and pelagic assemblages important in terms of biomass
and fisheries in the Celtic Sea (Martinez et al. 2013) on the
upper continental slope (Kopp et al. 2018), and along the
shelf-wide gradient (Pinnegar et al. 2003; Rault et al. 2017;
Day et al. 2019). However, there is little information on the
overall structure of the food web in relation to the biophysical
environment, which is central to understand the ecological
consequences of changes in biophysical structuring of the
system.

Within this context, the main objective of this study was
to examine the physical and biological factors that influence
the spatial structuring of the food web. Consistent with previ-
ous results obtained in neighboring or remote marine environ-
ments, we expected that depth and intensity of pelagic
production would be major drivers of trophic structure and
functioning of the Celtic Sea communities. For that purpose,
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we identified relationships between §'>C and 8'°N baseline
values and the environment to produce reliable estimates of
trophic baseline and associated uncertainty to support robust
comparisons of consumer trophic ecology across the shelf.
Invertebrates (benthic macrofauna, zooplankton, and cephalo-
pods) and fishes spanning a large trophic range from sites
sampled across the spatial domain of the Celtic Sea were then
used to assess spatial trends in 8'*C and 8'°N of organisms at
higher trophic levels within the food web. The specific aims
were to: (i) Characterize the food web structure at the scale of
the whole sampling area (hereafter referred to as community
scale) using a combination of hierarchical cluster analysis and
four biomass-weighted isotopic diversity metrics (isotopic diver-
gence, dispersion, evenness, and uniqueness; Cucherousset and
Villéger 2015), (ii) identify biological and physical variables
driving the trophic groups and the wider trophic network struc-
ture using two sets of statistical models, one set at the commu-
nity scale and the other for each trophic group, to highlight
the spatial structure of the food web, and (iii) compare func-
tioning of trophic groups based on spatial areas identified
using isotopic overlap (similarity and nestedness) metrics to
identify underlying species assembly processes at different
spatial scales.

Materials and Methods

Data collection
Sample collection

Samples were obtained during the EValuation Halieutique
Ouest de 'Europe (EVHOE) surveys in November 2014, 2015,
and 2016 (Duhamel et al. 2014; Leaute et al. 2015, 2016) as
part of the International Bottom Trawl Surveys in the Celtic
Sea (ICES 2015). A total of 975 samples of large epifaunal
invertebrates (bivalve mollusks and decapod crustaceans),
zooplankton (copepods), fish and cephalopod species
corresponding to 63 species were collected and analyzed from
water depths 57-306 m. Sample size varied between taxa
(from 5 to 52), with an average of 15 individuals sampled per
species (Table 1). Invertebrates and fish species were obtained
by deploying a Grande Ouverture Verticale (GOV) demersal
trawl with a cod-end of 20 mm stretched mesh, towed for
30min at a speed of approximately 3.5 knots by R/V
“Thalassa.” As bottom trawls mostly target fish and cephalo-
pods, the number of benthic invertebrates caught was small
relative to total biomass of this fraction in the environment.
Such observations are nonetheless particularly relevant as they
represent the epi-benthic macrofauna—an important compo-
nent at the base of the food web (Vaz et al. 2019). Copepods
were sampled (November 2014) using a WP2 zooplankton net
(Spartel, UK) with a 200 pm mesh size, towed (diagonally) at a
speed of 0.75 m s™! from the surface to 3 m above the seabed.
Additional samples of the bivalve mollusk, the great scallop
(Pecten maximus) were collected during professional fishing
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Table 1. Names of all the studied Celtic Sea Shelf invertebrate and fish species, species codes and trophic groups used in next figures.
The number of samples (N), mean &'3C and &'°N values (+ SD) and estimated trophic level (TL + SD) are listed for each species. Size of
specimens is also given where available (carapace length for crustaceans, mantle length for cephalopods, and total length for fishes).
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Taxonomic Main 8"3¢C 8"°N Size
Trophic group Code class position N (%o0) + SD (%o0) + SD TL £+ SD (cm) + SD
Group 1. Pelagic primary consumers
Copepods Co Hexanauplia Pelagic 6 -21.06 £ 0.79 7.14 £ 0.88 2.08 +0.26 —
Sepia orbignyana SO Cephalopoda Benthic 10 -19.85+0.30 7.65 +£1.00 2.23+0.29 6.88 +1.04
Group 2. Benthic primary consumers
Pecten maximus PE Bivalvia Benthic 52 -17.47 £1.21 6.84 £1.76 2.00 +£0.52 —
Group 3. Demersal/benthic fish & benthic cephalopods
Sepia elegans SE Cephalopoda Benthic 10 -19.53+0.40 9.43 +£1.01 2.76 +£0.30 5.60 + 2.37
Arnoglossus imperialis AR Actinopterygii Benthic 10 -19.56 £0.75 8.83 +£1.42 2.58 +£0.42 13.80 £+ 2.05
Callionymus maculatus (@Y Actinopterygii Demersal 7 -20.24 £ 0.39 9.38+1.75 2.74 £ 0.51 —
Capros aper CA Actinopterygii Demersal 23 -19.53+0.62 9.34 +£1.74 2.73 £0.51 14.47 +£1.28
Gadiculus argenteus GA Actinopterygii Demersal 7 -19.64 +£ 0.21 9.75+0.29 2.85+0.09 6.71 £0.76
argenteus
Group 4. Pelagic/demersal/benthic fish, demersal cephalopods, & macrobenthos carnivores
Munida intermedia MU Malacostraca Benthic 6 -18.41 £ 0.84 9.15+0.75 2.67 +£0.22 1.40 £0.14
Sepiola sp. SS Cephalopoda Demersal 16 —19.00+0.48 11.49 £1.02 3.36 £ 0.30 —
Todaropsis eblanae TO Cephalopoda Demersal 17 -19.14+0.48 11.40 +1.52 3.33£0.45 —
Clupea harengus CL Elasmobranchii Demersal 10 -18.80+1.52 11.23 +1.82 3.29 £ 0.54 2290 + 4.62
Eutrigla gurnardus EU Actinopterygii Pelagic 10 -18.74 £0.91 10.81 £ 0.63 3.16 £ 0.18 21.15+4.40
Helicolenus dactylopterus ~ HE Actinopterygii Demersal 7 -18.63 £ 0.15 10.49 +0.19 3.07 £ 0.06 14.00 + 0.58
Lepidorhombus boscii LE Actinopterygii Demersal 6 -19.11 £ 0.44 10.60 + 0.47 3.10 £ 0.14 24.00 + 2.65
Merluccius merluccius ME Actinopterygii Benthic 39 -18.93+£0.68 1222 £1.17 3.58 +£0.34 26.85 +£19.46
Micromesistius poutassou ~ Ml Actinopterygii Demersal 26 -19.16 £0.44 11.19 £1.14 3.27 £ 0.34 27.42 £ 5.04
Phycis blennoides PH Actinopterygii Pelagic 13 -19.02 £0.50 12.59 £ 0.76 3.68 +£0.22 29.25 +8.78
Sardina pilchardus SA Actinopterygii Demersal 12 -18.68+0.78 10.20 +£ 1.41 2.98 + 0.41 17.00 + 3.71
Scomber scombrus SC Actinopterygii Pelagic 22 -19.02+0.49 10.89 £ 1.19 3.18 £ 0.35 22.25 +£4.80
Sprattus sprattus SP Actinopterygii Pelagic 18 -18.31 +£0.43 11.56 + 0.64 3.38+0.19 14.00 + 2.89
Squalus acanthias SQ Actinopterygii Pelagic 12 -19.47 £0.81 11.55 £ 1.51 3.38+0.44 74.75 + 16.39
Trisopterus esmarkii TR Actinopterygii Demersal 14 -19.18 £ 047 12.07 £1.14 3.53+0.34 19.88 + 2.30
Group 5. Demersal/benthic fish, demersal cephalopods, & macrobenthos carnivores
Macropipus tuberculatus MC Malacostraca Benthic 12 -18.52+1.12 10.82 + 2.02 3.16 £ 0.59 —
Nephrops norvegicus NE Malacostraca Benthic 18  -17.71 £0.90 10.59 £ 1.15 3.10 £ 0.34 7.50 £ 1.41
Illex coindetii IL Cephalopoda Demersal 19 -18.72+0.93 11.42 +1.49 3.34 £ 0.44 —
Rossia macrosoma RO Cephalopoda Demersal 12 -18.32+047 10.96 + 1.81 3.21 £0.53 —
Callionymus lyra CR Elasmobranchii Benthic 14  -17.85+0.91 11.33+£1.13 3.31+£0.33 22.71 £2.58
Glyptocephalus GL Actinopterygii Demersal 10 -17.97+0.78 11.74+1.18 343 £0.35 36.00 + 5.83
cynoglossus
Hippoglossoides HI Actinopterygii Benthic 7 -18.30 + 1.81 11.69 + 0.34 3.42+0.10 22.71 £1.50
platessoides
Lepidorhombus Lw Actinopterygii Benthic 27 -18.51+£0.93 10.52 +1.49 3.08 + 0.44 23.81 £11.72
whiffiagonis
Leucoraja naevus LN Actinopterygii Benthic 10 -17.74+£0.89 11.52 £1.53 3.37 £ 0.45 56.50 £9.70
Lophius piscatorius LO Actinopterygii Demersal 29 -18.21 £0.66 11.76 £1.76 3.44 £ 0.52 35.24 + 21.56
Microstomus kitt MK Actinopterygii Benthic 12 -17.61 £1.45 10.39 +1.89 3.04 £ 0.56 27.42 £ 5.04
Group 6. Pelagic/demersal fish & demersal cephalopods
Alloteuthis sp. AL Cephalopoda Demersal 13 -18.46 £ 0.94 12.90 +£1.51 3.78 £ 0.44 —
Loligo forbesii LF Cephalopoda Demersal 19 -18.21 £ 0.69 12.88 +1.07 3.77 £0.31 1553 +£10.98
(Continues)
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Table 1. Continued
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Taxonomic Main 8"3C 8"°N Size
Trophic group Code class position N (%o0) + SD (%o0) + SD TL+ SD (cm) + SD
Argentina sphyraena AS Actinopterygii Demersal 17 -18.66 +£0.93 11.88 + 2.31 3.48 +0.68 17.47 + 3.06
Chelidonichthys cuculus CH Actinopterygii Demersal 19 -17.82+1.17 13.02 +1.81 3.81 £0.53 24.05 + 2.44
Conger conger CcC Actinopterygii Demersal 6 -18.30 + 1.04 13.55+1.26 3.97 £0.37 106.83 £ 26.48
Engraulis encrasicolus EN Actinopterygii Pelagic 8 -17.86 + 0.66 12.24+1.18 3.58 £0.35 12.13 +£3.52
Lophius budegassa LB Actinopterygii Demersal 27 -18.45+0.75 12.66 +1.43 3.71 £0.42 18.96 + 8.52
Melanogrammus MA Actinopterygii Demersal 39 -18.05+1.18 12.82 +1.26 3.75+£0.37 2495 +7.24
aeglefinus
Mullus surmuletus MS Actinopterygii Demersal 11 -17.72+0.70 13.24 +0.93 3.88 +£0.27 17.07 £5.15
Trachurus trachurus T Actinopterygii Pelagic 27 -18.54 £0.79 12.44 +1.73 3.64 £ 0.51 20.95 +£10.63
Trisopterus minutus ™ Actinopterygii Demersal 20 -18.45+1.35 12.26 + 2.35 3.59 + 0.69 16.89 + 3.35
Group 7. Demersal predatory fish
Gadus morhua GM Actinopterygii Demersal 36 -17.14+0.63 14.95 + 0.67 4.38 +0.20 58.25 +23.72
Merlangius merlangus MM Actinopterygii Demersal 34 -18.02+0.64 13.71 £ 0.71 4.02 +0.21 25.06 +7.22
Molva molva MO Actinopterygii Demersal 8 -17.78 £ 0.53 14.19 +1.27 4.16 +0.37 61.00 + 6.78
Zeus faber ZE Actinopterygii Demersal 14 -17.41+0.18 14.02 +1.02 4.11 +£0.30 36.07 + 10.09
Group 8. Demersal/benthic fish & macrobenthos carnivores
Cancer pagurus CP Malacostraca Benthic 8 -16.48 £ 0.72 11.30 £1.32 3.30 £ 0.39 18.10 +£ 0.85
Maja brachydactyla MB Malacostraca Benthic 6 -15.63 + 0.45 10.85 +1.21 3.17 £ 0.36 14.00 + 0.00
Chelidonichthys lucerna (& Elasmobranchii Demersal 5 -16.01 + 0.45 13.05+1.26 3.82+0.37 -
Dicentrarchus labrax DI Elasmobranchii Benthic 8 -16.67 £ 0.51 13.99 +1.26 4.10+0.37 52.00 £ 5.57
Limanda limanda LI Elasmobranchii Benthic 8 -16.74 £ 0.66 12.22 £1.45 3.58 +£0.43 23.33 £2.08
Microchirus variegatus MV Elasmobranchii Benthic 16 -17.27 +0.87 12.41 +1.89 3.63 £ 0.56 15.44 +1.63
Mustelus asterias MT Elasmobranchii Demersal 14 -16.23 £0.76 12.86 +1.28 3.76 £ 0.38 88.22 £ 13.95
Pleuronectes platessa PL Actinopterygii Demersal 26 -16.51 £0.60 13.15+1.34 3.85 +0.39 31.15 + 5.84
Scophthalmus maximus M Actinopterygii Demersal 7 -17.01 £0.38 13.25 +0.97 3.88 +£0.29 56.67 + 5.69
Raja clavata RC Actinopterygii Benthic 7 -16.68 + 1.09 11.74 £ 0.89 3.44 £ 0.26 56.00 £ 7.07
Raja microocellata RA Actinopterygii Benthic 6 -16.07 + 0.50 12.14 +0.43 3.55+0.13 69.80 +12.17
Raja montagui RM Actinopterygii Benthic 10 -1594+£0.40 12.89 £ 0.55 3.77 £ 0.16 54.20 £ 5.50
Scyliorhinus canicula SN Actinopterygii Benthic 14 -16.96 +0.78 12.80 + 1.40 3.75 £ 0.41 63.36 + 5.61
Solea solea SL Actinopterygii Benthic 19 -17.20+0.74 12.54 +1.10 3.67 £0.32 30.74 +7.73

