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Abstract :
In marine ecosystems, the study of trophic relationships has extensively benefited from the
development of stable isotope analyses (SIA) as dietary tracers. SIA are particularly useful in
elucidating the structure of deep sea food webs given the constraints involved in obtaining gut-content
data from deep trawling. We used carbon and nitrogen stable isotope analyses and Stable Isotope
Bayesian Ellipses in R (SIBER) and Stable Isotope Analysis in R (SIAR) routines, to determine the
trophic ecology of five deep-sea fishes from the upper continental slope of the Celtic Sea. SIA made it
possible to deduce some general tendencies in food-web structure and species trophic interactions and
confirmed diet determined by gut-content analysis for the same species, in other ecoregions. More
specifically, mixing models revealed that the deep sea species considered are omnivorous and are able
to feed on all the sampled taxa. Based on isotopic ratio, no clear differences in fish diet could be
detected from one species to another except for rabbit fish, which has benthic affinities. Three species,
blackbelly rosefish, greater forkbeard and softhead grenadier showed overlapping isotopic niches. This
study is the first attempt to describe the trophic ecology of deep sea species on the Celtic Sea upper
continental slope. In the context of the development of ecosystem integrated modeling approaches for
managing fisheries in the Celtic sea, and considering the vulnerability of deep-water species, improving
the knowledge on the trophic ecology of these local species is of importance in order to allow their
sustainable exploitation.
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Introduction
While fish stocks of the continental shelf are widely exploited and have become depleted,
deep-water fisheries (DWFs) have been considered as alternative resources for fishermen since the
beginning of the 1970s (Large et al., 2013). However, due to a lack of information on stock status and
fisheries production potential, rapid signs of decline of deep-water stocks have raised concerns about
management of deep-water fisheries and conservation of the species and their ecosystems (Large et
al., 2002; Bailey et al., 2009).
Despite this analysis, the biology of deep-sea species remains poorly known compared with
the information available on demersal fish species of the continental shelf. This is mainly related to
the technical challenges of studying these species. Traditional techniques for studying food web
interactions are difficult to implement for deep-sea species. Stomach content analyses are limited by
potential regurgitation due to pressure effects, and in situ observations using video are constrained
by restricted accessibility of deep-sea areas. Moreover, many deep-water species have biological
features adapted to the characteristics of the deep-water environment e.g. slow growth, long life
spans, late sexual maturity and intermittent spawning, that may not occur every year (FAO, 2009;
Large et al. , 2013) in conjunction to other features for some species such as migration patterns or
depth ranges varying with ages. The restrained access to deep-sea areas complicates both data
collection and accurate tracking of the population cohorts resulting in poor, when possible, biological
parameter estimation on many deep-sea fishes. Therefore, many common parameters in fish biology
such as life span are still poorly known or have remained hypothetical until now.
One way to study fish biology is to understand their ecological niche, in which one
component is trophic niche. In recent decades, increasing access of stable isotope analysis (SIA) has
facilitated trophic niche study compared with former more arduous tools such as stomach content
analysis. Indeed, stable isotopes provide a powerful integrative measure of trophic niche and have
several advantages: they constitute a single diversity scale common to all species, they provide
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temporal integration of dietary information, isotopic signature acquisition is easy and fast, and the
tool allows comparisons among populations (Bearhop et al., 2004). Several previous papers proposed
to study trophic niche by describing the isotopic space occupied by a species, population or group of
interest in a bivariate plan. Several metrics have been formulated from this approach, such as the
total isotopic area or the δ13C and δ15N ranges, which provide details about the breadth of the niche.
Other metrics such as the distance to the centroid provide different information about the degree of
trophic diversity within a group (Layman et al., 2007). Using these metrics, comparisons of isotopic
niches among groups could be made to detect potential differences in trophic position or resource
use (Turner et al., 2010). However, one of the drawbacks of Layman’s metrics is that it is difficult or
even misleading to use them to compare groups composed of small numbers of samples or samples
of different sizes. This problem was solved by Jackson et al. (2011) who proposed to use multivariate
ellipse-based metrics to define isotopic niche. These metrics are unbiased with respect to sample size
and allow comparison of datasets of different sizes.
These definitions of the trophic niche provide information about food web structure and
potential relationships between organisms by comparing trophic niche position and breadth among
groups of individuals, but are not direct characterizations of trophic niche in the same sense as
Newsome et al. (2007). These authors suggest that an alternative way to determine trophic niche is
to transform isotopic values into dietary proportions. Several tools could be used for this purpose
(see Layman et al., 2011 for a complete review concerning mixing models), including Bayesian stable
isotope mixing models, which integrate the uncertainty of input parameters, such as sources and
mixtures of isotopic values or fractionation values, to characterize the probability distributions of
source contributions to a mixture (e.g. Parnell et al., 2010).

