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ABSTRACT: Understanding how marine predators interact is a scientific challenge. In marine ecosystems, segregation in feeding habits has been largely described as a common mechanism to
allow the coexistence of several competing marine predators. However, little is known about the
feeding ecology of most species of chondrichthyans, which play a pivotal role in the structure of
marine food webs worldwide. In this study, we examined the trophic ecology of 3 relatively abundant chondrichthyans coexisting in the Mediterranean Sea: the blackmouth catshark Galeus
melastomus, the velvet belly lanternshark Etmopterus spinax and the rabbit fish Chimaera
monstrosa. To examine their trophic ecology and interspecific differences in food habits, we
combined the analysis of stomach content and stable isotopes. Our results highlighted a trophic
segregation between C. monstrosa and the other 2 species. G. melastomus showed a diet composed
mainly of cephalopods, while E. spinax preyed mainly on shrimps and C. monstrosa on crabs.
Interspecific differences in the trophic niche were likely due to different feeding capabilities and
body size. Each species showed different isotopic niche space and trophic level. Specifically, C.
monstrosa showed a higher trophic level than E. spinax and G. melastomus. The high trophic levels of the 3 species highlighted their important role as predators in the marine food web. Our
results illustrate the utility of using complementary approaches that provide information about the
feeding behaviour at short (stomach content) and long-term scales (stable isotopes), which could
allow more efficient monitoring of marine food-web changes in the study area.
KEY WORDS: Feeding niche · Isotope analysis · Mediterranean Sea · Galeus melastomus ·
Etmopterus spinax · Chimaera monstrosa
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Based on the principle of competitive exclusion,
species exploiting similar niches are expected to
result in ecological divergence or exclusion (Gause
1934, Pianka 2000). However, in some cases, closely
related species can coexist (Grant 1972). Partitioning

of food resources has been proposed as one of the
main mechanisms explaining the coexistence of competing marine predators such as marine mammals,
seabirds, sharks and other predatory fishes (Platell &
Potter 2001, Papastamatiou et al. 2006, Cherel et al.
2008, Kiszka et al. 2011, Mèndez-Fernandez et al.
2012).
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The Mediterranean Sea is oligotrophic, and food
resources in deep waters are considered scarce
(Estrada 1996, Turley et al. 2000), a situation that
could lead to a high level of competition between
species. Consequently, an increase in niche segregation among closely related sympatric species
would be expected. This interspecific pressure would
ultimately lead to food partitioning, a hypothesis that
is tested here in Mediterranean deep-water areas
using 3 abundant demersal chondrichthyans that
exploit similar resources: the blackmouth catshark
Galeus melastomus, the velvet belly lanternshark
Etmopterus spinax and the rabbit fish Chimaera
monstrosa.
Previous diet studies conducted on G. melastomus
and E. spinax in the Mediterranean Sea indicated
contrasting patterns: while some studies indicated
that the 2 species segregate their trophic habits (Carrassón et al. 1992, Cortés 1999, Stergiou & Karpouzi
2002, Fanelli et al. 2009), others suggested a clear
overlap in their diets (Valls et al. 2011). For the Mediterranean populations of C. monstrosa, there is a lack
of knowledge about feeding ecology (MacPherson
1980, Abdul Malak et al. 2011), and this species has
been classified as Data Deficient in the Mediterranean Sea and as Near Threatened globally by the
International Union for Conservation of Nature
(Abdul Malak et al. 2011). Moreover, there are no
studies that simultaneously examine the trophic ecology of these 3 relatively abundant species from the
same area, information that can provide, in addition
to their feeding habits, insights into their level of
potential trophic overlap or segregation.
The study of feeding ecology of marine predators
has traditionally relied on stomach content sampling
(Cortés 1999, Stergiou & Karpouzi 2002). Although
such data permits high levels of taxonomic resolution, sharks often have empty stomachs, and the prey
that are recovered are often skewed toward those
that are difficult to digest (Hyslop 1980). Moreover,
stomach content analyses generally require large
sample sizes to accurately quantify long-term feeding patterns (Hyslop 1980, Cortés 1999), which are
difficult to obtain for most species of sharks (Stergiou
& Karpouzi 2002, MacNeil et al. 2005). The use of stable isotopes of nitrogen (δ15N) and carbon (δ13C) has
been used as an alternative and complementary tool
to study the feeding ecology, trophic position and
niche width of predators including chondrichthyans
(Hussey et al. 2012, Layman et al. 2012, Shiffman et
al. 2012). This approach is based on the fact that δ15N
and δ13C values are transformed from dietary sources
to consumers in a predictable manner (Kelly 2000)