operations (November 2015). All samples were kept frozen at
—20°C until processing in the laboratory.

Stable isotope analysis

Fish were measured for total length (cm) and a sample of
white dorsal muscle tissue was dissected. For invertebrates, sam-
ple processing varied according to taxon. A tissue sample was
taken from the muscle of crustaceans, from the abductor mus-
cle of bivalve mollusks, and from the mantle of cephalopods.
Copepods were prepared whole. After dissection, all samples
were washed in distilled water to prevent contamination by
sediment carbonates, dried for 48 h at 60°C and homogenized
into a powder using a mixer mill (Model MM400, Retsch, Ger-
many). Carbon (**C/'?C, 8'3C) and nitrogen (**N/™N, §'°N)
stable isotope composition, and % content of C and N of the
powdered samples was determined using a Carlo Erba NC2500

Elemental Analyzer by the Stable Isotopes in Nature Laboratory
(SINLAB, University of New Brunswick, Canada). Data were
corrected using three reference samples of SINLAB standards
(bass muscle, bovine liver and nicotinamide; SD < 0.2%0 for
8'3C and < 0.1%o for 8'°N). Reference materials were previously
calibrated against interlaboratory comparison standards distrib-
uted by the International Atomic Energy Agency (IAEA). The
13C composition of the tissue samples was expressed in conven-
tional delta notation (5'3C), relative to the abundance of 3C in
Pee Dee Belemnite and the '*N composition (5'°N) relative to
the abundance of '*N in atmospheric N,. For most taxa, the
mean observed C:N ratio was lower than 3.5 (the value above
which lipid normalization is recommended; Post et al. 2007),
except for copepods, the cephalopod Sepiola sp., European com-
mon squid Alloteuthis sp., European sprat Sprattus sprattus and
the striped red mullet Mullus surmuletus. Normalization of §"*C
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data of these invertebrate and fish taxa was performed using
the mass balance equations in Smyntek et al. (2007) and Barnes
et al. (2009), respectively.

