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Abstract: European sardine Sgrdina pilchardus) and European anchovyErfgraulis
encrasicolus) are two species of economical and ecological significance in the Bay of Biscay
(north-east Atlantic). However, the trophic ecology of both species is still poorly known in the
area, and more generally, few studies have considered the potential trophic overlap between
sardines and anchovies worldwide. This study aims to highlight the trophic links between the
mesozooplankton and adults of these two pelagic fish in the Bay of Biscay, through carbon
and nitrogen stable isotopes analysis (SIA). Mesozooplankton and individuals of sardines and
anchovies were collected during one season (spring 2010), over spatially contrastesl station
within the study area. First, the potential effect of preservation (etanfseezing) and of
delipidation (by cyclohexane) on mesozooplankton 83C and 5'°N values was assessed.
Results demonstrated the necessity to correct for the preservation effect and fanliprdsc

in mesozooplankton for further analyses of sardiags anchovies’ diet through SIA. Next,

this study highlighted the interest of working on identified mesozooplanktonic organisms
instead of undetermined assemblages when unravelling food sources of planktivorous fish
using stable isotopes. The inter-specific variability of isotope values within a planktonic
assemblage was effectively high, probably depending on the various feeding behaviours that
can occur among mesozooplankton species. Intra-specific variability was also significant and
related to the spatial variations of baseline signatures in the area. To investigate the foraging
areas and potential diet overlap®fpilchardus andE. encrasicolus, mixing models (SIAR)

were applied. Both fish species appeared to feed mainly in the neritic waters of the Bay of
Biscay in spring and to select mainly small- to medium-sized copepodsAfargia sp.,

Temora sp). However,E. encrasicolus showed a greater trophic plasticity by foraging more
offshore and on a wider range of prey sizes, wBil@ilchardus seemed more limited to
coastal areas and the mesozooplanktonic species of these waters for feeding.

Keywords: plankton preservation, plankton delipidation, pelagic fish, trophic interactions,

spatial variability, isotopic mixing model

Highlights:
- Mesozooplankton, sardines and anchovies were analysed for stable isotope values.
- The preservation method and lipid extraction affected isotopic ratios in plankton.
- Size-related and spatial variability wdlues in plankton was highly significant.
- Mixing models were applied to investigate the trophic overlap of both fish species.
- Anchovies showed a greater trophic plasticity for both prey size and feeding areas.



1. Introduction

The Bay of Biscay is a highly productive fishing ground, notably for Spanish and French
commercial fisheries, due to the high diversity and abundance of marine species (Certain et
al., 2008; Spitz and Quéro, 2008; Trenkel et al., 2009). Many species are targeted, seich as th
European hakeMerluccius merluccius), the common soleSlea solea), the Norway lobster
(Nephrops norvegicus) and the anglerfish Lophius sp.). European sardineSafdina
pilchardus) and European anchovyErjgraulis encrasicolus) fisheries are also of major
importance (e.g., Coiffec et al., 2006; Uriarte et al., 1996). However, no quota exists in this
region for sardine yet, despite a known decrease in the number of catch (OSPAR, 2010). On
the other hand, a decrease in anchovy stocks during the years 2000 led to the closing of its
fishery in 2005. The moratorium ended in 2010, and finally resulted in the instauration of
guotas for this species (ICES, 2010ab). In order to prevent adult and juvenile sardines and
anchovies from an irreversible decline, a continuous monitoring of these small pelagic fish is
necessary. Indeed, sardines and anchovies are not only economically but also ecologically
significant, as they are key prey species for a great number of predators such as toe comm

dolphin Oelphinus delphis) or the northern gannavprus bassanus) (Certain et al., 2011).

The comprehension of recruitment processes is the cornerstone of a sustainable fishery
management, even if it is facing a strong lack of knowledge. One of the aspects that could
influence recruitment is the trophic ecology of species. Hence, it is necessary to rdigphe

connection between resources (mesozooplankton, i.e., zooplankton between 0.2 and 2mm)
and planktivorous fish (here, sardines and anchovies) that feed on varying planktonic species
but mostly on mesozooplankton and more specifically on copepods (e.g., James, 1988;
Plounevez and Champalbert, 1999; Raab et al., 2011; Van der Lingen et al., 2006, 2009).