and integrates the diet of the consumer over a longer
time period (i.e. close to 1 yr for the elasmobranch
muscle; Caut et al. 2013). δ15N values show a stepwise enrichment between 2 and 5 ‰ with each
trophic level and are reliable indicators of the consumer’s trophic positions (Layman et al. 2012). δ13C
values show little change due to trophic transfer but
are useful indicators of dietary sources of carbon
(Layman et al. 2012). Moreover, by analysing both
δ15N and δ13C data together, it is possible to estimate
trophic width of species by calculating the isotopic
area (Layman et al. 2012). Similarly, by combining
stable isotope values for consumers with those of
their potential prey, isotopic mixing models can be
applied to interpret the isotopic values by estimating
the relative contribution of each prey item to the diet
of the consumer (e.g. Stable Isotope Analysis in R
[SIAR] isotopic mixing model; Parnell et al. 2010).
Although outcomes of stomach content and isotopic
analysis need to be interpreted with caution and may
not be directly comparable, their combination is
highly useful to better understand the trophic ecology of organisms at different time-scales and resolution (Shiffman et al. 2012, Caut et al. 2013, Navarro
et al. 2014, Phillips et al. 2014).
In the present study, we examined the feeding
ecology (diet habits, trophic width and trophic position) of 3 chondrichthyans — G. melastomus, E.
spinax and C. monstrosa — coexisting in sympatry in
the Gulf of Lions (NW Mediterranean) with the use of
stable isotopic and stomach content approximations.
Based on previous knowledge of the dietary habits of
these species and taking in account that they coexist,
we expected some degree of trophic partitioning between the species. Our study provides new insights
into the ecological role of these 3 species within the
demersal community, obtaining new data on how
these 3 relatively abundant demersal chondrichthyans exploit available resources.

MATERIALS AND METHODS
Study species and area
Galeus melastomus is a small shark with a wide bathymetric range of distribution in the Mediterranean
Sea and Eastern and Central Atlantic Ocean (distributed from 200 to 1400 m depth; Carrassón et al.
1992). This species is considered a trophic generalist,
preying on shrimps, cephalopods, fishes and euphausiids (Carrassón et al. 1992, Olaso et al. 2005, Fanelli
et al. 2009, Valls et al. 2011). In the SW Mediterran-
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ean, the size at first maturity was determined at 44.3
and 48.8 (cm, total length) for males and females, respectively (Rey et al. 2004). Etmopterus spinax has a
similar geographical distribution to G. melastomus,
occupying a wider depth range (from 70 to 2000 m
depth; Sion et al. 2004). Mature individuals are distributed in deeper waters than immature ones, and
they mainly prey upon shrimps, fish and cephalopods
(Sion et al. 2004, Neiva et al. 2006, Fanelli et al. 2009,
Valls et al. 2011). The total length at first maturity for
males and females in the Southern Mediterranean
Sea was reported at 35 and 38 cm, respectively (Capape et al. 2001). The holocephalan Chimaera monstrosa is distributed between 300 and 1250 m depths
throughout the Mediterranean and in the North and
Central Eastern Atlantic Ocean (Calis et al. 2005). Its
narrower diet spectrum mainly consists of benthic organisms (e.g. crabs and ophiurans; MacPherson
1980, Moura et al. 2005). Size at first maturity for
males and females was reported in the southern continental slope of Portugal at 40.7 and 45.9 cm, respectively (Moura et al. 2004).
The present study was conducted in the Gulf of
Lions, in the NW Mediterranean (Fig. 1). This area is
located at depths of 400 to 700 m depth. Although not
evaluated in the present study, we expected that the
resource availability in the demersal compartment
was scarce due to the general oligotrophy and depth
of the area (Estrada 1996, Turley et al. 2000), a situation that could lead to a high level of competition for
trophic resources between species. This area has
been proposed as a Fisheries Restricted Area (FRA)
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due to its importance as a refuge for large spawning
aggregations of commercially fished species. Since
the area is far from the coast, it has been less exploited than other Mediterranean continental shelves
and slopes (Coll et al. 2012, Massutí et al. 2012).

Sampling procedure
Stomach content and stable isotope analyses were
carried out on specimens of G. melastomus (n = 34),
E. spinax (n = 36) and C. monstrosa (n = 24) collected
from June to August of 2011 at similar depths, with a
mean (and standard deviation) depth of 489 (± 74) m.
All specimens were captured in the Gulf of Lions by
trawlers based at Port de la Selva and Llançà ports in
Catalonia (Fig. 1). They were captured accidentally
and were part of the by-catch species of the fishing
fleet. Each specimen was immediately frozen on
board after capture and stored at −20°C until their
morphological, stomach content and tissue-isotopic
analyses were conducted.
The sex, preanal body length (i.e. from the anus to
the head, in cm), total body length (in cm) and body
mass (in g) of each specimen were recorded. We used
the preanal body length to compare between species
because this measure is more accurate than total
body length for C. monstrosa since this species frequently presents broken tails when captured. We
also recorded the maturity state as immature or
mature of each individual, following the protocol by
Stehmann (2002). In the case of males, the maturity
state was determined according to the
degree of calcification of the clasper
and the degree of development of the
testes and reproductive ducts. In the
case of females, the maturity state was
determined by the condition of uteri,
oviducal glands and ovarian follicles
(Stehmann 2002). Furthermore, possible maternal effects in the isotopic
signal of immature E. spinax were
discarded. According to their total
length, all individuals of E. spinax
analysed had more than 1 estimatedyear (Gennari & Scacco 2007, Olin et
al. 2011).