Trophic baseline and trophic levels of taxa

Sedentary filter-feeding consumers integrate local temporal var-
iation in 8"*C and 5'°N providing a time-averaged isotopic signal
that is more stable than that of primary producers (Post 2002).
Filter-feeders are thus often used as tracers of stable isotope base-
line variations (Lorrain et al. 2002; Jennings and Warr 2003). We
used the widely distributed great scallop (P. maximus; Supporting
Information Fig. S1) to provide a realistic trophic baseline estimate
for the majority of taxa in this study, which we expect to rely
upon a mixture of both benthic and pelagic food sources (Rault
et al. 2017; Kopp et al. 2018; Day et al. 2019). Following the stud-
ies of Barnes et al. (2009) and Jennings and van der Molen (2015)
conducted in the same ecosystem, invertebrate and fish §*C and
8'°N were corrected for spatial variation in the isotopic baseline
based on environmental data as follows:

813 Cpase,i =0.322T; —20.347
8" Npase,i =bo +b1Ti+b2S; +b3Smin i + baTiS; + ¢

where 8" Cpage; and 8'°Np,se,; are the corrected baseline §'°C
and 8'°N values, respectively, for the individual i, T, and S are
annual mean bottom temperature and salinity, respectively, Sy, is
minimum monthly salinity, and by, by, by, b3, by are the fit statistics
used to simulate uncertainty in 8" Npase (Jennings and van der
Molen 2015). Errors were assumed to have a constant variance.
Annual mean bottom temperature was obtained from the Iberian
Biscay Irish, IBM, Ocean Reanalysis system, and annual mean bot-
tom salinity and minimum monthly salinity was provided by the
Copernicus Marine environment monitoring service, CMEMS, at
http://marine.copernicus.eu). All stable isotope data used in further
analyses are baseline-corrected stable isotope data.

Having corrected for spatial variation in 813Cpase and
8" Npase, We used the method established by Post (2002) to
estimate trophic levels for taxa:

TL; =Mpase + [(SlsNi _SlsNbase)/AlsN}

where Apyse is the corresponding base trophic level (TL), assumed
here to be 2, §'°N; is the corrected 8'°N value for the individual i,
and 8" Ny, is the mean of all P. maximus corrected 5'°N values. We
used a fractionation factor (A®N) of 3.4 (Post 2002) as the average
5N enrichment between the muscle tissue of fishes and invertebrates,
and P. maximus as the base trophic level. The trophic level for a species
was then calculated by averaging the individual trophic levels.

Biological and physical predictors

Four variables were analyzed as possible explanatory variables
of trophic variability across the Celtic Sea: chlorophyll
a concentration, bottom temperature, water depth and seabed
substrate (Fig. 1). Seabed substrate data were obtained from the
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European Marine Observation and Data network (EMODnet) Sea-
bed Habitats platform at http://www.emodnet.eu/seabed-habitats
(Populus et al. 2017). Mean annual chlorophyll a concentration
derived from ESA Ocean Color CCI Remote Sensing Reflectance
data were providled by CMEMS (Gohin et al. 2008; Hu
et al. 2012). Bathymetry data in Fig. 1a were obtained from the
ETOPO2 dataset (National Geophysical Data Center 2006),
implemented in R 4.0.2 (R Core Team 2020) with the package
raadtools version 0.5.2.9003 (Sumner 2019). Annual mean bottom
temperature and chlorophyll a data was selected to reflect the rel-
atively long turnover time (several months or more) of 8'°N and
8N in the tissues of bivalve mollusks (Lorrain et al. 2002;
Jennings and Warr 2003). Environmental predictor variables were
extracted for each pixel of the spatial domain and averaged across
the temporal range of sampled location data (2014-2016). The
locations of satellite and remote sensing data were then matched
with stable isotope data to the nearest tenth of a decimal degree
using latitude and longitude of each sampled site.

Data analysis
Characterization of food web and trophic groups of species

In order to characterize the food web structure, hierarchical
clustering (via Euclidean distances and the Ward method) was
used to distinguish clusters of species according to their §'*C
and "N values, which is a commonly used approach for this
type of data (e.g., Kopp et al. 2015). To account for within-
sample variation in isotopic values, hierarchical clustering was
performed on a bootstrapped matrix of distances between spe-
cies, implemented via the R package vegan version 2.5-6
(Oksanen et al. 2019). Since the minimum sample size was
5, five individuals per species were randomly sampled via the
Simple Random Sampling With Replacement method. The iso-
topic data of these samples were then used to generate Euclid-
ean distance matrices between species using 500 iterations. The
resulting distance matrices were averaged to obtain the boot-
strapped distance on which clustering was performed. The opti-
mal number of clusters was assessed by visual inspection of the
resulting dendrogram (see Supporting Information Fig. S2) and
confirmed using graphs of fusion level (Borcard et al. 2018).
Analysis of Similarities (ANOSIM) was used to determine
whether clusters were significantly different. Trophic increases
of +1%o in §'*C and +4.5%o in 8"°N and of +2%o in 8'*C and
+2.5%o in 8'°N were used to show the ranges of isotopic ratios
expected for trophic transfer of pelagic and benthic organic
matter, respectively (Darnaude et al. 2004). The isotopic ratios
of a pelagic primary consumer (copepods) and of a benthic pri-
mary consumer (P. maximus) were used as a starting point of
the range for the pelagic and benthic trophic pathway, respec-
tively. All mean values are presented with standard deviation
unless stated otherwise. The characterization of taxa (benthic,
demersal, or pelagic) and the naming of resulting trophic
groups were made based on scientific literature analysis of their
feeding habits (preference for northern Europe studies), site
(coastal zones not including estuaries), substrate (soft bottom),
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Fig 1. (a) Spatial extent of sampling on the Celtic Sea Shelf. Isobaths (black lines) are shown at 30, 80, 120, 160, 200, 400, 1000, 2000, and 4000 m
depth intervals. Red circles identify sampling locations. (b) Broad-scale seabed habitat classification as compiled by EMODnet. 1. MmMS = mud to muddy
sand, 2. S = sand, 3. Cs = coarse substrate, 4. Ms = mixed sediment, 5. R&B = rocky and boulders. (c¢) Mean annual bottom temperature, and (d) chloro-
phyll a concentration in surface waters averaged across the temporal range of sampled location data (2014-2016).

species size (considering ontogenetic shifts in diet), and season
(autumn). Details of taxa and trophic group assignments are
provided in the Supporting Information (Table S1).

Quantifying isotopic diversity metrics for the food web
Four isotopic diversity metrics (isotopic divergence, disper-
sion, evenness, and uniqueness) were used to examine trophic

structure in the Celtic Sea (see Cucherousset and Villéger 2015
and references therein for specific details on these metrics
including equations for calculations): (a) Isotopic divergence
indicates the degree to which species distribution in the isoto-
pic space maximizes the trophic divergence within the food
web. Low isotopic divergence (i.e., tends to 0) indicates that
relative biomasses are dominated by more generalist species
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(i.e., species closer to the center of gravity of the convex hull).
Conversely, high isotopic divergence (i.e., tends to 1) indicates
that species with the highest biomass occupy the isotopic
space more densely on the edges of the convex hull, revealing
a trophic specialization and thus a high degree of niche differ-
entiation in the food web. (b) Isotopic dispersion indicates the
average trophic diversity in the food web. Isotopic dispersion
equals O when all species have the same isotope values and
increases to 1 when most of the points (or their weight) are far
from the center of gravity of the group of points. (c) Isotopic
evenness indicates the regularity in species distribution and
the density in species packing in the occupied isotopic space.
Low isotopic evenness index (i.e., tends to O) indicates that
the food web is composed of clusters of species and implies
trophic redundancy and competition for food. In contrast,
high isotopic evenness (i.e., tends to 1) indicates that species
and relative biomasses are evenly distributed in the isotope
space, resulting in higher functional regularity and allowing
optimal resource use through niche partitioning (Rigolet
et al. 2015). (d) Isotopic uniqueness is defined as the inverse
of the average isotopic redundancy (i.e., the average closeness
of species in the isotope space). Isotopic uniqueness equals O
when each species has at least one species with the same posi-
tion in the isotope space (i.e., clustering of species with similar
diets) and tends to 1 when most species (or species with the
highest biomass) are isolated in the isotope space.

