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Abstract — In the north-eastern Atlantic, meagre (Argyrosomus regius) is one of the largest fish living on
the shelf and this species has important commercial interest. Over the past two decades, large variations in
meagre abundance have been observed with pluri-annual cycles but the factors involved in such variations
are still unclear. Trophic interactions between meagre and other species (both prey and competitors) might
be one explanatory variable of the observed variations in meagre recruitment and abundance. In the present
study, we described the diet of commercial-size meagre in the Bay of Biscay from stomach content and
stable isotope analyses, and explored its dietary ontogeny. We found that commercial-size meagres were
mostly piscivorous with a diet dominated by clupeiform fish (mainly anchovy and sardine) completed by
demersal fish (mainly pout and whiting). Cannibalism also accounted for a non-negligible part of the diet.
Interestingly, stable isotope and stomach content analyses showed only a very slight increase in prey length
and trophic level during the ontogeny of large meagre after 50 cm of total length and despite a 3 fold-change
of the individual length in our sampling. Our results suggested that specific trophic interactions (i.e. bottom-
up control by clupeiform fish on meagre population, competitive effects on piscivorous populations or top-
down control by meagre on clupeiform fish populations) may occur in the Bay of Biscay and can impact
meagre abundance dynamics. Our study underlined the interest to enhance ecological knowledge of prey-
predator relationships in the development of ecosystem-based approach to understand trophic controls

impacting aquatic living resources and fishery economy.
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1 Introduction

A major issue for marine ecosystems is to allow the long-
term sustainability of exploited resources while maintaining
biodiversity and habitat conservation. Anthropogenic pres-
sures can impact marine biodiversity and one of the most
important is probably overfishing (Jackson et al., 2001; Curtin
and Prellezo, 2010). Fishery management is evolving towards
Ecosystem Approach to Fisheries (EAF) in order to limit
negative effects on marine environment because fisheries
operate within a complex array of species interactions, hence

* Supporting information is only available in electronic form at
www.alr-journal.org.
* Corresponding author: jspitz@univ-1lr.fr

a more holistic approach incorporating biological interactions
is recommended (Botsford et al., 1997). Among species
interactions, trophic relationships can particularly play a
dominant role in structuring marine fish populations.
Specifically, predation by piscivorous fish may have a
dramatic influence on ecosystem dynamics (Bax, 1998; Frank
et al., 2005) and changes in the abundance of one species can
affect an entire ecosystem. A better knowledge of species
interactions is consequently a major issue of the EAF in order
“to balance diverse societal objectives, by taking into account
the knowledge and uncertainties about biotic, abiotic and
human components of ecosystems and their interactions and
applying an integrated approach to fisheries within ecological-
ly meaningful boundaries” (FAO, 2008).

The high diversified marine fauna from the Bay of Biscay
(north-eastern Atlantic) has supported numerous fisheries
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over a long period of time (Lorance et al., 2009) and still is
largely exploited. The five highest landed value species
exploited in the Bay of Biscay in 2012-2014 are common sole
(Solea solea), hake (Merluccius merluccius), sea bass
(Dicentrarchus labrax), Norway lobster (Nephrops norvegi-
cus) and monkfish (Lophius spp.) (SIH Ifremer, http:/sih.
ifremer.fr). Meagre (Argyrosomus regius) has a secondary
importance in commercial species but locally and seasonally
it may be a major target species of some fleets. It is one of the
fish species exhibiting the longest maximum length, up to
230 cm (Quéro et al., 2003), but also an important length at
first sexual maturity (around 60 cm for male and >80 cm for
female; Sourget and Biais, 2009). As a consequence, catches
are largely composed by juveniles. The quality of its flesh is
greatly appreciated making this species a valuable resource,
especially in the south part of the Bay of Biscay. Meagre is
found from Mauritania to the Bay of Biscay in the Eastern
Atlantic and in the Mediterranean Sea (Egypt) (Quéro et al.,
2003; Gonzalez-Quirés et al., 2011; Morales-Nin et al.,
2012). It is a migratory species that, in the Bay of Biscay,
spreads from south Brittany to north Spain, mainly in coastal
area. Juveniles live and grow in the Gironde Estuary (Quéro,
1989; Quéro and Vayne, 1989, 1985). Large variations of
meagre landings have been observed with 7-8 years cycles,
associated with a production increase from 200 metric tons
in 2000-2003 to 1200-1400 metric tons in 2005-2008
(Sourget and Biais, 2009) before decreasing at 600-900 tons
in 2009-2015. This dynamic might be explained by a stock-
recruitment relationship (Sourget and Biais, 2009). In the
2003-2005 phase of abundance increase, reproduction might
have been supported by one or two consecutive cohorts of
genitors which might have produced a high abundance of
juveniles. Trophic interactions between meagre and other
species (both prey and competitors including fisheries) might
also be strongly linked to the variations in meagre recruitment
and abundance.