Stomach content
Fig. 1. Study area (Gulf of Lions, NW Mediterranean), indicating the sampling
locations (white stars)

The stomach of all specimens was
extracted after dissection in the labo-
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ratory. Each stomach was weighed in a digital balance, and its contents were extracted. All prey items
found in the stomach were carefully separated, dried
on paper towels, counted, weighed to the nearest
0.001 g and classified into 4 groups: cephalopods,
crabs, shrimps and fish. We did not classify the prey
items at species level to be consistent with the dietary
estimations obtained with the stable isotopic values
(see following ‘Stable isotope analyses’ and ‘Isotopic
mixing models’ sections). Whenever fragments of
prey were found, the number of counted individuals
was the lowest possible that these fragments could
have originated from to avoid overestimation of the
occurrence of a particular prey.
To assess the importance of different prey groups
in the diet, and to compare between the 3 species,
the combined Index of Relative Importance (Pinkas
et al. 1971) was used:
IRIi = (Ni + Wi) · FOi

(1)

where FOi is the frequency of occurrence of a type of
prey group (i) in relation to the total number of stomachs, Ni is the contribution by number of a type of
prey group (i) in relation to the whole content of the
stomach, and Wi is the wet weight of a type of prey
group (i) in relation to the whole content of the stomach. All calculations were based on the number of
non-empty stomachs. To allow comparisons between
prey groups and species, the IRI was expressed as a
percentage (Cortés 1997):
%IRIi = 100 ·

IRIi /Σni=1

IRIi

(2)

The vacuity index (%V) was also calculated as the
percentage of empty stomachs.

Stable isotope analyses
A small portion of dorsal muscle (without skin and
cartilage) was extracted from each specimen. Muscle
from different prey belonging to the identified
groups (crabs, shrimps, cephalopods and fish) was
also collected. The use of prey from the stomach content for the isotope analysis is a methodology used in
different studies with sharks and other marine predators (e.g. Ramos et al. 2009, Moreno et al. 2010,
Chiaradia et al. 2012, Caut et al. 2013, Navarro et al.
2014). This is an alternative when potential prey from
the field cannot be obtained. The main limitation is to
use only fresh items to reduce the potential biases
due to digestion. For this reason, we only selected
prey items that were entire or those hard structures
of prey (such beaks of cephalopods) that were not

affected and degraded by the digestion process.
Moreover, the advantage of using prey from the
stomach content is that we have the certainty that it
is a real prey eaten by the predator. Since cephalopod beaks are depleted in δ15N compared to muscle
tissues, the δ15N values of beaks were adjusted by
adding 3.5 ‰ to their δ15N values (Cherel et al. 2009).
All samples were freeze-dried and powdered, and
0.9 to 1.0 mg of each sample was packed into tin capsules. Isotopic analyses were performed at the Laboratory of Stable Isotopes of the Estación Biológica de
Doñana (www.ebd.csic.es/lie/index.html). Samples
were combusted at 1020°C using a continuous flow
isotope-ratio mass spectrometry system (Thermo
Electron) by means of a Flash HT Plus elemental
analyser interfaced with a Delta V Advantage mass
spectrometer. Stable isotope ratios were expressed in
the standard δ-notation (‰) relative to Vienna Pee
Dee Belemnite (δ13C) and atmospheric N2 (δ15N).
Based on laboratory standards, the measurement
error was ± 0.1 and ± 0.2 for δ13C and δ15N, respectively. The C:N ratio of all tissues was always < 3.5 ‰,
and hence, no correction of the δ13C values was
required to account for the presence of lipids (Logan
et al. 2008).