Diversity metrics required the calculation of convex hull
area fitted over species mean 6'3C and 8'°N values. It gives an
indication of the extent of the isotopic niche space of the
entire trophic network structure and provides information on
how the isotopic functional space (i.e., total area of the con-
vex hull) is filled by species (Cucherousset and Villéger 2015).
Biomass indices are also required. They are based on species
collected during the EVHOE surveys. Biomass indices for each
species at each station were raised (based on a depth zonation
stratification) to the spatial domain of the Celtic Sea. Copepod
sampling was insufficient to produce reliable biomass esti-
mates and were subsequently precluded from all further ana-
lyses. Metrics were implemented via the R packages geometry
version 0.4.5 (Habel et al. 2019) and ape version 5.0 (Paradis
and Schliep 2019).

Isotopic space in relation to the environment

As relationships with biological and physical variables
were not expected to be linear, we used generalized additive
models (GAMs), with a Gaussian distribution and identity
link function, implemented via the R package mgcv version
1.8-31 (Wood 2017). To assess isotopic space in relation to
the biophysical environment, we fitted community scale-
and trophic group-specific GAMs separately on &8'3*C and
8!°N data. Predictor variables were scaled and centered to
account for the different scales of measurement, and all
models included a spatial autocorrelation structure to
account for the spatial dependence in the data. Model

Environmental drivers of food web structure

selection was determined by manually running different
combinations of covariates in a stepwise process beginning
with a model fitted for each of the covariates separately
(in addition to the spatial auto-correlation term). The top
model of this set of single term models was selected based
on Akaike’s Information Criterion (AICc) for small sample
sizes (Burnham and Anderson 2002). A set of two-term
models was then run, including this top model plus each of
the remaining three variables. If the top two-term model
resulted in improved performance in terms of AICc (AAICc)
and percent deviance explained (A% dev), a set of three-
term models was then run, and so on up to the four vari-
ables. As the sample size of trophic group 3 (demersal/ben-
thic fish & benthic cephalopods) was smaller than the
number of covariates preventing model convergence, com-
parison of isotopic trends and the environment could not
be assessed for this group.

Overlap indices of trophic groups based on areas identified
using GAMs

To better infer the spatial effect of environmental condi-
tions on the functioning of trophic groups, two isotopic over-
lap metrics (isotopic similarity and isotopic nestedness;
Cucherousset and Villéger 2015 and references therein) were
used to compare the position and size of the isotopic niche
among trophic groups associated with key predictor variables
across the Celtic Sea. The degree of isotopic overlap was quan-
tified based on spatial areas identified from trophic group
models. For selected trophic groups, we first extracted the
8'3C and 5'°N data for each species at each station across the
spatial areas identified to create trophic groups per spatial area.
Biomass indices for each species at each station were raised to
the spatial area surface (instead of the whole shelf domain) to
create species biomass indices per spatial area. Isotopic overlap
metrics were quantified using the total convex hull areas of
two groups and the volume of isotopic space they shared
(i.e., volume of their intersection). Isotopic similarity equals
0 when the two groups of organisms fill totally different parts
of the stable isotope space and increases to 1 when they fill
the same portion of the stable isotope space. Isotopic
nestedness equals 0 when there is no isotopic overlap and
increases to 1 when the group with the smallest convex hull
fills a subset of the isotopic space filled by the group with the
largest convex hull.

Results

Structure of the food web

Mean 6'°N values ranged from 6.84%o to 14.95%o with the
bivalve mollusk, P. maximus, showing the lowest 85N values,
and the large predatory fish, Atlantic cod G. morhua, the
highest values (Table 1). Mean trophic level estimates spanned
three trophic levels from P. maximus and copepods (trophic
level 2) to demersal predatory fishes (trophic level 4.4, Table 1;
Fig. 2). Mean &'*C values ranged from - 21.06%o0 to
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Fig 2. Mean §"3C and 5'°N values for Celtic Sea Shelf invertebrates and fishes; color denotes trophic groups 1-8 resulting from the hierarchical cluster-
ing analyses, with ellipses showing 95% confidence interval values for each trophic group with sufficient data points. Scientific names corresponding to
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organic matter, respectively. Data from all years combined.

— 15.63%o. The 8'3C values varied greatly among primary con-
sumers with P. maximus exhibiting relatively high values com-
pared to copepods.

Hierarchical clustering analyses of §'*C and 8"°N of species
distinguished eight clusters (ANOSIM, r = 0.40, p<0.001;
Table 1; Fig. 2) corresponding to various trophic groups.
Group 1, named “Pelagic primary consumers” is represented
by copepods, and by the pink cuttlefish Sepia orbignyana.
Group 2, “Benthic primary consumers” is only represented by
the bivalve mollusk, P. maximus. Above these primary con-
sumers, various groups follow one another to the top of the
food web: group 3, “Demersal/benthic fish & benthic cephalo-
pods” (one cephalopod and four fish), group 4,“Pelagic/demer-
sal/benthic fish, demersal cephalopods & macrobenthos
carnivores” (one crustacean decapod, two cephalopods and
12 fish), group 5, “Demersal/benthic fish, demersal cephalo-
pods & macrobenthos carnivores” (two crustacean decapods,
two cephalopods, and nine fish), is positioned at the same tro-
phic level as group 4, but is less '*C depleted, marking the
benthic pathway (Fig. 2), whereas group 4 is positioned more
on the pelagic pathway. Following at a higher trophic level is

group 6, “Pelagic/demersal fish & demersal squid” (two cepha-
lopods and nine fish). At the top of the food web, group
7, “Demersal predatory fish” (four fish) is composed of large
fish species (Table 1). Finally, group 8, “Demersal/benthic
fish & macrobenthos carnivores” (two crustacean decapods
and 12 fish), is situated at the same trophic level as group
6, but is less '*C depleted (Fig. 2). As seen between groups
4 and 5 at a lower trophic level, group 8 is positioned on the
benthic pathway while group 6 is on the pelagic one.
Biomass-weighted values influenced the distribution of
points within the convex hull (Fig. 3). Group 3 was character-
ized by a very high biomass of fish species, namely boarfish
(C. aper). Above group 3 on the scaled 5'°N axis, group 4 was
dominated by two pelagic fish: Atlantic herring (Clupea
harengus) and mackerel (Scomber scombrus) as well as the
demersal fish, the Norway pout (Trisopterus esmarkii). The bio-
mass of group 5 was dominated by the neritic demersal cepha-
lopod species southern shortfin squid (Illex coindetii), while
the pelagic horse mackerel (T. trachurus) and the demersal
poor cod (Trisopterus minutus) had the highest biomasses in
group 6. Larger-bodied demersal fish, the whiting (Merlangius
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merlangus) and lesser-spotted dogfish (Scyliorhinus canicula),
had the highest biomasses in groups 7 and 8, respectively.

In the Celtic Sea Shelf ecosystem, species with the highest
biomass occupied the isotopic space more densely on the
edges of the convex hull (high Isotopic Divergence of 0.775,
Fig. 3a), indicating a trophic specialization and thus a high
degree of niche differentiation in the food web. Average tro-
phic diversity in the food web was low (Isotopic Dispersion of
0.279, Fig. 3b), with most of the biomass centered on groups
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4-6, which lay at the center of gravity of the group of points.
This in turn highlights the low biomass of large top predatory
fish (e.g., Atlantic cod G. morhua), which lay far from the cen-
ter of points (Fig. 3b), and the increased biomass of smaller-
bodied pelagic and demersal fish species feeding within tro-
phic level 3 (Fig. 2). Low Isotopic Evenness of 0.182 (Fig. 3c)
indicates that the food web is composed of clusters of species
(i.e., packed species) and implies trophic redundancy and sub-
stantial competition for food, especially between bentho-
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demersal fish, cephalopods, and macrobenthos (i.e., groups
4 and 5, respectively). Accordingly, distance between the spe-
cies points (as indicated by the size of the arrows in Fig. 3d)
was smaller among groups 4-8 compared to group 3, indicat-
ing that each species has at least one species with the same
position in the isotope space (i.e., clustering of species with
similar diets) and implies high trophic redundancy within tro-
phic level 3 (low Isotopic Uniqueness of 0.098, Fig. 3d).