In this study we provide a first description of the food web of the upper part of the
continental slope of the Celtic Sea. We used carbon and nitrogen stable isotope analyses to
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determine the trophic position of 33 species sampled during the French EVHOE survey (part of the
International Bottom Trawl Survey). More interestingly, we focused on the trophic ecology of five
species recognized as deep-sea fish, according to both the European regulation on deep-sea species
(Council Regulation (EC) No 2347/2002) and the analysis of haul compositions for the deepest strata
of the EVHOE survey in the Celtic Sea. Species diets and trophic niches were identified, compared
and discussed.

Methods
Sample collection and stable isotope analysis (SIA)
Epifaunal invertebrates and fishes were sampled in the Celtic Sea during the EVHOE survey (part of
the International Bottom Trawl Survey, ICES, 2015) in November 2014 using a GOV (Grande
Ouverture Verticale) demersal trawl with a cod-end of 20 mm stretched mesh, towed for 30 min at a
speed of approximately 3.5 knots by R/V “Thalassa”. All fishing operations were carried out during
the daytime. As our samples were collected by bottom trawling, small epifauna was
underrepresented in the samples and infauna was practically absent. All samples were kept frozen
until processing in the laboratory. Deep-water samples were collected on two sites on the
continental slope with depths of 415 and 516 meters (Fig. 1).
153 samples corresponding to 33 species were analyzed for stable isotopes of carbon and nitrogen to
examine food web structure and consumer trophic ecology. δ15N values were used to define the
trophic level of consumers, and δ13C values were used to identify their position relative to pelagic or
benthic trophic pathways (De Niro & Epstein, 1978). Tissues were prepared for SIA as follows. For
invertebrates, processing varied according to taxon: for shrimps, muscle samples were taken from
the abdomen; for bivalve mollusks, a sample was taken of the adductor muscle; for gasteropod
mollusks, a sample was taken from the foot; for cephalopods, a mantle tissue sample was taken; and
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for sea urchins, the gonads were used. For fishes, a sample of white dorsal muscle was dissected.
After dissection, tissue samples of all benthic taxa were washed with distilled water in order to
prevent any contamination by sediment carbonates. All samples were oven dried (60°C for 48 h) and
ground into a homogeneous powder using a mixer mill. Determination of δ15N, δ13C and % content of
C and N was done at the Stable Isotopes in Nature Laboratory (University of New Brunswick, Canada)
using a Carlo Erba NC2500 Elemental Analyzer. For all taxa except sea urchins, the mean observed
C:N ratio was lower than 3.5, the value above which lipid normalization is recommended (Post et al.,
2007). Normalization of δ13C ratios for urchins was performed according to the following equation
(Post et al., 2007):