Isotopic niche and isotopic mixing models
As a measure of trophic width, we calculated the
Bayesian isotopic ellipse area (SEAB) for each species
and standard ellipses corrected for small sample
sizes (SEAC) to compare the degree of isotopic niche
overlap between species (Jackson et al. 2011). This
metric represents a measure of the total amount of
isotopic niche exploited by a particular predator and
is thus a proxy for the extent of trophic diversity (or
trophic width) exploited by the species considered
(high values of isotopic standard ellipse areas indicate high trophic width). This metric uses multivariate ellipse-based Bayesian metrics. Bayesian
inference techniques allow for robust statistical comparisons between data sets with different sample
sizes (Jackson et al. 2011, Syväranta et al. 2013). Isotopic standard ellipse areas and their overlap were
calculated using the routine Stable Isotope Bayesian
Ellipses (SIBER; Jackson et al. 2011) also incorporated in the SIAR library.
To estimate the potential contribution of the different potential prey to the diet of each species (in proportional terms), we adopted a Bayesian multi-source
isotopic mixing model (SIAR 4.1.3). The SIAR model
estimates the potential contribution of each prey in
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the diet based on their muscle isotopic values and
those of their potential prey. This model runs under
the free software R (R Development Core Team 2009)
and allows the inclusion of sources of uncertainty in
the data, in particular the variability in the stable isotope ratios of the predator and the potential prey
(Parnell et al. 2010). The accurate use of isotopic mixing models is always limited by the correct knowledge and application of the diet tissue discrimination
factor (DTDF) of δ13C (Δ13C) and δ15N (Δ15N) (Phillips
et al. 2014). Recent studies highlighted that Δ15N can
vary greatly among consumers, tissues and diet composition (Martínez del Rio et al. 2009, Olin et al. 2013,
Hussey et al. 2014), whereas the Δ13C vary little with
trophic transfer (Layman et al. 2012). Different DTDF
have been previously used in other studies dealing
with chondrichthyan muscle (Hussey et al. 2010a,
Kim et al. 2012, Caut et al. 2013, Olin et al. 2013). In
our case, because no specific discrimination factor for
our species is available, we used an incremental
DTDF of δ15N (from 1.5 Δ15N to 3.5 Δ15N; following
the approach of Hussey et al. 2010a) and different
DTDF of Δ13C (Hussey et al. 2010b, Kim et al. 2012) to
evaluate and obtain an overall picture of the possible
prey contributions as a result of varying DTDF.
Cephalopods, crabs, shrimps and fish were the prey
groups included in the SIAR model in accordance
with the classification of prey explained in the stomach content analysis (see ‘Results’). Brittle stars
(Ophiura) were included in the mixing model for C.
monstrosa because this echinoderm has been
described in the literature as an important prey for C.
monstrosa (MacPherson 1980), although it did not
occur in the samples analysed here. Therefore, stable
isotope values of brittle stars were obtained from
published values of the same area of study (Darnaude et al. 2004). Similarly, because the number of
crabs analysed were very low, we also include isotopic values from crabs collected in the NW Mediterranean Sea (Carlier et al. 2007, Bautista-Vega et al.
2008, Papiol et al. 2013).

Trophic level
The trophic level (TL) indicates the trophic position
of a species in the food web with regard to the TL of
consumed prey. Here, we estimated the TL of each
species by using stomach content (TLstomach) and stable isotopic analysis (TLsia).
The TL estimated with the stomach content was
historically defined as an integer identifying the position of a particular organism within food webs, and it
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was later modified to be fractional. Following an
established convention, we calculated the TL estimated with stomach content (TLstomach) as the average value for each predator based on the importance
of each prey in the diet using the following equation:
TLj = 1 + Σnj–1 DCji · TLi

(3)

where j is the predator of prey i, DCji is the fraction of
prey i in the diet of predator j (%IRI), and TLi is the
trophic level of prey i. The TLi used were obtained
from previous studies conducted in the NW Mediterranean Sea (TLfish = 3.05, TLshrimps = 2.57; TLcrabs =
2.53; TLcephalopods = 3.63; Coll et al. 2006, Bănaru et al.
2013).
We estimated the TLsia of chondrichthyans based
on isotopic values for each species according to the
algorithm proposed by Vander Zanden & Rasmussen
(2001):
TLconsumers = TLbasal + (δ15Nconsumer – δ15Nbasal)Δδ15N (4)
where δ15Nconsumer and δ15Nbasal were, respectively,
the δ15N values of each studied chondrichthyan and
the annual average δ15N values of microplankton,
which were obtained from a study conducted in the
Gulf of Lions by Costalago et al. (2012) (δ15Nbasal =
3.93). Δδ15N is the isotopic discrimination factor; in
this case, we used the value published by Hussey et
al. (2010b) for elasmobranch muscle tissue (2.29 ‰).