The present study aims at a better understanding of these
trophic interactions and their role in the dynamic of the Bay of
Biscay fisheries resources stocks, considering the importance
of this knowledge for an EAF management. To this goal,
we investigated for the first time the feeding ecology of
commercial-size meagre on the continental shelf of the Bay of
Biscay by combining two techniques: analysis of stomach
contents and carbon (C) and nitrogen (N) stable isotope
analysis (SIA). We also assessed some ontogenetic trends in
meagre diet.

2 Materials and methods

2.1 Collection and preparation of samples

The stomach contents of 262 meagres that ranged from 25
to 136 cm in size were collected in 2010 and 2011, mostly
during the second quarter of the year (Table 1). The fish were
caught during scientific campaigns conducted by IFREMER
(Institut Francgais de Recherche pour l'Exploitation de la
Mer) or IRSTEA (Institut de Recherche en Sciences et
Technologies pour l'Environnement et I'Agriculture) in the
Bay of Biscay, and also sampled on French fish auction
markets located in the south part of the Bay (Fig. 1). The
exact location of caught were not always known, but all

Fig. 1. Map of the Bay of Biscay with FAO fishing areas. Stars
indicate fish auction markets where meagres have been sampled (CM:
Charente-Maritime, AC: Arcachon Bay, PA: Pyrénées-Atlantiques).

Table 1. Summary of meagre sampled for stomach content analysis.

Periods Number Size (TL cm)
Mean [min—-max]

2010

Quarter 1 (Jan—Mar) 3 81 [65-95]
Quarter 2 (Apr—Jun) 65 49 [25-113]
Quarter 3 (Jul-Sep) 7 74 [67-90]
2011

Quarter 1 (Jan—Mar) 2 96 [94-97]
Quarter 2 (Apr—-May) 135 80 [49-136]
Quarter 4 (Oct—Dec) 50 35 [32-40]
TOTAL 262 71 [25-136]

meagres have been sampled from the FAO area VIIIb
(Fig. 1). The stomachs were ligatured and individually
stored deep-frozen (—20°C) in polythene bags until further
analyses. For SIA, a standard piece of dorsal muscle was
taken from 21 individuals sampled during the second quarter
of 2010 over a wide range of sizes (36—136 cm total length,
TL). For logistical reasons, these muscle samples were
preserved in alcohol (70% ethanol) until further treatment
before SIA.

2.2 Stomach content analysis

Stomach content analysis described the diet in terms of
prey occurrence, relative abundance, calculated mass and size
distribution, following a standard procedure for marine top
predators (Pierce and Boyle, 1991; Pusineri et al., 2005; Spitz
et al., 2013). Diagnostic hard parts were recovered from
stomachs and stored dry for fish bones and otoliths or in 70%
ethanol for cephalopod beaks and crustacean remains. Prey
items were identified to the lowest possible taxon by using
published guides (Clarke, 1986; Hiarkonen, 1986; Lagardere,
1971; Tuset et al., 2008) and our reference collection of
specimens caught in the Bay of Biscay and adjacent Atlantic
areas. Items identified as longline bait were discarded.
Diagnostic hard parts (i.e. otoliths, beaks and carapaces) and
entire prey items were measured by using a digital vernier
calliper (+0.2mm). Allometric relationships were used to
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back calculate individual prey size and body mass using
relationships that either came from the literature (Clarke,
1986; Hirkonen, 1986) or were fitted from measurements
performed on specimens of our reference collection.

The occurrence of a prey species is the number of
stomachs in which this species was observed. The relative
abundance of a species is the total number of individuals
from this species found throughout the total number of prey.
The biomass is given by the sum of body mass for each
individual belonging to the same species throughout the
sample set. These three indices can be expressed by their
percentage frequency with, respectively, percentage of
occurrence (%0), percentage by number (%N) and percent-
age by biomass (%M):

%Oi:}’li/N X 100,

where n; is the number of stomachs where the prey i was found
and N the total number of stomachs;

%N,»:xi/X X 1007

where x; is the number of prey i found and X the total number of
prey;

%oM; = (Y iy x Uyl Y Y xiy x Uy) x 100,

where x; ; is the number of prey i found in the sample j and U
average individual body mass of prey i in sample ;.

Confidence intervals (95% CI) for the percentages by
number and by biomass were generated for each prey species
by bootstrap simulations of sampling errors (Reynolds and
Aebischer, 1991) written using R (R Development Core Team,
2011). Random samples were drawn with replacement, and the
procedure was repeated 1000 times. The lower and upper
bounds of the 95% CI were the 25th and 975th values
previously ranked in increasing order.