Isotope space in relation to the environment

At the community scale, the model including chlorophyll
a and depth had the best predictive ability explaining 43.7%
of the deviance in the §'*C data (Table 2; Supporting Informa-
tion Table S2). A positive association with higher §'*C values
was evident between a chlorophyll a of 0.6 and 0.8 mg m™
and shallower bathymetry (< 80 m depth; Fig. 4a), which in
this study corresponded well with colder bottom temperatures
(< 11°C) on the outer shelf (i.e., the area extending north from
the central part of the study area over the Jones Bank) and sta-
tions surveying the northeast inner shelf (Fig. 1a,c). For 8'°N,
the model including chlorophyll a and bottom temperature

Environmental drivers of food web structure

had the best predictive ability explaining 42.3% of the devi-
ance in the data (Table 2; Supporting Information Table S1).
The smoothed relationships indicated a higher probability of
elevated 8'°N values in areas of moderate chlorophyll
a (between 0.6 and 0.8 mg m~>), indicating a similar spatial
patterning for 5'3C and 8'’N values over the outer shelf
(Figs. 4a, 5a). A positive association with higher 6§'°N values
was also evident in areas characterized by warmer bottom tem-
peratures (> 11.5°C), which corresponded to sampling sites
over the northeast inner shelf (< 80 m depth) and southern
parts of the survey area (Fig. 1c,d).

We fitted trophic group-specific GAMs to 8'*C and 8'°N on
six groups with enough data. Model predictive ability was
good for groups 2, 5, 6, and 8 with percentage of deviance
explained ranging from 58.0% to 88.0% (Table 2). Models for
group 4 and 7 had poorer fits, explaining 37.1% and 35.0% of
the deviance in the data, respectively. For each group, the best
model fitted to 8'3C included one or two predictor variables
(Table 2). The 8'3C values of group 2 were influenced by bot-
tom temperature (Fig. 4b), with higher 8'3C values, on aver-
age, in areas with colder bottom temperatures (< 10.4°C),

Table 2. Summary of generalized additive models (GAMs) of the relationship between the most explanatory environmental variables
and 8'3C and 5'°N for (a) community scale models and (b—g) trophic group models. BotTemp, bottom temperature; CHLa, chlorophyll
a concentrations, DEPTH = water depth; seaHab, seabed habitat; (lon,lat) = spatial auto-correlation term. Trophic groups 2, 4-8 as in

Table 1.
Model formula N.terms N.obs % dev s

1. Carbon (8'3C)

(a) Community scale 8'3C ~ CHLa + DEPTH + (lon,lat) 2 114 43.7 0.425

(b) Benthic primary producers (group 2) 8'3C ~ BotTemp + (lon, lat) 1 23 88.6 0.866

(c) Pelagic/demersal/benthic fish, demersal cephalopods 8'3C ~ CHLa + (lon,lat) 1 48 37.1 0.336
& macrobenthos carnivores (group 4)

(d) Demersal/benthic fish, demersal cephalopods & 8'3C ~ seaHab + (lon, lat) 1 50 58.3 0.563
macrobenthos carnivores (group 5)

(e) Pelagic/demersal fish & demersal cephalopods (group 8'3C ~ CHLa + DEPTH + (lon, lat) 2 33 68.6 0.667
6)

(f) Demersal predatory fish (group 7) 8'3C ~ CHLa + (lon,lat) 1 25 35.0 0.287

(g) Demersal/benthic fish & macrobenthos carnivores 5'3C ~ DEPTH + (lon, lat) 1 35 60.1 0.555
(group 8)

2. Nitrogen (5'°N)

(a) Community scale 8'5N ~ CHLa + BotTemp + (lon, lat) 2 114 423 0.409

(b) Benthic primary producers (group 2) 8'°N ~ seaHab + (lon,lat) 1 23 90.6 0.888

(c) Pelagic/demersal/benthic fish, demersal cephalopods 8'>N ~ CHLa + (lon,lat) 1 48 60.5 0.567
& macrobenthos carnivores (group 4)

(d) Demersal/benthic fish, demersal cephalopods & 5'5N ~ seaHab + (lon, lat) 1 50 64.1 0.604
macrobenthos carnivores (group 5)

(e) Pelagic/demersal fish & demersal cephalopods (group 8'°N ~ CHLa + DEPTH + BotTemp + (lon,lat) 3 33 82.0 0.796
6)

(f) Demersal predatory fish (group 7) 8'>N ~ CHLa + (lon,lat) 1 25 49.0 0.427

(g) Demersal/benthic fish & macrobenthos carnivores 815N~ BotTemp + seaHab + (lon, lat) 2 35 61.6 0.566

(group 8)

% dev, percent deviance explained by model; N. obs, number of sampling locations; N. terms, number of terms.

2572



Walters et al.

(a), | o
—~
o
N
O o o
™
0 ~ -
f?l e IIIII AN E NN ’Il- 1wl IIII\II iyl I ] T 11 le !I_II || ' 1001 T T 1 III
0.4 0.6 0.8 1.0 50 100 150 200 250 300
Chl a (mg m-?) Depth (m)

Environmental drivers of food web structure

[7s]
—

(c)”

0.5

1h O
i \V,

I [ 1 11 11 TR T T TR TWIATR AN T -
1 T T T T T 1 T 1 T T T T

9.0 10.0 11.0

Bottom Temp. (°C)

0.5
|

-4
1

-1.5

12.0 0.4 0.6 0.8 1.0

Chl a (mg m-3)

—~~
o
~—

-0.5
1

N\

5'3C (%)
1.0

1.0 05 0.0 05 1.0 15

et

T T T T T T T Ligiml s I 1

-15

b
—
p—

0
I
-20 -15 -1.0 -05 00 05

T TRITIN T 111 TR I 1 ! N

T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.4 0.6 0.8 1.0

Seabed habitat Chl a (mg m-3)

- /\
o

1mein 1T TTTEETET L

T T T T T T

50 100 150 200 250 300

Depth (m)

—~~
«Q
N
r
L

013C (%o)

T T T T T
100 150 200 250 300 05 06 07 08 09

Depth (m) Chl a (mg m=3)

Fig 4. Predicted 5'3C in relation to the most explanatory environmental parameters (unscaled and uncentred) for (@) community scale models and (b-
g) trophic group models. Solid lines show the prediction of a GAM fit to a Gaussian distribution. (b) Group 2, (c) Group 4, (d) Group 5, (e) Group 6, (f)
Group 7, and (g) Group 8. Shading represents the 95% confidence interval for predictions. Black bars show the distribution of observations.

which corresponded well to waters over the outer shelf
(Fig. 1a,c). Chlorophyll a concentrations was common to
three groups (groups 4, 6, and 7), but the shape of the
response curves varied between groups (Fig. 4c,ef). Group
4 showed higher 53C values, on average, in areas of low chlo-
rophyll a (< 0.4 mg m™>), which corresponded well with the
northern shelf edge (~ 160 m depth, Fig. 1a,d). For group 7, a
positive association with higher §'°C values was evident at
moderate chlorophyll a (0.6 and 0.8 mgm™, Fig. 4c),
corresponding with the outer shelf. Group 6 was influenced
by chlorophyll a and depth (Fig. 4e); higher 5'°C values, on
average, were predicted in areas of low (< 0.45 mg m™>) and
moderate chlorophyll a (0.6 and 0.8 mg m~>) and with deeper
relative water depths (>120 and <260m depth),
corresponding to the northern shelf edge and outer shelf of
the Celtic Sea, respectively (Fig. 1a,d). For group 5, the best
model included only seabed habitat (Fig. 4d), with a higher
probability of elevated §'3C values in waters over mud to
muddy sand, and sand (Fig. 1b). The §'*C values of group
8 were influenced by depth (Fig. 4g), with higher §'*C values,
on average, in areas with shallow (< 80 m) and deeper (> 150-

170 m) relative water depths, which in this study cor-
responded well with stations surveying the northeast inner
shelf and the deeper waters over Jones Bank and northern
shelf edge, respectively (Fig. 1a).