Indeed, even though sardines are morphologically better suited to capture smaller particles



than anchovies (e.g., Blaxter and Hunter, 1982; Garrido et al., 2007; James and Findlay, 1989;
Van der Lingen, 1994), phytoplankton that can be found in both sardine and anchovy
stomachs may be accidental (e.g., Bode et al., 2004; Cunha et al., 2005; Van der Lingen,
1994), and/or does not contribute significantly to the bulk of the dietary carbon in adults (e.qg.,
Nikolioudakis et al., 2012a). However, some authors have suggested that some essential fatty
acids originating from phytoplankton could have a strong impact on reproduction success for
sardines (Garrido et al., 2008). On the other hand, inadequate sampling and analytical
strategies could also be the origin of misleading interpretations stating that these fish can
select phytoplankton as a dietary item (James, 1988). Thus, the trophic links within plankton

and between plankton and planktivorous fish are not clearly established yet.

One of the problems in the study of pelagic trophic links lies in the diffiafliybserving

direct interactions between organisms, due to the environment (open water) and the small size
of plankton. This latter fact induces another difficulty when studying the stomach contents of
planktivorous fish: zooplankton and phytoplankton organisms are sometimes difficult to
identify because of their size (James, 1988). These time-consuming analyses may also
underestimate some prey species, due to differential digestion rates in fish digestive tracts
(Gannon, 1976). Besides, this technique only considers the last food intake, which can be
problematic when focusing on long-term feeding behaviours. Therefore, the application of the
stable isotopes method offers the possibility of investigating the trophic organisation in a
pelagic food web over a relatively long period of time. Indeed, stable isotope ratios generally
vary little between those of the primary producers of the local food chain or a prey, and those
of the consumers (<1%o) (De Niro and Epstein, 1978; Hobson, 1999). In contrast, consumers

are enriched if°N relative to their food (heveen 2.5 and 5%o) (De Niro and Epstein, 1981;

Vanderklift and Ponsard, 2003). Specifically, stable isotope ratios of cashi®) @re thus

commonly used as indicators of the feeding area of consumers, as'tesignaturesa



priori reflect those of the primary producers at the base of a specific food chain (due to low
enrichment in*C along food chains); stable isotope ratios of nitrogeiNj are more used as
indicators of the relative trophic level (Minagawa and Wada, 1984; Montoya, 2007; Peterson

and Fry, 1987).

To our knowledge, many studies made relatively large size classes or use great taxon
assemblages to explore zooplankton’s isotope values (e.g., Bode et al., 2004; Bode and
Alvarez-Ossorio, 2004; Schell et al., 1998). However, this can be the origin of confusion and
imprecision when analysing trophic interactions within a pelagic food web due to the high
variability of 5*C and8™N values in the planktonic compartment, even for similar-sized
organisms (e.g., Bode et al., 2007). Moreover, few studies have attempted to evaluate the
potential effect of preservation on zooplankton’s §°C and "N values (e.g., Feuchtmayr and
Grey, 2003). For instance, these authors found no significant differenéé®bwalues of
zooplankton preserved by freezing relative to zooplankton preserved in ethanol, and only a
small difference fors'®C values. In fact, most studies on the potential effect of the
preservation method generally focused on specific tissues of larger organisms (e.g., fish and
molluscs). There is generally a trend to an increasé ¥ and 5N values for tissues
preserved in ethanol relative to frozen material, notably for fat tissues (Kaehler and
Pakhomov, 2001; Sarakinos et al., 2002; Sweeting et al., 2004). Besides this, few studies are
available concerning the necessity or not to proceed to delipidation (i.e., lipid extraction)
before stable isotopes analysis (SIA) of zooplankton (e.g., Smyntek et al., 2007). Lipids are
effectively highly depleted if°C relative to other tissue components (De Niro and Epstein,
1977), and it is thus important to account for lipids when comparing species or individuals
with variable lipid content (Post et al., 2007). In fact, some corrections exist in the literature to
deal with the lipid contents of organisms (e.g., Post et al., 2007), and notably for plankton

using the C/N ratio of bulk samples analysed (e.g., Smyntek et al., 2007). Indeed, fds,anima



the C/N ratio is generally a strong predictor of lipid content (Post et al., 2007). However, these
corrections generally do not apply to samples that have been chemically preserved in ethanol
or formalin (Post et al., 2007), which are generally the preservation methods used for plankton
to allow further work in the laboratory. Indeed, the linear relationship between bulk C/N and
ASC (=8"C gelipidated sample 8"°C buik sampiy NOrmally used for mathematical correction may

not be linear, due to the previous effects of preservation (Post et al., 2007).