2.3 Stable isotope analyses (SIA)

In the last decades, SIA of carbon (C) and nitrogen (N)
in consumers' tissues proved to be powerful for describing
the trophic ecology of marine organisms or trophic
relationships within a given ecosystem, representing an
alternative or a complementary tool to the traditional
methods of dietary studies such as gut or stomach contents
analyses (Michener and La%'tha, 2007). This is because the
enrichment in '>C and '°N between a source and its
consumer (i.e. between two trophic levels) is relatively
predictable. It is lower for C (generally 1-2%¢) than for N
(2.5-4%0, on average) (Minagawa and Wada, 1984,
Vanderklift and Ponsard, 2003; Caut et al., 2009). Carbon
isotopic signatures are considered as a tracer of the primary
producers at the base of food webs, and consequently a
tracer of the foraging habitat of consumers (e.g. benthic
versus pelagic or neritic versus oceanic) (Cherel and
Hobson, 2007; France, 1995). Nitrogen isotopic signatures
are widely used as a proxy for the trophic position or to
calculate trophic levels (Le Loc'h et al., 2008; Post, 2002;
Vander Zanden et al., 2011). Isotopic signatures provide

information on the food assimilated at a time scale that
depends on the turnover of the tissue analysed (Buchheister
and Latour, 2010; Hobson and Clark, 1992; Tieszen et al.,
1983). In fish muscle for instance, C and N half-lives were
shown to vary from few weeks to months, depending on
species (Buchheister and Latour, 2010; Guelinckx et al.,
2007; Suzuki et al., 2011).

Although they could have been partly extracted by alcohol
preservation of SIA samples, lipids (Kelly et al., 2006) were
further extracted from muscle samples using cyclohexane
(Chouvelon et al., 2014). Lipids are effectively highly
depleted in '°C relative to other tissue components (DeNiro
and Epstein, 1977) and differences in lipid burden may thus
constrain the comparison of isotopic data between individuals
with different fat contents, while the trophic source does not
change. Subsamples (0.40+0.05mg) of lipid-free powder
were then weighed in tin cups. SIA was performed on these
subsamples with a Thermo Scientific Delta V Advantage
mass spectrometer coupled to a Thermo Scientific Flash
EA1112 elemental analyser. Results are expressed as isotope
ratios 8X (%o) relative to international standards (Pee Dee
Belemnite for C and atmospheric N, for N) according to the
formula:

SX(%) = [(Rsample/Rstandard) - l] X 103;
where X=3C or N and R = 1*C/'2C or PN/**N (Peterson and
Fry, 1987).

Replicate measurements of internal laboratory standards
(acetanilide) indicated an analytical precision of <0.15%o for
both 8'°C and 8"°N values.

Finally, preservation in alcohol is not common and may
impact isotope values — notably because it may extract some
polar lipids (Kelly et al., 2006; see above). To ensure the
validity of our isotopic data in terms of interpretation and/or
further comparison with literature (generally using frozen-
preserved samples), we assessed the potential effect of 70%
ethanol preservation from an opportunistic sampling of 46
juveniles individuals (32—40cm TL only) collected in 2011,
for which muscle subsamples were both frozen-preserved
and 70% ethanol preserved. The 8'3C and 8'°N values
obtained for both subsamples were compared. Detailed
results for this assessment of alcohol preservation effect are
given in on-line material (Fig. S1). Briefly, a significant
effect of the preservation method (storage in 70% ethanol
versus freezing at —20 °C) was found for both 8'*C and 8'°N
values (Student ¢-tests for paired samples, p < 0.001 for both
C and N), although more important for N. There was a clear
trend towards higher 3'*C (but by only 0.1%0 on average) and
3"°N values (by 0.6%0 on average) in alcohol-preserved
subsamples. The Pearson correlation coefficient between
70% ethanol- and frozen-preserved subsam}zales was also
hizghly significant for both elements (R°=0.795 and
R*=0.809 for 8'°C and 8"°N respectively, both p < 0.001),
highlighting a quite identical effect of preservation for all
samples. When necessary (i.e. for SIAR modelling using
prey data from literature, see above), meagre data from 2010
and used in the present study were thus corrected from the
preservation effect, following the equation parameters for the
corresponding relationships (i.e. derived from the 2011
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samples dedicated to the assessment of alcohol preservation,
see on-line material):

S 13 C . X
preservation corrected (ca. frozen—preserved)

= (313C7O%ethanolfpreserved + 1955)/0879,

sBN <
preservation corrected (ca. frozen—preserved)

= (813C7()%ethanol—preserved - 1565)/0932

2.4 Data analysis

As data did not satisfy condition for parametric statistics,
the Spearman correlation coefficient test was used to analyse
the relationship between predator (meagre) length and prey
length. Only fish were considered here as prey to ensure
consistency in the prey length dataset.