 13Cnormalized   13Cuntreated  3.32  0.99 C : N

Selection of deep-sea species
Deep-sea species were selected according to the European regulation on the management of deepwater fisheries (EC) No 2347/2002 (EC, 2002) and on the historical time series of the catch sampled
in the Celtic Sea during the EVHOE survey. Depth and catch data were available from the historical
database of the EVHOE survey covering the years 1997 to 2014. Data were geographically limited to
above 48°N of latitude, which is the usual agreed boundary between the Bay of Biscay and the Celtic
Sea (Fig. 1). From this data, and following FAO and EU regulations, eight fish species collected could
be considered as deep water species: alfonsino Beryx spp., velvet belly Etmopterus spinax,
blackmouth catshark Galeus melastomus, greater forkbeard Phycis blennoides, rabbit fish Chimaera
monstrosa, blackbelly rosefish Helicolenus dactylopterus, softhead grenadier Malacocephalus laevis,
and hollowsnout grenadier Coelorinchus caelorhincus.
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Data analysis
Description of fish diet
Although the most recent mixing models allow the inclusion of numerous sources, the inherent
complexity of natural systems and the multiplicity of potential food sources often requires merging
of isotopically similar sources (Phillips et al., 2005) in order to reduce the number of sources and
provide more realistic solutions.
For this purpose, trophic groups of potential prey were identified by hierarchical clustering analysis
on δ15N and δ13C values. Based on the trophic enrichment from a prey to its predator, all species with
a trophic level inferior to the species of interest were considered as potential prey. Ward’s minimum
variance method (Ward, 1963) was used, which is based on the linear model criterion of least
squares and has the objective of defining groups that minimize the within-group sums of squares.
Computation of within-group sums of squares were based on a Euclidean model. The optimal
number of clusters was assessed by visual inspection of the resulting dendrogram and confirmed
using graphs of the fusion level (Borcard et al., 2011).
The Bayesian mixing model SIAR (Stable Isotope Analysis in R, Parnell et al., 2010) was used to
determine the contribution of the groups of potential prey to deep-sea fish diets. SIAR is a mixing
model that takes into account the variability of input parameters like consumer and source isotopic
signatures and trophic enrichment factor. Fractionation factors between resources and consumers
were assumed to be 1 ± 0.5 for δ13C and 3.4 ± 1 for δ15N, values, which fall within the range most
often reported for consumers analyzed based on muscle.
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Isotopic niche
Isotopic niche areas and overlapping among deep-sea fish were determined using Stable Isotope
Bayesian Ellipses (SIBER) incorporated in the SIAR library (Jackson et al., 2011). These isotopic niches
could be used as proxies of trophic diversity and constitute quantitative indications of niche space.
Among the several metrics available in the SIBER routine, we selected the corrected Standard Ellipse
Area (SEAc) that accounts for small sampling sizes. The calculation of SEAc made it possible to
determine isotopic niche overlap, which was then used to describe dietary similarity among species.
Following Turner et al. (2010) we tested whether the centroids of the isotopic niches occupied
different locations in bivariate space, i.e. whether the Euclidean distance between them was
significantly different from zero. Residual permutation procedure and multivariate Hotelling’s T² test
statistic were used to test for significant differences in centroid location. Script and complete
discussion about these statistics can be found in Turner et al. (2010).
All the statistical analyses were performed using R software version 3.1.3 (R Development Core
Team, 2015).

Results
Food web structure
Thirty-three species were analyzed for stable isotopic ratios. Organisms in the upper slope of the
Celtic Sea presented δ15N values ranging from 6.2‰ for bivalve mollusc Pseudamussium peslutrae to
13.8‰ for John dory Zeus faber (Table I). δ13C values ranged from -19.5‰ for cephalopod Illex
coindetii to -17‰ for crustaceans Nephrops norvegicus and Polycheles typhlops (Fig. 2; Table I).
The overall correlation between δ13C and δ15N values was weak (r² = 7.71.10-4, n = 34, δ15N = 0.0632
δ13C+11.27, p = 0.88; Fig. 2) indicating a non-linear food web structure and providing evidence for
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multiple trophic pathways in the upper slope from the Celtic Sea. The position of P. peslutrae in the
food web indicates a benthic pathway supplying benthic suspension feeders. Depleted δ13C values of
plankton feeder fishes such as blue whiting Micromesistius poutassou may indicate a pelagic pathway
rooted in particulate organic matter on which zooplankton depends.
Prey contributions to the diet of deep-sea species
Based on hierarchical clustering performed on δ13C and δ15N values, five groups of potential prey
were identified (Fig. 2). Two groups of tertiary consumers could be distinguished: a pelagic one
(Group 1), represented by hake and cephalopods, and another (Group 2) that was composed of
Molva macrophthalma and argentine Argentina sphyraena (Fig. 2). Isotopic values allowed further
discrimination of two groups of secondary consumers: one formed by benthic species such as flatfish
and Nephrops (Group 3) and one located at the interface between the pelagic and benthic pathways
(Group 4; Fig. 2). Finally, Group 5 corresponded to the suspension feeding bivalve P. peslutrae.
The Bayesian mixing models revealed that all deep-sea species considered are omnivorous and able
to feed on all the sampled taxa (Fig. 3). No clear differences could be detected from one species to
another. The main contributors to the diet of four deep-sea fishes are the group composed of P.
peslutrae (Gr. 5) and the group of mixed species (Gr. 4 on Fig. 2). Only for C. monstrosa, is Gr. 3,
composed of species with benthic affinities, the major contributor (Fig. 3). As only one isotopic value
was available for each of the species Etmopterus spinax and Galeus melastomus, their diet could not
be assessed using SIAR. Additionally, no prey with lower TL than Beryx spp. were sampled, so the diet
of this species could not be determined.