For 8"°N, the models fitted on groups 2, 4-8 had good pre-
dictive ability with percentage of deviance explained ranging
from 49.0% to 90.6% (Table 2). For each group, the best
model fitted to §'°N included between one and three predictor
variables (Table 2). Chlorophyll a concentrations was com-
mon to groups 4, 6, and 7 (Fig. 5c,e,f). A positive association
with higher 8'°N values evident between a chlorophyll a of
0.6 and 0.8 mg m~ for groups 4 and 7 (Fig. 5¢,f). Group 6 was
strongly influenced by chlorophyll a, depth and bottom tem-
perature (Fig. Se), with higher 8'°N values, on average, in areas
of low (0.5 mg m~%) and moderate chlorophyll a (0.6 mg m™3
and 0.8 mg m~3) with shallow (<80m) and deeper water
depths (150 m) and warmer bottom temperatures (> 10.5°C),
corresponding to the northern shelf edge, outer shelf and
southern areas of the Celtic Sea (Fig. la,b,c). Groups 2 and
S were strongly influenced by seabed habitat, but the response
curves differed between groups (Fig. 5b,d). For group 5, a
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positive association with higher 8'°N values was evident in
waters over sand (Fig. 1b), while group 2 showed a similar
probability of higher or lower §'°N values in areas over mud
to muddy sand, sand and coarse substrate (Fig. 1b).The §'°N
values of group 8 consumers were influenced by bottom tem-
perature and seabed habitat (Fig. 5g), with higher 6'°N values,
on average, in areas with warmer bottom temperatures
(>11.7°C) and with coarse substrate and mixed sediment
(Fig. 1b,c), corresponding to the northeast inner shelf (< 80 m
depth; Fig. 1b,c).

Overlap indices of trophic groups in relation to the
environment

Overall, two of the strongest biophysical influences associ-
ated with trophic group structure were chlorophyll a and
depth; both 8'3C and §'>N were generally predicted to be
higher in shallow areas (< 80 m depth) of chlorophyll a higher
than 0.6 mg m~>. To explore underlying species assembly pro-
cesses at different spatial scales, we compared two spatial areas
representing low and high chlorophyll a conditions and shal-
low and deep waters. The spatial comparison was performed

for four trophic groups with enough data (Fig. 6). Chlorophyll
a concentrations had little structuring effect on isotopic niche
space among group 4, but was important for pelagic and
demersal fish and cephalopods (group 6) and for demersal
predatory fish in group 7 (Fig. 6a—c). Group 4 had similar iso-
tope niche area in high (>0.6 mgm™>) and low
(<0.6 mg m~) chlorophyll a areas. The degree of isotopic
overlap (similarity and nestedness) between areas was much
larger in group 4 compared to group 7 (Fig. 6a,c). The
responses of these metrics are interpretable on the 8'3C axis,
which corresponds to changes in primary producers isotopic
compositions supporting the food web. For group 4, there was
significant overlap on the §'3C axis between areas for the
cephalopod Sepiola sp., mackerel (S. scombrus), and sardine
(Sardina pilchardus, Fig. 6a). For group 7, isotopic overlap met-
rics were likely influenced by whiting (M. merlangus) which
occupied a different part of the isotopic space on both §'3C
and 8'°N axis in low compared to high chlorophyll
a conditions (Fig. 6¢). The structure of trophic group 6 was
altered in high chlorophyll a compared to low chlorophyll
a areas, with an absence of overlap on both 8'*C and §'°N

2574



Walters et al.

Environmental drivers of food web structure

(a) Isotopic Similarity=0.238 (b) Isotopic Similarity=0
Isotopic Nestedness=0.394 Isotopic Nestedness=0
. Group 4 pg High CHLa Group 6 cc
il Low CHLa 1- o
8” ME
B ME @®ss OS% AL
. scO TOO 0.8+ ™O OCH
Z Osp “eLe
a SQ Ml T O O
o 0.64|| @ O @ocL ® 0.6 cco® F oM
M EU S
o " SE b Ons EN
P : MA F
T 0.4- EUO Ot Oosa 0.4 - @
e TO 3 A©
)] sc s ®EN
0.2- OsA 0.2- @ °H
® 10
MU ™ High CHLa
0 ® VU 0- ®As Low CHLa
T T T T T T T T T T T T
0 02 04 06 038 1 0 0.2 04 06 0.8 1

Scaled 53C

Scaled 6'3C

(C) Isotopic Similarity=0.032 (d) Isotopic Similarity=0.034
Isotopic Nestedness=0.106 Isotopic Nestedness=0.126
Group 7 GM GM Group 8 MV Shallow
1+ ® ® L5 © Deep
= PL
0.8- 0.8 DI D sn
mz ®oMT
H(o 06‘ 06‘ sM@® O.CS
g ®ze SL(,P'- RM
© 0.4 0.4 v @ RC
s ﬁM E Ll @GONT %A
i K
0.2 0.2 -y é
High CHLa cP 0P
04 ®mm Low CHLa 01 MB.

0 02 04 06 08 1
Scaled 6'3C

—T
04 06 0.8 1
Scaled 53C

0 0.2

Fig 6. Effect of environmental conditions on isotopic overlap metrics (similarity and nestedness) calculated at trophic group levels. (a—c) Effect of high
(red) and low (blue) chlorophyll a concentration on trophic groups 4 “Pelagic/demersal/benthic fish, demersal cephalopods & macrobenthos carnivores”,
6 “Pelagic/demersal fish & demersal cephalopods” and 7 “Demersal predatory fish” and (d) of water depth (shallow: Blue; deep: Red) on trophic group
8 “Demersal/benthic fish & macrobenthos carnivores”. Niches are presented in a scaled (0-1), two-dimensional isotopic space. Scientific names
corresponding to species codes are given in Table 1.

axis, but the size of niche space did not vary between areas
(Fig. 6b). Change in trophic structure with chlorophyll
a conditions was largely influenced by poor cod (T. minutus),

red gurnard (Chelidonichthys cuculus), argentine (Argentina
sphyraena), European common squid (Alloteuthis sp.), and
horse mackerel (T. trachurus) which showed the highest degree
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of isotopic separation between high and low chlorophyll
a areas.

The structuring effect of depth on isotopic niche size was
strong in benthic feeding species (Fig. 6d) with minimal isoto-
pic overlap (based on convex hull area) on both the 8'*C and
8!°N axis. Isotopic functional space (i.e., the size of the convex
hull area) was three times smaller in deeper waters compared
to shallow waters, showing broadened overall isotopic niche
space occupied by benthic feeding species. Accordingly, dis-
tance between the species points was greater in shallow com-
pared to deeper waters indicating lower trophic redundancy
(i.e., higher Isotopic Uniqueness) among species (Fig. 6d;
Table S2). Thus, both overlap metrics indicated that the spe-
cies trophic ecology was more divergent in shallow coastal
waters compared with the more clustered species niches in
deeper waters (Fig. 6d).

Discussion

Food web structure in the Celtic Sea

The Celtic Sea food web is characterized by four trophic
levels and two energy pathways based on different carbon
sources (primary producer and detrital-based), suggesting a
classical community-structure for a temperate coastal ecosys-
tem (Davenport and Bax 2002; le Loc’h et al. 2008; Kopp
et al. 2015). The four trophic levels, from primary consumers
(trophic level 2) to the top fish predator (Atlantic cod,
G. morhua, trophic level 4.4), agrees with previous estimates in
the Celtic Sea (Pinnegar et al. 2002), and were comparable to
food chain lengths reported from other Northeast Atlantic
temperate marine ecosystems (le Loc’h et al. 2008; Kopp
et al. 2015; Silberberger et al. 2018) and more widely (Vander
Zanden and Fetzer 2007). The range of carbon sources used by
primary consumers sampled in the present study is consistent
with previously reported ranges for zooplankton (namely
copepods) and bivalve mollusks (P. maximus) from other
Northeast Atlantic coastal waters, including in the Bay of Bis-
cay (le Loc’h et al. 2008) and English Channel (Kopp
et al. 2015). Due to bacterial remineralization, benthic ecosys-
tem components are often enriched in the heavy isotopes of
carbon (and sometimes nitrogen) compared to fresh, pelagic
production. Thus, zooplankton feeding directly on particulate
organic matter (POM) are relatively depleted in '*C compared
to filter-feeding bivalve mollusks.