Gaussian Generalized Additive Models (GGAMs) were
fitted to identify size-related trends in isotope values (Zuur
et al., 2007) using the mgcv package in R (R Development
Core Team, 2011). GGAMs are non-parametric general-
izations of multiple linear regressions; they are particularly
helpful in capturing and modelling non-linear relationships
(Zuur, 2012). Total length (TL) of individuals was
considered as a continuous exglanatory variable in the
models, as well as 3N or 8'3C values allowing direct
comparison with other predatory fish species investigated in
the Bay of Biscay (Chouvelon et al., 2014). The inclusion of
8'°N or 8'3C values as supplemental explanatory variables
(i.e. other than TL) effectively allows integrating informa-
tion about the foraging habitat of individuals (i.e. neritic
versus oceanic domain) in the Bay of Biscay, because both
isotope values were found to decrease significantly in
organisms found further offshore in this ecosystem
(Chouvelon et al., 2012; Nerot et al., 2012). It finally
enables to model size-related relationships (i.e. TL effect)
on isotope values, once the effect of the foraging habitat —
and thus the potential bias linked to isotope baseline spatial
variability — has been taken into account. Two original
models were therefore tested:

813C = s(TL) + s(8"°N),

81N = s(TL) + 5(8"3C),
where ‘s’ stand for the ‘smoothing function’ applied by
GGAMs for the relationships between the variable to explain
(3'3C or 8"°N) and the explanatory variables (TL and 3!°N or
3'°C). A model validation was applied by checking normality
and homogeneity in models' residuals with no violation of
independence (Zuur et al, 2007; Zuur, 2012). As all
individuals collected in 2010 and originally considered for
SIA (N=21) in the present study followed the same treatment
(70% ethanol-preservation and lipid-extraction), the “raw”
isotope data measured on these samples were considered
comparable and were used in this assessment of isotopic
changes with ontogeny/increasing size of individuals. More-
over, only these individuals from 2010 were considered
because they presented a wide range of sizes. The inclusion of
juvenile individuals from 2011 and dedicated to the preserva-
tion effect assessment (N=46, TL range=32-40cm) was

effectively tested, but induced bias in terms of meagre sizes
considered and consequently violation of model assumptions;
they were thus not kept.

2.5 Isotopic mixing model

A Bayesian isotopic mixing model was applied using
the SIAR package (Parnell et al., 2010) to estimate the
proportional contribution of prey (sources) to the isotopic
signature of adult meagre (mixture). SIAR takes the isotopic
signatures of a predator and its potential prey and fits a Bayesian
model to generate the probability of each source proportion in the
diet of the predator, based upon a Gaussian likelihood with a
mixture Dirichlet-distributed prior on the mean. A strong
advantage of the use of SIAR in isotopic modeling is its ability to
account for variation in trophic enrichment factors (TEFs), as
well as variation in prey and predator isotopic signatures. Hence,
SIAR has become the most popular tool for interpreting prey-
predator relationships from stable isotope signatures (Jaeger
et al., 2009; Méndez-Fernandez et al., 2012; Spitz et al., 2013).
Here, in order to create accurate mixing models, the potential
preys were first grouped into five forage species types according
to their habitat and ecology. The five groups were denoted as:
pelagic fish from the shelf, demersal and benthic fish from the
shelf, coastal fish, cephalopods, and crustaceans. These groups
and associated isotopic values were the ones used in Spitz et al.
(2013) for adult sea bass diet in the Bay of Biscay, and were
previously checked for statistical differences in 8'°C and 3'°N
values. Detailed results can be found in on-line material but
briefly, isotope values of prey groups significantly differed
(Kruskal-Wallis tests followed by multiple tests with Holm's
adjustment method: p=0.002 for 8'°C and p =0.003 for 8'°N;
Table S1,Fig. S2). These differences are largely explained by the
documented spatial variations of isotope values in the Bay of
Biscay (Chouvelon et al., 2012), which actually drove the
determination of such groups by Spitzetal. (2013) to be relevant
for SIAR. As SIAR models are sensitive to assumptions
regarding TEFs, we performed two mixing models using slightly
different TEFs for fish muscle tissue from the literature
(Pinnegar and Polunin, 1999; Sweeting et al., 2007a,b). Finally,
as in the case of the assessment of potential ontogenetic changes
in isotope values, only individuals from 2010 were considered.
Furthermore, following the latter results, SIAR was applied on
the two following groups: medium-sized individuals (36—60 cm
TL), and large individuals (>60 cm TL). Values corrected from
the alcohol preservation effect were used for isotopic modeling,
because the prey samples whose isotopic data are used were
frozen-preserved (Spitz et al., 2013).