In this context, the purpose of this study is twofold: 1) assessing potential effects of the
preservation method (ethanals. freezing) and of delipidation (by cyclohexane) on
mesozoopinkton’s stable isotopes values for further correction of values if necessary; 2)
determining the links between plankton-eating fish (i.e., sardines and anchovies) and
mesozooplankton in the Bay of Biscay, while highlighting potential preferential feeding areas.
For these purposes, the SIA of fish and prey samples (i.e., mesozooplanktonic species
analysed separately) were performed and mixing models were applied. The latter émé a use
tool to assess the proportional contribution of sources in a predator’s diet (Parnell et al., 2010;

Phillips, 2001).

2. Materials and methods

2.1 Data collection, taxonomic determination and sample preparation

Mesozooplankton and fish samples were collected in spring 2010 during the PELGAS 2010
survey (28 Aprii — 5™ June) conducted by Institut Francais de Recherche pour
I’Exploitation de la Mer (IFREMER), on the continental shelf to the shelf-edge of the Bay of
Biscay. Plankton was collected during the night by vertical trawls of 200um mesh-size WP2

nets, from 100m depth (or bottom depth for near-shore stations) to the surface.



For this study, 13 stations were selected, along five transects, from the north to the south of
the Bay of Biscay and from the coastline (C) to the continental slope (Sl) including stations
over the continental shelf (Sh) (Fig. 1). For each station, two mesozooplankton samples were
collected together and concentrated on a 200um mesh for subsequent stable isotope analysis:
one was slightly rinsed with distilled water and immediately frozen at -20°C, and one was
preserved in 70% ethanol. The latter sample was used for sorting and taxonomic
identification, carried out with a Leica M3Z stereo microscope (x65 to x160 magnification) to
genus and species whenever possible. The relative abundance (in %) of each identified taxa to
the total abundance in number (individual$) emd in biomass (mg. Hhwas determined. For

the relative abundance in number, the number of organisms belonging to each identified taxa
was reported to the total number of organisms. For the relative abundance in biomass, the
biomass of each identified taxa in the sample was first estimated from the formula reported by
Richardson et al. (2006) for zooplankton, and derived from the allometric relationships by

Peters (1983):

2.1 %

BiomasSentified txa (Mg. M) = (0.08*(L identified taxa(MM)) abundance in NUMb@&kntified taxa

(individuals. )

with L igentified taxaCOrresponding to the average size (total body length, L) of the identified
taxa. Such species sizes were mainly taken from Rose (1933) and Richardson et al. (2006),

especially for copepod species.

This biomass calculated for each identified taxa was finally reported to the total biomass (with
total biomass = > (Biomass igentified taxd) 10 g€t the relative abundance (in %) of identified taxa

in biomass (Table 1).

For each station, within the 70% ethanol sample of mesozooplankton, identified taxa

contributing at least to 5% of the total abundance of the sample both in number and in



biomass (i.e., “dominant species”), and likely to be part of sardines’ and anchovies’ diet

(i.e., species that may be found in stomach contents of anchovies from the Bay of Biscay area
as reported by Plounevez and Champalbert, 1999) were sorted. These “dominant species”

were finally analysed for their stable isotope ratios (see Tables 1 and 2). Indeed, it has been
proven that the diet and the food consumption of sardines and anchovies are strongly
dependent on prey density and/or availability (e.g., Costalago et al., 2012; Nikolioudakis et

al., 2012b). However, to avoid an underestimation of small species in the diet of planktivorous

fish, some species particularly abundant in number and thus contributing to more than 10% to
the total abundance in number (but not in biomass because of their small size) have been
analysed and included in the models as well. This was the case of copepod nauplii in station

C1, and ofOithona sp. in stations SI1 and SI3 (Table 1).