Niche breadth and overlap
Using the individual δ13C and δ15N data on a bi-plot, it appears that three species have substantial
niche overlaps. Helicolenus dactylopterus shows a large overlap of its isotopic niche with Phycis
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blennoides (0.11‰²) (Fig. 4), which occupies 44% and 34% of their total niche areas, respectively.
Isotopic niche positions revealed that these two species centroids occupied the same location in the
bivariate space (distance = 0.24, P = 0.33; Hotelling’s T² = 3.22, P = 0.26). In a more limited way,
Helicolenus dactylopterus also overlaps with Malacocephalus laevis (0.003‰²) (Fig. 4), with an
overlap area comprising 1% and 1.5% of their total niche areas, respectively, although their centroids
are distinct (distance = 0.56, P = 0.002; Hotelling’s T² = 15.19, P= 0.008). Coelorinchus caelorhincus
and Chimaera monstrosa had distinct isotopic niches and did not overlap with other species. In the
same way as for SIAR calculation, the low number of samples for E. spinax, G. melastomus and Beryx
spp. did not allow niche calculation for these species.

Discussion
This study provides new insights on the overall food web structure of the upper part of the
continental slope and trophic ecology of five deepwater species.
Examination of the overall structure of Celtic Sea deep-sea food web revealed a compact
structure with many fish species being isotopically close to benthic organisms, e.g. Beryx sp. and C.
monstrosa, which have similar δ15N than Buccinum humphreysianum or violet heart-urchin
Spatangus purpureus. According to Dayton & Hessler (1972), trophic levels in the deep-waters are
almost completely merged because the larger the organism, the more it will have to search to obtain
sufficient food and the more likely it will be to prey on organisms further down the food chain.
A review of trophic ecology research done on deep-sea fish species confirmed this global
trend and revealed that studies on resources use and fish competition in the Celtic Sea are limited.
Several studies using stomach content analysis have been made on the diet of the species considered
in other European regions, e.g. Norwegian Sea (Du Buit, 1978), Mediterranean Sea (MacPherson,
1980; Consoli et al., 2010), Skagerrak in the North Sea (Bergstad et al., 2003), Portuguese coasts
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(Santos & Borges, 2001; Neves et al., 2012) and worldwide, e.g. in the US (Goldman & Sedberry,
2011) and New Zealand (Horn et al., 2010). Stomach content analysis from other regions support
results obtained using stable isotopes in the Celtic Sea for the five species for which mixing models
were used. Chimaera monstrosa is clearly identified as a benthic feeder (MacPherson, 1980;
Mauchline & Gordon, 1983; Santos & Borges, 2001; Bergstad et al., 2003; Moura et al., 2005), as in
the present study. The four other species present a bentho-pelagic diet with a large variety of
ingested prey (Helicolenus dactylopterus: Du Buit, 1978; Consoli et al., 2010; Neves et al., 2012;
Coelorinchus caelorhincus: Du Buit, 1978; Mauchline & Gordon, 1984; Phycis blennoides: Du Buit,
1978; Morte et al., 2002; Malacocephalus laevis: Mauchline & Gordon, 1984; Santos & Borges, 2001).
This omnivorous generalist behavior explains why the mixing models could not identify preferential
food items in the fish diet but that all prey could be contributors. According to Dayton & Hessler
(1972), large mobile predators such as fish in the deep sea should be extreme food generalists
capable of eating any prey that they encounter and catch. Indeed, in these environments where large
food items are scarce, it is an advantage to be opportunistic rather than being specialized in order
not to spend too much time searching for food.
Despite numerous technological developments of observing platforms, such as Remote
Operated Vehicles or benthic cameras, deepwater species remain poorly known in terms of behavior,
biology and trophic ecology. It is a concern for management as many deepwater species in Europe
have been heavily exploited without any reliable information on fisheries production potentials
(Large et al., 2002). Despite the implementation of EU regulation No 2347/2002 which has limited
since 2003 deepwater fishing, the single-species approach in management of fish stocks has
remained problematic in the Celtic sea for many deepwater species because 1) of the frequent lack
of proper single-species assessment method; 2) of the mixed nature of the fisheries where any
fishing tows will result in an assemblage of caught species under diverse and conflicting regulations
and restrictions. The growing effort toward the development of ecosystem integrated management
is expected to provide a more sustainable management by considering the interactions between
9

species and environmental effects related to fisheries. However, any quantitative approach to
modeling food webs currently involves many uncertainties, as parameters often have to be borrowed
from the literature, from other areas, or from taxonomically close species. In this context, this study
gathers valuable information for such a trophic modeling framework, especially a description of the
local food web structure and detailed information on the trophic ecology of five deepwater species in
the Celtic Sea. This may prove helpful to assess the magnitude of exploitation of those species, the
side-effect of the fishing pressure over other commercial species they interact with and to propose
alternate management scenarios. In light of research carried out on continental slope fisheries,
operational multispecies assessment models may be the key to a more ecosystem-based approach to
deepwater fisheries in the long term.
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Figure captions