3 Results

3.1 Stomachs content analysis

Food remains were retrieved from 163 out of 262
stomachs; 48% of examined stomachs were empty. A total
of 648 prey individuals were found accounting for a total
estimated biomass of approximately 10kg (Table 2). Fish,
cephalopods, crustaceans, polychaetes were identified and
represented a species richness of at least 19 species. Fish
dominated the diet in relative abundance (54.9%N) and in
reconstructed biomass (84.5%M) in the diet of large meagre in
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Table 2. Prey found in 163 non-empty stomach contents of Argyrosomus regius in Bay of Biscay. N: number of each prey, sd:
standard deviation, CI195%: 95% confidence interval (CI), Unid.: unidentified.

Species Occurrence Abundance Prey length (mm) Prey mass (g) Biomass
0% N N% CI95% mean * sd mean * sd M% CI95%
PELAGIC FISH
Engraulis encrasicolus 413 169 26.1 16.4-36.8 106 +21 9+6.6 312 20.8-41.4
Sardina pilchardus 7.5 20 3.1 1.4-5.3 156 £ 76 54+35.9 21.2 2.7-37.8
Sprattus sprattus 7.5 17 2.6 1.2-4.6 100+13 9+53 3.1 1.1-6.2
Trachurus trachurus 1.3 2 03 0-0.8 98 +1 5+£5.1 0.4 0-1
Unid. Clupeidae 1.9 6 09 0-2.7 1.6 0-4.2
DEMERSAL AND BENTHIC FISH
Trisopterus spp. 194 75 11.6  7.6-15.2 95+17 7+53 109 5.3-18.1
Merlangius merlangus 11.9 31 438 2.4-7.5 106 + 18 11+49 7.0 3.7-11
Argyrosomus regius 4.4 9 1.4 0.4-2.7 139+ 45 32+£27 5.6 1.4-10.7
Unid. Gobiidae 5.0 12 19 0.6-3.5 41+5 0+0.2 0.1 0-0.1
COASTAL FISH
Unid. Ammodytidae 0.6 1 0.2 0-0.5 295 26 0.5 0-1.7
Atherina presbyter 2.5 5 08 0.1-1.7 93 +28 7+4.5 0.7 0-1.6
Unid. Fish 2.5 9 1.4 0.1-3.8 2.1 0.2-5.4
CEPHALOPODS
Sepia sp. 0.6 1 0.2 0-0.5 25 20 0.4 0-1.3
Unid. Sepiolidae 0.6 1 0.2 0-0.5 20 2 0.1 0-0.2
Alloteuthis spp. 0.6 1 0.2 0-0.5 60 4 0.1 0-0.2
Loligo spp. 1.3 2 0.3 0-0.8 539 200 7.8 0-18.4
Unid. Loliginidae 0.6 1 0.2 0-0.5 1.0 0-3.1
Unid. Cephalopods 10.0 2 03 1.3-3.8 0.8  3.3-9.6
EPIBENTHIC CRUSTACEANS
Crangon spp. 28.8 121 187 12.3-25.5 1.9 1.1-2.8
Palaemon spp. 3.1 6 09 0.3-1.9 0.1 0-0.2
Mysidacea 3.1 9 1.4 0.3-2.9 0.1 0-0.3
Unid. Decapoda 18.8 103 159 8.4-23.7 1.7 0.7-2.8
Brachyura 1.9 12 19 0-5.2 1.2 0-3.3
Isopoda 5.6 16 2.5 0.9-4.7 18+£2 0.3 0.1-0.6
POLYCHAETE
Nereidae 4.4 15 23 0.6-4.7 0.2 0-0.3
Unid. Polychaeta 1.3 2 03 0-0.8 0.0 0-0.1
the Bay of Biscay. Crustaceans represented 41.2%N but
only 5.3%M, whereas cephalopods constituted 1.2%N and &
10.1%M. Polychaetes accounted for a negligible fraction of
the diet. 5
Anchovy (Engraulis encrasicolus) was the most frequent
(41.3%0) and the most important prey both in terms of ©
abundance (26.1%N) and ingested biomass (31.2%M). 9
Despite a low relative abundance (3.1%N), sardine (Sardina g "
pilchardus) ranked second in terms of ingested biomass with 5
21.2%M due to high individual weights. Two gadoids species, 3 "
pout (Trisopterus luscus) and whiting (Merlangius merlangus) *
have a significant importance in the diet with respectively o
11.6% and 4.8% in number, and 10.9% and 7.0% in biomass.
Loligo spp. exhibited a very low abundance (0.3%N); however o = | II II I _— I- - -
they reached 7.8% in biomass due to individual weights largely NI PO TN YRR N IRONRRS
above those of other prey species. On the contrary, shrimps P3O risIborBdgaNRARaNER