Statistical analysis
Interspecific differences in body length, body mass,
%IRI, δ15N and δ13C were tested by using 2-way
semi-parametric permutation multivariate analyses
of variance tests (PERMANOVA test) on the Euclidean distance matrix (Anderson et al. 2008). In the
case of a significant result, pairwise tests were performed. PERMANOVA allows for the analysis of
complex designs (multiple factors and their interaction) without the constraints of multivariate normality, homoscedasticity and having a greater number of variables than sampling units of traditional
ANOVA tests. The method calculates a pseudo-F statistic directly analogous to the traditional F-statistic
for multifactorial univariate ANOVA models, using
permutation procedures to obtain p-values for each
term in the model (Anderson et al. 2008). PERMANOVA tests were carried out with PRIMER-E 6 software. The relationship between isotopic values and
body size (using the anal length as standard measure) was explored using linear regression. Significance level for all tests was adopted at p < 0.05.
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Table 1. Sample size (n) and mean (± SD) body mass (g) and anal
body length (cm) of males and females Galeus melastomus, Etmopterus spinax and Chimaera monstrosa from the Gulf of Lions (NW
Mediterranean)

RESULTS
Body mass and body length

The body mass and body length differed
n
Body mass
Anal body
Total body
significantly between species and sexes
length
length
(Tables 1 & 2). In particular, Chimaera monG. melastomus
strosa showed the highest values of body
Males
17
321.88 ± 42.05
21.48 ± 0.82
50.38 ± 1.87
mass and body length, followed by Galeus
Females
17
457.86 ± 110.28 23.98 ± 1.83
55.49 ± 3.46
melastomus and Etmopterus spinax (Table 1).
E. spinax
Between sexes, females showed the highest
Males
15
37.98 ± 11.21
12.28 ± 2.45
21.84 ± 1.65
values of body mass and body length in the
Females
21
49.69 ± 26.03
13.67 ± 2.85
23.84 ± 4.60
3 species (Table 1). Since all the individuals
C. monstrosa
analysed of G. melastomus and C. monMales
12
658.67 ± 100.35 21.24 ± 1.71
72.34 ± 7.08
strosa were mature and all the individuals of
Females
12 1098.17 ± 127.54 24.98 ± 1.39
79.73 ± 12.65
E. spinax were immature, we did not consider the effect of the maturity state
Table 2. PERMANOVA test results on the presence of significant differences of
in our statistical analyses.
15
13

anal body length, body mass, δ N and δ C values between Galeus melastomus (GM), Chimaera monstrosa (CM) and Etmopterus spinax (ES) from the
Gulf of Lions (NW Mediterranean). Symbols designating species combinations
are indicated in pairwise test summaries. Pairs of means differing significantly
(p < 0.05) by pairwise test are linked with an ‘×’

Stomach content analysis

The vacuity index differed among
Parameter
species: 47.22% (n = 17) of E.
spinax, 8.82% (n = 3) of G. melastoBody length
mus, and 0% (n = 0) of C. monstrosa
were empty. Based on the %IRI, the
diet composition of these 3 species
Body mass
did not differ between sexes (p >
0.05 for the 3 species) but was
δ15N
clearly different among the species
(Table 3). In particular, the stomach
content of G. melastomus was comδ13C
posed mainly of cephalopods (%IRI
= 47.26), that of E. spinax of shrimps
(%IRI = 45.60), and that of C. monstrosa was largely dominated by
crabs (%IRI = 96.98). However, it should be noted
that in E. spinax, the percentage of unidentified prey
was very high (%IRI = 36.13). The cumulative prey
group curve for the overall diet of the 3 species

Factor

df

Pseudo-F

p

Pairwise test

Species
Sex
Species × Sex

2, 93
1, 93
2, 93

255.28
21.172
2.531

0.0001 GM × ES / CM × ES
0.0001 GM / CM
0.0831

Species
Sex
Species × Sex

2, 93
1, 93
2, 93

1215.2
86.616
24.443

0.0001 GM × ES × CM
0.0001 GM / CM
0.0001

Species
Sex
Species × Sex

2, 93
1, 93
2, 93

209.5
0.001
3.4024

0.0001 GM × ES × CM
0.9727
0.0398

Species
Sex
Species × Sex

2, 93
1, 93
2, 93

91.734 0.0001 GM × ES × CM
0.81142 0.3693
0.89135 0.4162

reached an asymptote, indicating that the sample
size for each group was large enough (Fig. S1 in
Supplement 1 at www.int-res.com/articles/suppl/
m524p255_supp.pdf).