In order to compare isotope valugés*C and5™N) between northern and southern areas or
between coastal and oceanic stations, the copepod s@ataess helgolandicus andAcartia
sp. were considered. Indeed, these species were sampled in the various areas of concern in the

Bay of Biscay (Table 2) to evaluate spatial differences.

20 to 350 individuals (depending on the species’ size) belonging to each dominant species

were taken out of the ethanol and carefully washed with distilled water in order to completely
remove the ethanol and/or dead organic matter and phytoplankton. On average, 200 to 350
individuals per station were sorted for small species (e.g., individu&sttwina sp.) with a

size generally lower than 1.0mm; between 50 and 200 organisms were sorted for species with
individuals between 1.0 and 2.0mm (eBmora sp.); finally, less than 50 organisms were

sorted for analysing species with individuals larger than 2.0mm (e.g. Qahgigolandicus).

Sorted and washed organisms were finally stored frozen (-80°C, 48h) before being freeze-

dried (24h). A pool of individuals for each species sorted by station was then packed into two



tin-capsules for stable isotope analysis (i.e., half of the sorted organisms within each capsule)
in order to assess any kind of variation in #C and™N values of samples. Two tin-
capsules were also made for mesozooplanktonic assemblages (previously ground manually
and reduced to a fine powder). Plankton samples were not acidified to remove carbonates
because too little matter was available and because a similar study did not find any significant
changes in the relative abundancea and'°N before and after acidification (Bode et al.,

2004).

Adult sardines and anchovies were collected during the daylight period around transects using
pelagic trawls when shoals were detected with on-board acoustic instruments. Individuals
were collected in eight trawls for sardine and sewawls for anchovy over the continental

shelf (Fig. 1). In some trawls both species occurrédwever this does not indicate that they
come from the same shoal given the duration of each trawl (between half an hour and one
hour). Fish were immediately stored frozen at -20°C until further dissection and analyses. 40
sardines and 34 anchovies of similar size classes (average total length of 17.3 = 2.6 cm and
14.6 £ 1.8 cm for sardines and anchovies, respectively) were finally defrosted and dissected at
the laboratory to obtain portions of dorsal white muscle (Pinnegar and Polunin, 1999).
Samples were then washed with distilled water and individually stored frozen at -20°C in
plastic bags prior to a 72h freeze-drying period. White muscles were ground manually or with
a planetary ball mill (Retsch PM 200). They were treated with cyclohexane as described by
Chouvelon et al. (2011) in order to remove naturatBrdepleted lipids (De Niro and Epstein,
1977). Cyclohexane is a non-chlorinated solvent with low toxicity that allows for a rapid
extraction of total lipids in tissues of marine organisms (Smedes, 1999). It also presents the
advantage of not impacting upon isotope values (notdbly values), as can the more

commonly used chloroform-methanol or dichloromethane-methanol mixtures (e.g., Post et al.,



2007; Schlechtriem et al., 2003). Delipidated (i.e., lipid-free) samples were finally dried in an

oven at 45°C for 48h and then packed in tin-capsules.

2.2 Assessment of preservation and delipidation effects on mesozooplankton isotope

values

As different methods of preservation were used for predators (fish frozen at -20°C) and for
prey (plankton preserved on board in 70% ethanol for practical reasons, i.e., minimal time and
difficulty of direct sorting on board and freezing), supplemental mesozooplanktonic material
was collected in 2012 during a cruise (PELGAS 2012) to assess the potential effect of
preservation on th&>C and§*N values of whole mesozooplankton assemblages. For each of
the 12 stations randomly selected in the Bay of Biscay area for this purpose (i.e., in the
northern and southern part, from coastal to oceanic waters and over the continental shelf), two
mesozooplankton samples were collected and preserved following the same protocol than in
2010. Back at the laboratory, the ethanol sample was treated in the same way as sorted
mesozooplanktonic organisms in 2010, and after freeze-drying both samples (frozen and
ethanol-preserved samples) were finally ground into a fine powder until further isotopic

analyses. Time of storage of these samples was of 3 months.