(Crangon spp. and undetermined shrimps) reached a signifi-
cant abundance (18.7% and 15.9% respectively) but had a low
contribution in terms of ingested biomass (1.9% and 1.7%
respectively). A significant part of cannibalism has been

Prey length (cm)

Fig. 2. Overall prey fish-size distribution expressed as percent
number in stomach contents of meagre.
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observed accounting for 5.6% of ingested biomass. Finally, no
significant difference have been detected in prey species
composition within meagre size classes using either 20 cm size
class or <60cm versus >60cm.

The body size of fish prey was distributed from 30 to
300 mm and the distribution appeared to be unimodal. The
majority of fish prey individuals (63%) ranged from 70 to
120mm (Fig. 2). No trend was observed in prey—predator
length relationship (Fig. 3; only fish were considered here as
prey). The Spearman correlation test between meagre length
and fish prey length was only slightly significant (r°spearman =
0.019), however this was probably due to the great number of
values considered. As such, the smallest meagre (25-30 cm)
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Fig. 3. Relationship between meagre (predator) length and prey fish
length.
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appeared to feed on almost the same fish prey size range than
the largest individuals (>100 cm).

3.2 C and N stable isotope ratios and mixing models

Commercial-size meagre presented mean 3'°C values
of —16.7+0.8%c and mean 8N values of 15.0+0.6%.
In GGAMs performed to explain isotope values variability, the
total explained deviance was high (88.3% and 79.4% for 8'3C
and 8'°N values, respectively). The effect of TL in explaining
this variability was highly significant in both cases (p =0.002
for both elements). The effect of the other element isotope
values (effect of '°C on 8'°N values, and effect of 8'°N on
8'3C values) was also significant (p = 0.008 in the case of 3'°C,
p=0.045 for 8'°N). Overall, the relationships between muscle
3"*C or 8"°N values and TL showed an increase in isotope
values with increasing size of meagre, although these
relationships were not strictly linear in both cases. Isotope
values (both 8'°C and 8'°N) effectively reached a plateau
around 60-70cm TL (Fig. 4).

When considering all individuals from 2010 analysed
for SIA (N=21, 36-130cm TL), the mixing models
estimated that pelagic fish were the main source in the
meagre diet for the two different models applied, with a
mean pelagic fish contribution ranging from 57.4+11.8% to
74.4+12.8% (Fig. 4). These mixing models suggested that
fish prey in general represented around 80% of the diet and
the part of crustaceans was limited from 5.0+5.1% to
7.5+6.4%. When considering only individuals >60cm TL,
pelagic fish remained the major prey group estimated by the
models (43.9 +£8.6% and 65.3 +5.1% on average for model 1
and model 2, respectively; Fig. 5). Alternatively, the
contribution of cephalopods and crustaceans prey groups
appeared not negligible in the diet of medium-sized
individuals (36-60cm TL). Estimated contributions varied
between 23.0+12.2% and 24.3+13.6% on average for

315N

515N (%o)

T T

T
40 60 80 100 120

TL (cm)

Fig. 4. Relationships between 3'3C values (left) or 3'°N values (right) (%0) and total length (TL, cm) in meagre collected in 2010 for SIA
(N=21) and presenting a wide range of individual sizes. Results from the GGAM models (fitted to individual '*C or 8'°N values to identify
size-related trends) are plotted on raw isotope data (i.e. 70% ethanol preserved) and TL data in the form of a smoother (i.e. polygon including
95% confidence interval), illustrating the modelled relationships between parameters (see text).
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Fig. 5. Results of SIAR mixing models applied with different TEFs,
showing the estimated proportions (with 50%, 75% and 95%
confidence intervals) of each source/prey in the diet of meagre (size
range =36-130cm TL) collected in 2010 in the Bay of Biscay and
analysed for SIA. Data corrected from the effect of ethanol
preservation were used (see text and Supplemental Material). (A)
Models applied on all individuals analysed for SIA (N=21); (B)
Models applied on large individuals only (>60cm; N=14); Models
applied on medium-sized individuals only (36-60 cm TL; N=7). Prey
groups (Spitz et al., 2013): 1 =Pelagic fish; 2 =Demersal and benthic
fish; 3 = Coastal fish; 4 = Cephalopods; 5 = Crustaceans. TEFs: Model
1=1.7+1.1%0 for 8'3C and 3.2+ 1.3%0 for 8'°N (Sweeting et al.,
2007a,b); Model 2=2.5+0.1%0 for 8'°C and 3.3£0.2%0 for 8"°N
(Pinnegar and Polunin 1999).

cephalopods, and between 18.7+11.9% to 19.2+12.2%
for crustaceans, although pelagic fish still presented the
highest estimated contributions to the diet of these medium-
sized individuals (34.9+1.5% and 33.9 +15.8% on average
for model 1 and model 2, respectively; Fig. 5).