Our results, related to the sampling gear used (demersal
trawl GOV), showed that the Celtic Sea is characterized by a
particularly high abundance of small fish feeding on zoo-
plankton and hyperbenthos known for their vertical migra-
tions and pelagic or demersal predatory fish feeding on small
fish and crustaceans. This demonstrates that a substantial pro-
portion of biomass at mid-trophic levels, and by inference pro-
duction, in the Celtic Sea is supported by production
channeled through the pelagic pathway, ultimately fueling
large demersal fish at the top of the food web. Besides this, the
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benthic pathway can be discerned from less depleted '3C
compositions of benthic and demersal fish feeding on ben-
thic invertebrates at a low trophic level, to crustacean deca-
pods (e.g., brachyura and anomura) at a higher trophic level.
The relatively low biomass of benthic- compared to pelagic-
feeding fishes suggests that this pathway is less structuring
than the pelagic one. It must be acknowledged however,
that inferences about the emerging patterns within and
across energy pathways are tentative as the biomasses of
benthic organisms may have been underestimated due to
the sampling gear used in this study. Including all compo-
nents of an ecosystem (i.e., benthic and pelagic inverte-
brates, and at least fish), whether through the direct
collection of all groups or the development of accurate
proxies (e.g., Day et al. 2020), is a major topic in current
research, particularly in the context of integrated manage-
ment of marine systems (Seibold et al. 2018). Nevertheless,
in these waters benthic ecosystem components are more or
less directly coupled to pelagic primary production, as
observed for neighboring environments with similar depths,
i.e., the North Sea (Duffill Telsnig et al. 2019) or the Bay of
Biscay (Lassalle et al. 2011; Cresson et al. 2020). Feeding
plasticity of benthic organisms allows them to position
themselves on the pelagic pathway. For instance, a recent
isotopic investigation showed suspended POM made up
47% of the diet of the Norway lobster Nephrops norvegicus
(da Silva Santana et al. 2020). In addition, diel vertically
migrating prey (calanoid copepods, euphausiids, mysids,
fishes) are also likely to play a significant role in the transfer
of pelagic production to benthic ecosystem components in
this shallow shelf sea environment. More generally, as ben-
thic consumers exhibit a large trophic plasticity, and largely
rely on detritus, they are classically considered as the ulti-
mate opportunists. Their trophic features, such as isotopic
ratios, can be viewed as proxies of the predominant source
of organic matter in the system (Cresson et al. 2020).

In the Celtic Sea, previous studies also demonstrated the
importance of pelagic production to fuel fish assemblages,
even at mid-water depths (Trueman et al. 2014). Comparison
with results obtained from both empirical data and model out-
puts on neighboring ecosystems highlight the importance of
depth as a major factor driving the degree of connectivity
between pelagic and benthic systems (i.e., weakening of the
pelagic-benthic coupling from coastal to offshore areas) and
the stronger oceanic influence for the Celtic Sea. In the shal-
low English Channel, the food web is marked by stronger ben-
thic pathways (Kopp et al. 2015; Giraldo et al. 2017). On the
contrary, the contribution of pelagic production is predomi-
nant in the deeper (~ 140 m depth) Bay of Biscay (Lassalle
et al. 2011; Cresson et al. 2020). The apparent gaps in niche
space between P. maximus and the group of “demersal/benthic
fish, demersal cephalopods and macrobenthos carnivores”
(Fig. 2) would have been partially filled by isotopic composi-
tions of their prey (decapod crustaceans, mysids, polychaetes,
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echinoderms and gastropod mollusks) had we been able to
obtain sufficient sample sizes and biomass data for this suite
of small invertebrates in this food web.

Our results showed that isotopic functional diversity indi-
ces mainly differentiate the generalist consumers from zoo-
plankton consumers, revealing a trophic specialization. The
isotopic divergence index indicates a high degree of niche dif-
ferentiation within the food web. Noticeably, it is in agree-
ment with the mosaic of different seabed habitats that provide
complex microhabitat structures for epibenthic assemblages in
the Celtic Sea (Ellis et al. 2013). This suggests that the habitat
is responsible for the differences in diet width between con-
sumers (probably with lower prey diversity in the pelagic habi-
tat). Trophic specialization occurs more often in predator
populations regulated by resources (Estes et al. 2011), and may
include the coupling of food resources that are also compart-
mentalized in space (McCann et al. 2005). For example, in an
oligotrophic lake system, the use of distinct habitats in a gen-
eralist freshwater predator (Eurasian perch Perca fluviatilis) led
to intrapopulation niche partitioning between pelagic and lit-
toral subpopulations (Quevedo et al. 2009). In addition to the
results obtained for isotopic divergence, low isotopic evenness
and uniqueness values showed that the food web is composed
of clusters of species, revealing more dietary overlap and thus
more competition for the same resource at intermediate tro-
phic levels. Ashton et al. (2010) found the existence of plastic-
ity in resource use among dominant species provides a
mechanism by which species with broadly overlapping
resource use might coexist. In the Celtic Sea ecosystem, higher
specialization among generalist species feeding in different
microhabitats may therefore provide opportunities to maxi-
mize resource use (i.e., niche complementarity) and thus aug-
ment productivity. Indeed, Day et al. (2019) found distinct
feeding niches and strategies within four dominant predatory
fishes, which effectively limit interspecific competition in the
area. Consistent with the results obtained for the other met-
rics, low isotopic dispersion showed average trophic diversity
in the food web is low due to substantial reductions in the
abundance of top predator fish due to intense fishing in the
area, which has cascaded into an increased abundance of
small, pelagic and demersal fishes feeding lower in the food
web over time (Pinnegar et al. 2002; Hernvann and
Gascuel 2020).

It is predicted that more complex food webs will be more
resilient to environmental changes due to greater trophic
redundancy that can buffer against species loss (Sanders
et al. 2018). The high trophic redundancy at intermediate tro-
phic levels reported here probably offers great resistance to
disturbances (Walters and Post 2008). In the Celtic Sea, rela-
tions between taxa and the environment have remained stable
over the past two decades (Mérillet et al. 2019), perhaps due
to this high trophic redundancy in the system or the fact that
the ecosystem has been shaped by fishing for such a long
period of time now and therefore has adapted to an overall
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stable state. However, with ongoing climate change, increased
bottom temperature in the area is likely to substantially alter
the distribution of taxa in the coming years, especially cold-
water taxa (Mérillet et al. 2019). This in turn may lead to a
decrease in prey diversity and thus energy transfer within the
ecosystem, and consequently on the food availability for
higher trophic levels. While all facets of isotopic diversity are
important indicators of the functioning of ecological systems,
isotopic divergence, evenness and uniqueness indices may be
most informative when investigating the degree of habitat
coupling mediated by predators (McCann et al. 2005), particu-
larly in ecologically complex food webs.

Biological and physical drivers of trophic variability

Knowing which biophysical variables drive changes in the
main functional components is key to understanding variabil-
ity in food web structure in the Celtic Sea. Studies of fish and
invertebrate abundance and species distributions recognized
that depth, chlorophyll a concentrations and bottom tempera-
ture influence assemblages of demersal communities in the
Celtic Sea alongside changes in fisheries pressures (Mérillet
et al. 2019), while bathymetry, bottom temperature and salin-
ity were found to be the main drivers structuring planktonic
assemblages (Haberlin et al. 2019). Fluctuations in the
strength and properties of these processes may therefore have
a major impact on the stability of the functional composition
and spatial organization of the food web.

In this study, we demonstrated that in the Celtic Sea, chlo-
rophyll a concentrations were strongly associated with higher
8'3C and 5'°N values at moderate levels of chlorophyll
a (> 0.6 and < 0.8 mg m~>) congruent with colder bottom tem-
peratures (< 10°C), and with higher §'°C and §'°N values at
the highest chlorophyll a levels (> 1.0 mg m™>) in areas with
warmer bottom temperatures (>11.5°C) and shallower
bathymetry (<80 m depth). Chlorophyll a concentrations
decrease rapidly from inner shelf areas on the shelf, and the
seasonal cycle of primary production is tightly coupled to the
change in vertical water column structure (Wihsgott
et al. 2019). In coastal waters, as opposed to offshore areas
where the 8'3C and 8'N baseline may be relatively stable
(Jennings and Warr 2003; MacKenzie et al. 2014), there are
greater temporal variations in bottom temperature and salin-
ity, which has been shown to alter §'C and §'°N values at
the base of the food web, ultimately affecting consumer iso-
tope values (Jennings and van der Molen 2015). These results
therefore point to consistent zonal differences in §'*C and
8'°N values along oligotrophic-to-eutrophic gradients in the
Celtic Sea (Marafién et al. 2005), previously observed in oce-
anic upwelling areas and on continental shelves
(e.g., Radabaugh et al. 2013). Correlations between §'*C and
8!°N and surface concentrations of chlorophyll a may be
higher over the outer shelf due to resupply of inorganic nutri-
ents from the dark, nutrient-rich bottom waters to the
nutrient-depleted surface waters (Wihsgott et al. 2019). Higher
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8'3C and 8'°N values may also be linked to intrusions from
the Bristol Channel, Severn Estuary, and the English Channel,
which are carried along the inner shelf by wind-driven coastal
currents reinforced by density-driven currents associated with
seasonal fronts (Uncles 2010). Higher isotopic ratios measured
in higher productive conditions may also be linked with
increase of downward exports of pelagic production. For
example, Ying et al. (2020) recently observed an unexpected
mismatch between pelagic production and pelagic contribu-
tion. When the production of the pelagic system was low, it
contributed substantially to both benthic and pelagic systems,
but with low biomass for all functional groups, and high tro-
phic overlap between them. On the contrary, when pelagic
production increased, its contribution to benthic groups
decreased, along with lower overlap and higher biomasses of
benthic fish and crustaceans. This unexpected pattern may be
related to increased downward fluxes, that increase benthic
secondary production and/or bacterial alteration of organic
matter, and an increased importance of the benthic pathway
in the whole system that contributes to increased isotopic
ratios (Griffiths et al. 2017).