As predators (fish) were delipidated with cyclohexane but prey were not (plankton were
analysed directly for practical reasons, i.e., the avoidance of a loss of matter loémak
guantities), the supplemental mesozooplanktonic material collected in 2012 was also used to
assess for a potential effect of delipidation (with cyclohexane) odtiBeandd™N values of

whole mesozooplankton assemblages. Indeed, some planktonic species (e.g.,

C. helgolandicus) may present considerable amounts of lipids in their tissues and empirical

1C



corrections for lipids are thus proposed in the literature for aquatic zooplankton (e.g.,
Smyntek et al. 2007). However, these corrections are based on lipid extraction using other
solvents than cyclohexane (e.g., chloroform-methanol mixtures). For greater consistency with
the organisms studied in the area and the method used for lipid extraction in predators
(i.e., cyclohexane), we thus used the parameters of regression that had been obtained for
further correction of3**C and "N values of our planktonic samples (see section 3.1).
However, we also previously investigated the potential of C/N ratios of untreated samples as a
potentially good predictor of observed changes in isotope values when lipids are removed. To
this end, the relationships between C/N ratios of untreated sample (proxy of lipid content) and
mean difference iB°C ands™N values (absolute value) between delipidated and untreated
samples were analysed for mesozooplanktonic assemblages and the copepod species

C. helgolandicus sampled in 2010.

2.3 Stableisotope analysis

The natural abundance of carbon and nitrogen stable isotopes in plankton and fish was
determined with a Thermo Scientific Delta V Advantage mass spectrometer coupled to a
Thermo Scientific Flash EA1112 elemental analyser. Results are expressed as isotope ratios
0X (%o) relative to international standards (Pee Dee Belemnite for carbon and atmospheric N

for nitrogen), according to the formula:

dX=[( Rsample/ Rstandard) — 1] * 10°

where X =*C or N and R ='C/*°C or ™N/*N (Peterson and Fry, 1987). Replicate
measurements of internal laboratory standards (acetanilide) indicated a precision of

approximately 0.2%o for both §*°C ands™N values.
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2.4 Statistical analyses

All analyses were conducted with the R software (R Development Team, 2011). Normality of
mesozooplankton or fist**C and&'™N values was tested using ShapWalk’s test prior to
statistical analyses, i.e., for further use of parametric or non-parametric statistics when
comparing two series of samples.

First, the difference i8*C and&8™N values between the two tin-capsules made for sorted
mesozooplanktonic organisms (i.e., entities « species-station ») or for mesozoplanktonic
assemblages was tested by a Student t-test for paired samples. The relationships between both
replicateswere closeto-one relationships both for identified organisms and for assemblages
(Fig. 2). The difference was not significant in both cases (p = 0.567 and p = 0.GB&Cfor
and&™N values, respectively) and was below the analytical error@i28y) of the Elemental
Analyserisotopic Ratio Mass Spectrometer (absolute mean of the difference = 0.01%o0 for

813C, 0.08%o for 5'°N). Therefore, for each sample (i.e., entitgpecies-station »), the mean

value of the two capsules has been used in further data analyses.

To assess for the effects of preservation and delipidation, a Pearson correlation coefficient was
used to compard™*C and5™N values between frozen and 70% ethanol mesozooplanktonic
bulk samples, and between frozen preserved bulk samples and frozen preserved delipidated
samples. A linear regression was applied for the relationship between samples, and Student t-
tests for paired samples were used to assess for the effects of preservation and delipidation.
Finally, depending on conditions satisfied for parametric statistics or not, Student’s or
Wilcoxon’s tests were used to compare mean 8"°C and&'°N values between northern and
southern fish (i.e., transects T1 and T2 for plankton are considered to be in the northern area,
while transects T3 to T5 are considered to be in the southern area, the Gironde’s river plume

being judged as a pot#i physical barrier to plankton’s spreading; Fig. 1).
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To account for the many potential prey items in the diets of sardine and anchovy, for the wide
variability in the 8°C and "N values of sources, and for the uncertainty in Trophic
Enrichment Factar(TEFs) (i.e., difference (A) of §°C or 8*°N between the predator’s tissue
analysed and its diet), Bayesian isotopic mixing models were used (available as an open
source R package SIAR Stable Isotope Analyses in R; Parnell et al., 2010). This program
uses Markov Chain Monte Carlo (MCMC) and Dirichlet prior distribution to fit a Bayesian
model of a species’ dietary habits, based on 8°C and&™N values of individuals of the species.