Figure 1: Map of study area in the Celtic Sea. Red circles: deep-water hauls where the isotopic
samples were collected. Blue circles: historical hauls of the FR-EVHOE survey used to select deep-sea
species.
Figure 2: Mean δ15N and δ13C values for all the studied taxa. Circles correspond to the results of a
hierarchical cluster analysis. The correlation line between C and N values is shown. Species codes are
given in Table 1.
Figure 3: Contributions (%) of the potential prey groups to the diet of the 5 deep-sea species (95, 75
and 50% credibility intervals).
Figure 4: Projection of SEAC in the δ13C/ δ15N plan for five deep-sea species. Ccae: Coelorinchus
caelorhincus, Cmon: Chimaera monstrosa, Hdac: Helicolenus dactylopterus, Mlae: Malacocephalus
laevis, Pble: Phycis blennoides.
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Table I: Names of all the studied species, species codes used in next Figures, number of
individuals sampled (n), mean δ 13C and δ15N (± SE where appropriate).
Fishes
Argentina sphyraena
Beryx spp
Chimaera monstrosa
Coelorinchus caelorhincus
Etmopterus spinax
Gadiculus argenteus
Galeus melastomus
Helicolenus dactylopterus
Lepidorhombus whiffiagonis
Lophius piscatorius
Malacocephalus laevis
Merluccius merluccius
Microchirus variegatus
Micromesistius poutassou
Molva macrophthalma
Molva molva
Phycis blennoides
Zeux faber

δ13C (‰) ± SE δ15N (‰) ± SE

Code

n

Asph
Bery
Cmon
Ccae
Espi
Garg
Gmel
Hdac
Lwhi
Lpis
Mlae
Mmer
Mvar
Mpou
Mmac
Mmol
Pble
Zfab

3
2
5
7
1
7
1
7
7
2
7
8
2
7
5
1
7
1

-18.5 ± 0.3
-19.4-19.1
-17.4 ± 0.6
-17.4 ± 0.3
-17.5
-18.6 ± 0.7
-17.1
-18.0 ± 0,3
-17.7 ± 0.2
-18.3-17.1
-18.2 ± 0.3
-18.8 ± 0.2
-17.6-17.3
-18.9 ± 0.6
-17.8 ± 0.3
-17.9
-18.1 ± 0.3
-17.1

10.6 ± 0.8
8.6-9.2
9.3 ± 0.5
12.2 ± 0.3
10.1
9.2 ± 0.6
11.0
11 ± 0.3
8.9 ± 0.4
12.7-14.7
10.5 ± 0.3
11.6 ± 0.8
9.4-9.6
9.1 ± 0.6
11.2 ± 0.6
12.8
11.2 ± 0.4
13.8

Dbon
Nnor
Pmon
Psiv
Ptyp
Pspi

3
7
7
7
7
2

-17.3 ± 0.1
-17.0 ± 0.3
-17.5 ± 0.2
-18.6 ± 0.2
-17.0 ± 0.2
-17.9-17.0

9.6 ± 0.4
9.4 ± 0.4
9.4 ± 0.2
9.0 ± 0.4
8.4 ± 0.4
8.8 -8.9

Gacu
Spur

7
5

-18.3 ± 0.4
-18.4 ± 0.3

7.6 ± 0.4
8.4 ± 0.3

Bhum
Efus
Icoi
Ppel
Rmac
Sepi
Tebl

1
1
7
5
3
4
7

-17.4
-17.4
-19.5 ± 0.2
-18.3 ± 0.8
-18.1 ± 0.2
-19.1 ± 0.4
-19.2 ± 0.2

8.7
9.7
10.9 ± 0.6
6.2 ± 0.6
9.1 ± 0.3
11.0 ± 0.3
11.5 ± 0.4

Crustaceans

Dichelopandalus bonnieri
Nephrops norvegicus
Pandalus montagui
Pasiphae sivado
Polycheles typhlops
Pontophilus spinosus
Echinoderms

Gracilechinus acutus
Spatangus purpureus
Molluscs

Buccinum humphreysianum
Euspira fusca
Illex coindetii
Pseudamussium peslutrae
Rossia macrosoma
Sepiola spp.
Todaropsis eblanae
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