Table 3. Diet composition of Galeus melastomus, Etmopterus spinax and Chimaera monstrosa from the Gulf of Lion (NW
Mediterranean), expressed as frequency of occurrence (%FO), number (%N), mass (%W) and the index of relative importance
(%IRI)

Fish
Shrimp
Crab
Cephalopod
Unidentified

Galeus melastomus
%FO
%N
%W
%IRI

%FO

35.48
25.81
25.81
80.65
32.26

15.79
52.63
5.26
5.26
57.89

13.59
17.48
7.77
44.66
16.50

14.30
78.93
1.81
3.25
1.70

12.10
30.43
3.02
47.26
7.18

Etmopterus spinax
%N
%W
%IRI
10.00
43.33
3.33
3.33
40.00

73.24
20.66
0.01
0.01
6.09

17.79
45.60
0.24
0.24
36.13

Chimaera monstrosa
%FO
%N
%W
%IRI
12.50
–
91.67
–
8.33

1.86
–
96.89
–
1.24

34.17
–
65.55
–
0.28

2.93
–
96.98
–
0.08
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Stable isotope analysis
The δ13C and δ15N values of males and females did not differ within any of the 3 species analysed, whereas statistically significant differences were observed for both
parameters among the 3 species (Table 2,
Fig. 2). The isotopic core niche space (SEAc)
of C. monstrosa did not overlap with the
other 2 species, whereas G. melastomus and
E. spinax presented a small isotopic niche
overlap (0.47%), suggesting niche partitioning between species (Fig. 2). Niche width
was larger for E. spinax (SEAC = 1.53 ‰2)
compared to C. monstrosa (SEAC = 0.98 ‰2)
and G. melastomus (SEAC = 0.46 ‰2) (Fig. 2).
Although the major part of individuals of
each species showed similar isotopic values
between them, indicating a similar source of
Fig. 2. δ15N and δ13C values of potential prey groups and of Galeus
carbon for all them (Fig. 2), few specimens of
melastomus (white circles), Etmopterus spinax (black circles) and ChiE. spinax and 1 specimen of G. melastomus
maera monstrosa (grey circles). Isotopic Bayesian ellipse areas for each
species were also indicated
were extremely depleted in δ13C, thus suggesting the use of a different source of
carbon (Fig. 2). Regarding the correlation between
δ15N and body length, G. melastomus and E. spinax
showed a positive and significantly relationship (p <
0.001), whereas C. monstrosa did not show a relationship between N isotopic values and body length
(Fig. 3). For C isotopic values, only G. melastomus
showed a positive significant relationship (p = 0.005).
The feasible contribution of each potential prey, as
estimated by SIAR models with varying DTDF
(Figs. 4 & 5; Table S1 in Supplement 2 at www.
int-res.com/articles/suppl/524p255_supp.pdf), differed
among species. Overall, for the different DTDF,
cephalopods were the most important assimilated
prey for G. melastomus (Figs. 4A,B & 5), shrimps
dominated the diet of E. spinax (Figs. 4D–F & 5), and
crabs were the dominant prey for C. monstrosa
(Figs. 4G–I & 5).

Trophic levels
Trophic levels estimated using isotopic values
(TLsia; Fig. 3) and stomach content analysis (TLstomach)
were similar for G. melastomus and E. spinax (G.
melastomus: TLsia = 3.74 ± 0.15, TLstomach = 4.17; E.
Fig. 3. Relationships between the body length (anal length,
cm), estimated trophic level and (A) δ15N and (B) δ13C of
Galeus melastomus, Etmopterus spinax and Chimaera
monstrosa
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Fig. 4. Results of the SIAR model, showing mean estimated prey contributions to the diet of (A−C) Galeus melastomus, (D−F)
Etmopterus spinax and (G−I) Chimaera monstrosa from the Gulf of Lions (NW Mediterranean) using incremental diet-tissue
discrimination factor (Δ15N) and 3 different Δ13C (means ± SD: 0.49 ± 0.32 and 0.90 ± 0.33, Hussey et al. 2010b; 1.70 ± 0.50, Kim
et al. 2012). Dashed vertical line and grey area represent the mean DTDF for Δ15N (mean ± SD: 2.29 ± 0.22) defined by Hussey
et al. (2010b)

spinax: TLsia = 3.39 ± 0.27, TLstomach = 3.71). For C.
monstrosa, TL was different between TLstomach and
TLsia values, the latter being clearly higher (TLsia =
4.62 ± 0.28, TLstomach = 3.54). Regarding TLsia, C. monstrosa presented the highest values, whereas the
highest observed TLstomach values were found for E.
spinax.

trophic niche and trophic level) of 3 species of chondrichthyans coexisting in the NW Mediterranean
Sea. Although some qualitative differences between
methods were found, both stomach content and stable isotope analyses revealed differences in the main
isotopic niche space and trophic levels occupied by
each species.