By default, MCMC was run for 500,000 iterations, discarding the first 50,000 to avoid poor

starting values and keeping every 15 iterations to reduce the sample autocorrelation.

One to four « dominant species » were analysed for stable isotope ratios for each of the 13
stations sampled (Table 1). As it is not possible to include too many sources in a mixing

model (Philips et al., 2005), the 34 entities « species-station » (i.e., potential prey) finally

analysed for isotopes were thus grouped prior to running SIAR. This grouping was performed

through a Hierarchical Cluster Analysis (HCA), basedti& andd™N values, average size

of organisms, and geographical coordinates of each entity « species-station »dafualyse

isotopes ratios. The groups defined by HCA were finally used for mixing modelling (Table 3).

Finally, to the best of our knowledge, precise TEFs are unknown for either plankton-feeding
fish species studied here (i.e., sardines and anchovies). There is also increasing evidence in
the literature that TEFs may be highly variable as a function of the consumer’s taxa or as a

function of the type and the quality of the consumer’s food (e.g., Caut et al., 2009; Vanderklift

and Ponsard, 2003), and even Bayesian models outputs may be very sensitive to the chosen
TEFs (e.g., Bond and Diamond, 2011). Therefore, to apply sensitivity analyses on the results
obtained in the present study, four mixing models by species were run using four very

different values of TEFs found in the literature for b&tfC ands'°N (Post, 2002, for general

13



values in food webs; Pinnegar and Polunin, 1999; Sweeting et al. 2007ab and Trueman et al.,
2005 for fish muscle in particular; see Table 4 for the detailed TEFs used). The variability
around 8"°C and 8N values of each source taken into account in the mixing models
corresponded to the standard deviation around the mean of each source group (i.e., SD given

in Table 3).

3. Results

3.1 Effectsof preservation and delipidation in assemblages of mesozooplankton

The relationships between C/N ratios of untreated sample and mean differéiid@ and
8N values (absolute value) between delipidated and untreated samples did not show any

pattern in the case of mesozooplanktonic assemblages, n@. fwigolandicus samples

(Fig. 3).

A significant effect of the preservation method (storage in 70% etlhanioéezing at -20°C)

was found for both**C and '°N values in mesozooplankton (Student t-tests for paired
samples, p < 0.001 in both cases). Also, the Pearson correlation coefficient between frozen
and 70% ethanol mesozooplanktonic bulk samples was highly significant for both elements
(R? = 0.951 and R= 0.952 for5**C ands'°N, respectively, both p < 0.001). There was a clear
trend towards highes'*C and5™N values when mesozooplanktonic samples were preserved

in 70% ethanol relative to frozen preserved material (Fig. 4). The mean difference between
values of ethanol-preserved samples and those of fiazetrved samples was of 0.9%o for

8C and 0.7% for 8"°N. The &°C and 8N values of all mesozooplanktonic organisms
preserved in 70% ethanol were thus corrected to take into account this effect of preservation.

The correction applied followed the parameters of the equation for the corresponding

14



relationships (i.e., the relationship between frozen and 70% ethanol mesozooplanktonic bulk

samples; Fig. 4):

13 — (13
e 6°C preservation corrected (By (8 C 70% ethanol preservednalysed by mass spectrometd) — 8-18) /1.35

15 — (15
e O°N preservation correcte(B) — (6 N 70% ethanol preservednalysed by mass spectromefd) — 1-23) /0.92