The community scale pattern of spatial trends in §'3C and
8!°N values is remarkably consistent among trophic groups.
This consistency suggests that spatially explicit trends are con-
served from the base of the food web into the upper trophic
levels. It may suggest that large predatory fishes move only a
limited amount in the region as residency of predators and
prey is required for spatial trends in isotope values to propa-
gate up the food web (Graham et al. 2010). Five distinct tro-
phic assemblages occur within the Celtic Sea, associated with
different chlorophyll a concentrations, water depth and bot-
tom temperature: (1) a cold, vertically mixed-water assemblage
over the outer shelf characterized by moderate chlorophyll
a (0.6-0.8 mg m~3). This habitat was the largest and hosts the
most diverse assemblage. This is consistent with the findings
of Ellis et al. (2013) who found the outer shelf epibenthic
assemblage to be the most speciose in the region. Scallops
(P. maximus) were strongly associated with colder bottom tem-
peratures in the area (< 10°C). While seabed habitat (mud to
muddy sand) was the strongest predictor for the group of
“demersal/benthic fish, demersal cephalopods and mac-
robenthos carnivores”, which hosted taxa including Norway
lobster that are known to predominantly occur in the area
(Ellis et al. 2013). This highlights the importance of cold pro-
ductive environmental conditions in the Celtic Sea (Mérillet
et al. 2019), where the availability of optimal prey for preda-
tors may lead to higher dietary specialization and stronger
habitat coupling (McCann et al. 2005). (2) An oceanic assem-
blage over the northern shelf edge, characterized by low chlo-
rophyll a (< 0.45 mg m~>) and deeper depths (~ 160 m). This
habitat comprises a greater diversity of oceanic and neritic
taxa, which adds to previous studies in explaining the spatial
heterogeneity in taxa distribution in the Celtic Sea (Dolder
et al. 2018; Mérillet et al. 2019). (3) A warmer mixed-water
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assemblage in the southern part of the shelf characterized by
deeper depths (> 150 m). Species in this habitat are the most
widely distributed across habitats (i.e., northern shelf edge,
outer shelf and southern part) in the Celtic Sea. This also
highlights the increase in diversity and biomass of taxa in
warmer waters in the Celtic Sea. In regions where the fronts
separate a warm stratified offshore region from a tidally mixed
cooler inshore region, Haberlin et al. (2019) observed a greater
gelatinous zooplankton diversity and biomass in the warm
water community. Two habitats comprised benthic taxa,
which were strongly influenced by depth: (4) a warm, shallow
mixed-water assemblage over the northeast inner shelf, and
(5) a colder mixed-water assemblage over the central part of
the study area contiguous with the Jones Bank, and the shelf
edge characterized by deeper waters (> 150 m). The inner shelf
assemblage was also strongly associated with coarse sediments
and mixed substrate in the area highlighting the importance
of these fine-scale, fragmented seabed habitats in generating
spatial heterogeneity and structurally complex microhabitats
within the ecosystem.

Changes in trophic niches

The structuring effect of chlorophyll a concentration on
the niche of pelagic (“pelagic/demersal/benthic fish, demersal
cephalopods and macrobenthos carnivores”) and benthic
functional groups (“pelagic/demersal fish and demersal cepha-
lopods” and “demersal predatory fish”) clearly differed. This
difference may be related to pelagic species that are not plas-
tic, i.e., always belonging to a pelagic-based pathway whatever
the level of pelagic production, potentially driven by upward
fluxes of matter. In contrast, benthic species are more plastic,
whether in their diet, or in the source of matter fueling the
benthic pathway. As observed in other systems (Hayden
et al. 2019; Ying et al. 2020), increased pelagic production
increases downward fluxes, and stimulates benthic production
and bacterial activity. In this study, the major niche shift
observed for opportunist benthic groups could thus testify to
the increased importance of benthic production at two trophic
levels.

Water depth strongly influenced isotopic niche space of
the benthic functional group of “demersal/benthic fish and
macrobenthos carnivores.” Isotopic niche area was larger
(spanning two trophic levels) in shallow habitats, but not in
habitats underlying high primary production or nutrient-rich
water masses, suggesting stronger benthic-pelagic trophic cou-
pling in inner shelf habitats. In nearshore habitats where
water depth is relatively shallow (< 80 m depth), the daytime
thickness of the vertically migrating community is compressed
into a shallow layer. This means that pelagic sources are
potentially more accessible to benthic consumers, and recipro-
cally, benthic species more accessible to pelagic consumers,
resulting in complex systems with multiple interactions as
previously documented in coastal shelf studies (Kopp
et al. 2015; Giraldo et al. 2017). In deeper habitats (> 80 m
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depth), niche area was much smaller due to the reduction in
food sources in less diverse pelagic environments, as expected.
We also found a marked difference in the diversity of taxa
between shallow and deep water habitats, with the former ten-
ding to have a greater diversity of more coastal species that
were characteristic of inshore waters. Decreasing variability of
isotopic ratios with depth was previously found in fish and
invertebrates in the eastern English Channel (Kopp
et al. 2015). In this study, decreasing variability of isotopic
ratios from shallow to deeper habitats was associated with
changes in hydrodynamics and seabed habitats, as well as to
changes in the availability of benthic prey/resources. The
results are consistent with the findings of Day et al. (2019)
who observed a decrease in diet spectra of demersal fish preda-
tors from shallow to deeper depths in the Celtic Sea. The
importance of hydrodynamics and different sedimentary types
on the spatial structuring of epibenthos in the Celtic Sea has
been previously highlighted (Ellis et al. 2013).

Conclusion

This study significantly advances our understanding of the
drivers of trophic structure and functioning of communities
in the Celtic Sea, a large productive shelf ecosystem that sup-
ports important fisheries in the region (Mateo et al. 2017;
Moore et al. 2019). Prior to this study, no information has
been available on the overall structure of the food web in rela-
tion to the biophysical environment, yet understanding of the
underlying processes structuring trophic assemblages and the
wider Celtic Sea ecosystem is central to inform effective
resource management. Our results show that the Celtic Sea
food web forms a continuum of four trophic levels with tro-
phic groups spread across two trophic pathways based on
pelagic (primary producer based) and benthic (detrital-based)
systems. Four biomass-weighted isotopic diversity indices (iso-
topic divergence, dispersion, evenness, and uniqueness) pro-
vided indicators on the status of the system, showing a
relatively complex food web with high trophic redundancy at
intermediate trophic levels suggesting resilience to distur-
bances. Five distinct trophic assemblages were found in the
Celtic Sea associated with different environmental conditions,
suggesting that depth and intensity of pelagic production are
major drivers of trophic structure and functioning of commu-
nities and requires further investigation. This research also
highlights the importance of cold productive conditions in
the Celtic Sea and adds to previous studies in explaining the
spatial heterogeneity in taxa distribution on the shelf,
e.g., fish (Dolder et al. 2018; Mérillet et al. 2019), zooplankton
(Haberlin et al. 2019), and epibenthic community assemblages
(Ellis et al. 2013). The structuring effect of depth on isotopic
niche size in benthic functional groups highlights the neces-
sity to identify underlying species assembly processes at differ-
ent spatial scales to inform effective resource management.
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