DISCUSSION

Feeding habits of 3 sympatric demersal
chondrichthyans

By combining information obtained from stomach
content and stable isotope analyses, we provide new
information on the feeding habits (diet composition,

The holocephalan Chimaera monstrosa showed a
diet mainly composed of crabs, as previously re-
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Fig. 5. Means (± SD) of the results of the SIAR model using
incremental diet-tissue discrimination factor (Δ15N) and 3
different Δ13C (means ± SD: 0.49 ± 0.32 and 0.90 ± 0.33,
Hussey et al. 2010b; 1.70 ± 0.50, Kim et al. 2012) to the diet of
(A) Galeus melastomus, (B) Etmopterus spinax, and (C)
Chimaera monstrosa from the Gulf of Lions (NW Mediterranean)

ported (MacPherson 1980, Moura et al. 2005, Torres
et al. 2012). However, despite previous studies indicated the importance of ophiurid species in its diet
(MacPherson 1980, Moura et al. 2005), this benthic
prey was not found in any stomachs analysed during
this study, and the isotopic results suggested a low
contribution of ophiurans to the diet of C. monstrosa.
Ophiurans have been reported as more abundant in
locations overexploited via bottom trawling (Tuck et
al. 1998, Smith et al. 2000). This low presence of
ophiurans in the stomach of C. monstrosa in our
study could be due to the lower level of fishery
exploitation in the Gulf of Lions study area in comparison to other areas of the western Mediterranean
Sea (Massutí et al. 2012).
The high level of occurrence of prey items with
hard structures (crabs) in the diet of C. monstrosa
(MacPherson 1980, Moura et al. 2005, this study) is
probably related to the jaw morphology of C. mon-
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strosa, which has interconnected pavement teeth,
forming a dental plate that allows for the crushing of
hard structures such as crab carapaces (Didier et al.
1994). This different capability may allow C. monstrosa to segregate from Galeus melastomus and
Etmopterus spinax, which prey on benthopelagic
species without hard structures like cephalopods,
shrimps or fishes.
The preferred prey groups of G. melastomus were
cephalopods and shrimps. This is in agreement with
what has been reported for lower slope populations
(984 to 1584 m depth), whereas for G. melastomus
inhabiting the middle slope (371 to 667 m), cephalopods were scarce in the stomach contents studied by
Carrassón et al. (1992). Differences in reported diets
may be due to variations in the proportion of prey in
the different seasons and group sizes. MacPherson
(1979) reported higher percentages of cephalopods
in the diet of G. melastomus during the summer season as well. Moreover, larger G. melastomus may
efficiently prey on fast-moving cephalopods (MacPherson 1979, Olaso et al. 2005).
G. melastomus and E. spinax slightly overlap their
trophic isotopic niche, as has already been described
in the Mediterranean and Atlantic waters (MacPherson 1980, Preciado et al. 2009, Valls et al. 2011).
In agreement with our results, Coelho et al. (2009)
reported crustaceans as the dominant prey group of
E. spinax. The small size of the individuals of E.
spinax studied here may explain the prevalence of
shrimps in the diet and differences in diet compared
to G. melastomus. Both species presented a clear
size-based relationship, highlighting that differences
in isotope values between both species are probably
due to differences in body length and ontogenetic
stages. Ontogenetic shifts in diet for elasmobranchs
have been reported (Wetherbee & Cortés 2004) and
also an increase in δ15N with size (Hussey et al. 2011).
Previous authors have found an ontogenetic dietary
shift for E. spinax, involving an increase in the consumption of cephalopods with size (MacPherson
1979). Furthermore, E. spinax move to deeper waters
as they grow (Coelho 2007). This could be the reason
that all the individuals in the present study were
immature and significantly smaller than G. melastomus caught at the same depth. However, other
reasons such as the declining of E. spinax in the
Mediterranean and a possible lower catchability of
adults with trawls (Cartes et al. 2013) could explain
also the differences in body size of the species sampled.
Nevertheless, some specimens of E. spinax were
highly depleted in 13C, which suggests foraging in
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other areas. The organic matter of terrestrial origin
transported by river runoff to the Gulf of Lions is depleted in 13C compared to the particulate organic
matter of planktonic origin (Darnaude et al. 2004).
Those differences are conserved in 2 parallel food
webs including, respectively, deposit-feeding polychaetes and their predators and suspension feeders
and molluscs and their predators (Darnaude et al.
2004). The highly negative values of some specimens
of E. spinax suggest foraging in areas highly influenced by the Rhone River plume, which is consistent
with the occurrence of immature specimens of shallow shelf habitats (Sion et al. 2004, Neiva et al. 2006,
Fanelli et al. 2009, Valls et al. 2011). Moreover, segregation in feeding time in marine predators has also
been described as a mechanism of coexistence (Lowe
et al. 1996, Pusineri et al. 2008, Navarro et al. 2013a).
E. spinax has been described as a predominantly
diurnal species, while G. melastomus is thought to
favour nocturnal activity (Wurtz &Vacchi 1978, Olaso
et al. 2005, Atkinson & Bottaro 2006). However,
unpublished data from temporally scheduled trawl
haul surveys repeated at an hourly frequency over 4
consecutive days (Supplement 3 for more details)
suggests that the 3 species have similar rhythmic patterns with 2 major activity peaks toward sunset and
sunrise (see Fig. S3 in Supplement 3 at www.intres.com/articles/suppl/m524p255_supp.pdf). Thus, the
overall evidence indicates that the trophic niche segregation observed between G. melastomus and E.
spinax probably are mainly caused by differences in
body length and ontogenetic shifts in dietary habits.