A significant effect of the delipidation by cyclohexane was also found for&dthands™N

values in mesozooplankton (Student t-tests for paired samples, p < 0.001 and p = 0.005 for
§3C and&™N, respectively). The Pearson correlation coefficient between frozen preserved
bulk samples and frozen preserved delipidated samples was very high and significant for both
elements (R= 0.889 and R= 0.994 for3**C and8'N, respectively, both p < 0.001). There

was a trend towards highét*C values when mesozooplanktonic samples were delipidated
relative to bulk material (Fig. 4)nd the mean difference was of 0.7%o. Although significant,

the mean difference was only of 0.1%. for 8"°N (i.e., lower than the analytical error of the
analyser of about 0.2%o0) and there was no clear trend, as values were very close to the
correspondence 1:1 line (Fig. 4). Thus, oBl§C values were then corrected for the lipid
effect, following the parameters of the equation for the corresponding relationships (i.e.,
relationship between frozen preserved bulk samples and frozen preserved delipidated

samples; Fig. 4), also taking into account the preservation effect:

13 — 13
e 6°C preservation and delipidation corrected @)(0-76 *$°C preservation corrected (E)_ 4.16

§13C andd™N values of all sorted mesozooplanktonic organisms analysed and further used in
tatistical anal thug'*C i ipidati | ds"°N -

statistical analyses were - C preservation and delipidation corrected (¢RUUES an preservation

comrected () Values.3™°C values of undetermined assemblages analysed for comparison with

values of sorted organisms within a station were aotyected for the lipid effect, as they
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were stored frozen. Corrected values were also used in the mixing models to keep the

preservation method and the treatment for lipid effect consistent between prey and predators.

3.2 Mesozooplanktonic assemblages: taxonomic identification and 6-C and 6N values

of undetermined assemblages relative to sorted organisms

Taxonomic assemblages observed during this study highlighted that in the Bay of-Bacay
least in spring 2010- oceanic stations are characterised by the large copepod species
C. helgolandicus, while the smaller copepofemora sp. characterises coastal stations (Table

1). Shelf stations usually displayed a mixing of coastal and oceanic species. Most of the
identified dominant species were quite common and could be found in the north as well as in
the south of the Bay of Biscay (Table 1). Finally, some genus or specidgdikea sp. were

found in coastal but also in oceanic zones, notably in the south of the Bay of Biscay.

To compare 8°°C and "N values of undetermined assemblages relative to those of sorted
organisms within a station (Fig. 5), only stations where copepods represented > 90% of the

total abundance both in number and biomass, and wherein at least three dominant species of
copepods representing > 90% of the copepod abundance in biomass were analysed for isotope

ratios, were selected (i.e., in Table 1: stations Sl1, SI3 and Sl4). As such, undetermined
assemblages generally presented intermediate isotope values between the lowest and the
highest 813C and 5™°N values of the sorted copepods within a station. 813C and 8™°N values of
undetermined assemblages did not reflect the high diversity of isotope values of the dominant

species analysed within a station (Fig. 5).
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3.3 Intra-station variability of mesozooplankton 6-C and 6N values

Within each station, isotope ratios of dominant species were distinct, regardless of the
location (north or south, coast or slope). Fig. 4 illustrates this phenomenon for five stations
taken as examples for clarity reasons, although similar patterns could be observed for other
stations of this study. Thus, for the offshore station SlI1, there was a 2.9%o difference between

the lowest™N value Qithona sp. with 3.5%o) and the highest (C. helgolandicus with 6.4%o).
Intermediate values were displayed by the undetermined species of Calanoid (4.4%o). A same

pattern could be noticed for the offshore station SI3 with a 3.4%o difference between the
lowestd™N value Qithona sp. with 3.2%o) and the highest C. helgolandicus with 6.6%o), the
undetermined species of Calanoid preserdgimmtermediated™N value (4.6%o).

8'*C values were generally less variable (Fig. 4). The highest magnitude was found within
station Sh5 (not shown), with values comprised betwé@r%. (Temora sp.) and 20.9%o

(undetermined Calanoid).

3.4 Intra-specific spatial variability of mesozooplankton §C and 6°N values

The variability in isotope values within the two species revealed differences between the
northern and southern areas on the one hand @itielgolandicus sampled in offshore
stations), and differences between the coast and slope on the other hanéicéniith sp.
sampled both near the coast and near the slope in the southern area) &yl @lues of

C. helgolandicus displayed a relatively low variation between north and south, with the
smallest value belonging to station Sl1 (north, 6.4%0) and the highest value for station Sl4

(south, 7.3%0). However, 513C values showed a higher variation from the north to thensout

17



for this species. The smallest value appeared for station SI3 (s2u#¥%0) and the highest

for SI2 (north, 19.7%o), corresponding to a 2.5%o variation.