4 Discussion

4.1 General

The present work is the first dietary quantitative study on
commercial-size meagre ranging from 25 to 130cm in the
Bay of Biscay. A large range of prey has been identified in
the diet of commercial-size meagre, however we showed that
they were mostly piscivorous with a diet dominated by
clupeiform fish (mainly anchovy and sardine) completed by
demersal fish (mainly pout and whiting), and cephalopods to
a lesser extent. Cannibalism accounted for a non-negligible
part of the diet (>5% of ingested biomass). Regarding
isotopic signatures, meagre exhibited values from 14.3%o to
16.8%c for 3'°N and from —18.7%0 to —15.8%c for 3'°C
(corresponding to preservation-corrected values ranging
from 13.7%o to 16.4%0 for 8"°N and from —19.1%0 to
—15.7%o0 for 613C), which is characteristic of organisms from
marine environment rather than fluvial-estuarine environ-
ment in the Bay of Biscay (Chouvelon et al., 2012; Pasquaud
et al., 2008). Prey type preferences as revealed by stomach
content analysis were supported by mean dietary contribution
values proposed by isotopic mixing modelling, despite a low
number of individuals considered for SIA. Interestingly, STA
and stomach contents analysis showed only a very slight
increase both of ingested prey length and trophic level during
the ontogeny of large meagre after 50cm TL.

Several usual limitations are inherent to stomach and stable
isotope analyses. Firstly, the spatio-temporal design of the
sampling can affect the representativeness of dietary results.
Here, our sampling covered two different years and all seasons
although spring was over-represented. Sampling size limita-
tion is often inherent to dietary investigation of marine top-
predators and an extensive collection of samples is often
impossible in a realistic period of time. Our sample size was
nevertheless comparable to previous studies conducted on
large piscivorous fish (Mahé et al., 2007; Pusineri et al., 2005;
Spitz et al., 2013). Secondly, stomach content analyses are
based on recovering and identification of undigested remains.
The representativeness of the diet described by stomach
contents analyses is often subjected to the difficulty of
controlling the differential digestion stages of the various
ingested prey (Pierce and Boyle, 1991; Tollit et al., 1997). The
fishing gears (bottom line, trawling net or trammel) can also
induce some selectivity in the fish population sampled, and
hence can affect the stomach content composition. For
example, trawling time can affect the repletion of stomach
contents because digestion processes continue in the trawl and
the capture stress may cause regurgitation (Sutton et al., 2004).
In bottom line, pieces of cephalopods were used as bait which
can select individuals feeding preferentially on cephalopods.
Some sexual dietary differences or segregation in the foraging
strategies of meagre can also exist, notably considering that the
size at first maturity is different according to the sex (60 cm for
males and >80 cm for females; Sourget and Biais, 2009).

Finally, SIA has also its own limitations, particularly
because different prey compositions can lead to same isotopic
signatures in the predator tissues (Bearhop et al., 2004).
Assumptions associated with TEFs also increase the uncer-
tainty in the ability of isotopic mixing modelling to determine
potential dietary contributions (Bond and Diamond, 2011;
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Parnell et al., 2010). Indeed, TEFs may vary with increasing
body mass (age) of individuals (Sweeting et al., 2007a, b)
within a species, but also with food type (composition) or prey
quality (Caut et al., 2009; Vanderklift and Ponsard, 2003).
Despite these limitations, stomach content analysis combined
to isotopic signatures represents a valuable approach to
evaluate quantitatively the prey composition of top predators
(Davis et al., 2012; Polito et al., 2011; Spitz et al., 2013).
Hence, our results appeared to be sufficiently robust and
congruent to describe quantitatively the general patterns of
prey preferences in the diet of commercial-size meagre in the
Bay of Biscay, but the sample size did not allow exploring
possible dietary variation according to sex, depth, season or
area for instance.