Trophic role and position within the food web
As expected by the interspecific differences in
dietary habits, each species showed different isotopic
niche space and trophic level. E. spinax showed the
lowest TLsia, probably due to the fact that all individuals were immature, although the TLstomach was
slightly higher. This is probably due to the fact that
the stomach content analysis overestimates the
trophic level because similar trophic levels are given
to different types of prey without taking into account
that there are ontogenetic differences in their trophic
levels. Therefore, there was a significant positive
relationship between body length and δ15N, reflecting the influence of body size to TL. This factor may
enable small-sized E. spinax to prey on smaller-sized
prey items and in consequence to have a lower TL
than the other 2 species. Differences between TLsia
and TLstomach would be expected considering that the

estimated trophic levels from isotope analysis are
vulnerable to the basic assumption of which Δ15N
value and basal sources are used (Olin et al. 2013).
Discrepancy between methodologies (TLsia and
TLstomach) revealed the need for caution when values
of trophic levels are compared. E. spinax and G.
melastomus did not show important differences between both methodologies.
TL results for G. melastomus also showed a higher
trophic position when analysed by means of stomach
content analysis. In this analysis, the main prey was
cephalopods, but cephalopods are a diverse group,
and it is known that their trophic position can substantially vary between species (Coll et al. 2013a,
Navarro et al. 2013b). Therefore, we could have been
overestimating the trophic position of the predator
when using a mean value of trophic level derived
from that group (Hussey et al. 2011). In the case of C.
monstrosa, the trophic level estimated by stable isotopes was higher than the trophic level estimated by
stomach content results. Although both methodologies revealed that the diet of C. monstrosa is composed mainly of crabs, the isotopic mixing model output indicated that fish is also important in its diet,
increasing the trophic level estimated with isotopic
data.
When compared with other studies available in the
literature, our TL estimates from stomach content
analysis are very similar to available estimates (e.g.
E. spinax TL = 3.8 ± 0.5, G. melastomus TL = 4.2 ± 0.6,
and C. monstrosa TL = 3.5 ± 0.6; Froese & Pauly
2013), highlighting the important role of the studied
species as predators in the marine food web. Specifically, C. monstrosa occupies a similar trophic position
to other predators in the area like European hake
Merluccius merluccius or Atlantic bonito Sarda sarda
(Coll et al. 2006, Navarro et al. 2011, Bănaru et al.
2013). G. melastomus and E. spinax showed trophic
ositions similar to some other benthic predatory
fishes, seabirds and other deep-sea elasmobranchs of
the western Mediterranean (Navarro et al. 2011,
2013c, Bănaru et al. 2013, Coll et al. 2013b).
There are several studies that have identified many
factors that contribute to variation in isotopic signatures as well as limitations in the stomach content
analyses, and it is important that their limitations are
understood (Phillips et al. 2014); hence, it is possible
that some of these limitations may have biased our
results. For stomach content analysis, that factors are
the number of stomachs analysed, empty stomachs,
rapid digestion of soft prey items and the period of
time that stomach content integrates (Hobson et al.
1994, Pinnegar & Polunin 1999). In the case of stable
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isotope analysis, temporal and spatial variation of
stable isotope is one of the main factors to take into
account (Boecklen et al. 2011). Application of mixing
models for dietary reconstruction is vulnerable to the
variation in DTDF (Caut et al. 2009, Olin et al. 2013,
Hussey et al. 2014) and to an effective characterization of the proper food sources (Fry 2013, Phillips et
al. 2014). In addition to all these limitations, as we
have shown in this study, the combination of both
methodologies and a good comprehension of the
selected study system allow improvement of the
understanding of trophic interactions.
In conclusion, based on stable isotopic and stomach
results, we found that the 3 species studied exploited
different trophic resources, segregating in their
trophic niche, likely due to different feeding capabilities, different bathymetric distribution depending on
body size and different ontogenetic stages among
species, but not due to different biorhythms. These
results provide new insights into the mechanisms
supporting the coexistence of deep-water demersal
predators and their ecological role. From a technical
perspective, our study revealed the advantages of
integrating results from stomach content and stable
isotope analyses to obtain information on the feeding
habits of demersal predators integrating different
time periods, from days to months. This strategy
allows a more efficient monitoring of marine food
web changes and can be especially important for the
study of marine predators and deep-sea organisms,
which are not always accessible for sampling in large
numbers.
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