4.2 Ontogenic changes

Previous studies on the diet of meagre have been
quantitatively investigated exclusively for young individual
below 26 cm. In the Gironde and Tagus estuaries, Crangon
crangon and Mysidacea were identified as the most important
items for small juvenile meagre. Crustaceans represented more
than 85% of the diet in these studies (Cabral and Ohmert, 2001;
Pasquaud et al., 2008). However, Cabral and Ohmert (2001)
showed that the relative proportion of fish in the diet increased
with the size of juveniles, whereas Quéro and Vayne (1985)
suggested that the diet of large individuals (>27 cm) included
fish species such as clupeiforms, mullets or scads. In the
present study, crustaceans did not constitute a major prey in the
diet of commercial-size meagre, although a non-negligible
contribution of crustaceans to the diet of medium-sized
individuals (36-60 cm TL) was suggested by isotopic mixing
modelling. Thus, our results support the hypothesis that the
feeding behaviour of meagre changes towards a piscivorous
diet during its ontogeny.

The piscivorous diet of commercial-sized meagre
appeared to be relatively stable both in terms of prey
species and prey size despites a 5 fold-range increase in
meagre body size. Nevertheless, larger sample size for
stomach contents might allow detecting some prey species
modifications with increasing adult meagre size. Here, only
isotopic signatures supported that the relative proportion of
fish continued to increase until 60cm-TL. Between the
smallest (36 cm) and the largest individual (130 cm) analysed
for stable isotope ratios, the difference in 3'°N values was
nearly 3%o, which corresponds to less than one trophic level
if we consider the widely used 3.4%c-difference between two
theoretical trophic levels (Post, 2002). More specifically, the
major shift in both 8'°C and 8'°N values occurred between
40 cm-TL and 60 cm-TL individuals; then, isotope values did
not vary greatly among individuals >60 cm TL, indicating no
major shift in the trophic level in adult meagre above this
size. In the Gironde Estuary, mean 3'°N values between 10.5
and 12.5%0 were reported for smaller individuals, i.e.
estuarine juveniles (5-30cm; Pasquaud et al., 2008).
Therefore, despite a low number of individuals analysed,
SIA confirms that the most important dietary changes occur
between the juvenile and adult stages in meagre (i.e. change
from a diet mainly dominated by crustaceans to a diet
dominated by fish), and no further major changes occur in

adult individuals of 60-130cm TL (piscivorous diet, and
relatively constant prey-size range). Similar dietary shifts
from crustaceans to fish have been already documented for
other fish species such as Argyrosomus japonicus (Griffiths,
1997), hake (Mahé et al., 2007) or European sea bass (Spitz
et al., 2013) using stomach content analyses. Furthermore, in
the Bay of Biscay and from SIA in particular, ontogenic
changes were studied for four other predatory fish, i.e. hake,
whiting, horse mackerel Trachurus trachurus and anglerfish
Lophius piscatorius (Chouvelon et al., 2014). Species-
specific feeding strategies with increasing individual sizes
were identified. As direct comparison, the ontogenetic
changes observed here for meagre appear similar to those
described for horse mackerel and anglerfish by Chouvelon
et al. (2014), i.e. occurrence of a major shift in diet/trophic
level between the smallest and medium-sized/pre-adult
individuals, followed by no significant variations in stable
isotope values (and thus, probably similar prey composition
and prey size) above a certain predator size.

4.3 Implications for EAF

Clupeiform fish stocks support an abundant and diverse
top predator community in the Bay of Biscay (Lassalle et al.,
2011). Our results suggested that competitive relationships
can occur between commercial-size meagre and other
predator species such as hake and sea bass, two abundant
commercial high trophic level fish in European Atlantic
waters (Mahé et al., 2007; Spitz et al., 2013), or common
dolphin (Meynier et al., 2008), the most abundant cetacean in
the Bay of Biscay (Laran et al., 2017). Meagre have probably
one of the lowest spawning biomass among this top predator
community, hence this species should be more sensitive to
direct trophic interactions with competitor species which
could limit access to this resource. Moreover, frequent
periods of low anchovy or/and sardine abundance (Petitgas,
2010) could exacerbate competition within the top predator
community in the Bay of Biscay, and consequently impact
meagre population dynamics.

Conversely, large abundance increases of the meagre
population intensify the predation pressure exerted on these
small pelagic fish. Hence, variations of meagre abundance
could be an additional top-down control affecting the
dynamics of clupeiform fish stocks and it might delay their
recovery from low abundance levels.

However, the respective influence of prey and predators on
population dynamics of other species is hard to disentangle
without data allowing a modelling of species interactions, but
these trophic interactions can have important socio-economic
and management implications. Understanding and modelling
trophic controls impacting aquatic living resources and fishery
economics are therefore required to properly implement an
EAF, and ultimately ensure long-term sustainability of marine
ecosystems.

Supplementary Material

The Supplementary Material is available at http://www.alr-
journal.org/10.1051/alr/2017004/olm.
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