8'*C values ofAcartia sp. did not vary much from the coast to the slope along transect 4 (-
20.3%o for C4, against20.9%o for S14), even if a slightly lower value could be noticed for the
offshore station (Sl4). As f&#°N values, the range of variation was more important, varying

from 6.0%o for S14 (slope) to 8.6% for C4 (coast) (Fig. 6).

3.5 Mesozooplanktonic prey groups

The HCA performed o'°C and3™N values, average size of organisms and geographical
coordinates of each entity « species-station » analysed for isotopes ratios defined eight groups
of mesozooplanktonic prey (Fig. 7) which were then used in isotopic models. These groups
were in accordance with the general patterns of variability of isotopes values previously found
for mesozooplankton, thus respecting a certain ecological significance for further

interpretations of the results of isotopic models (Tables 3 and 4).

3.6 Variability of sardine and anchovy 6°C and 6™N values

8N values of anchovies caught in the north were not significantly different to those of
anchovies caught in the south (Fig. 8; Student t-test, p = 0.19). The same statement could be
made ford**C values (Wilcoxon test, p = 0.23). Also, no significant difference was observed
for the5'C ands™N values between northern and southern sardines (Student t-tests, p = 0.09
and p = 0.37, respectively). As a consequence, no distinction was then made between northern
and southern individuals for both species. The avef&igeands™N values were respectively

of -18.4 £ 0.4%o and 9.8 + 0.6%o for anchovy and —17.8 & 0.3%o and 10.9 = 0.5%o for sardine

18



(Table 2). These values were significantly different between the two species (Student t-test

and Wilcoxon test fo8**C andd™N values respectively, both p < 0.001).

3.7 Prey-predator relationships

An average value for the estimated contribution of each group of mesozooplanktonic prey was
calculated, from the four mixing models applied with the different TEFs (Table 4). For

S pilchardus, it appeared that this predator preferentially consumes two to three
mesozooplankton groups (i.e., groups whose estimated contribution in the diet is > 10% on
average), whatever the TEFs used. The first two groups (groups 4 and 8) corresponded to
small- to medium-sized organisms (e.g., copepAdartia sp., Temora sp.) from neritic

waters of the Bay of Biscay, i.e., from the coast to the shelf in the northern part (group 4) as
well as from the coast to the shelf in the central to southern part (group 8), with an average
contribution given by the four models of 28.9 + 9.6% and 43.7 £ 5.9%, respectively (Table 4).
The third group with an average contribution > 10% (group 5: 14.7 + 9.5%) corresponded to

large organisms (i.ethe copepodC. helgolandicus) from the shelf to the slope in the northern

part of the Bay of Biscay, but its contribution to the diet of sardines was highly dependent of
the TEF used (Table 4).

In the case of anchovies, several mesozooplaikignoups (five out of the eight defined)

were identified as main contributors by mixing models (t@ntribution > 10% on average).

The same three groups as for sardines slightly stand out from the others: the groups 4, 5 and 8
with average estimated contributions in the diet of anchovy of 19.3 + 7.7%, 17.6 = 10.0% and
22.3 £ 7.7%, respectively. There was a quite high variability of contribution values for the

different groups in anchovies, depending on the TEFs used (Table 4).
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4. Discussion

In the French part of the Bay of Biscay, published data on the diet of sardine and anchovy
and small pelagic planktivorous species in generare very scarce, especially stomach
contents data (e.g., Plounevez and Champalbert, 1999). More generally in European waters,
these studies are scarce and generally focused on one species at a time (e.g., Bacha and
Amara, 2009; Borme et al., 2009; Cunha et al., 2005; Garrido et al., 2007, 2008;
Nikolioudakis et al., 2012ab; Raab et al., 2011; Sever et al., 2005). For the first time, this
study investigated the trophic ecology of both species simultaneously through stable isotopes
analysis in the Bay of Biscay area, also exploring the variability of isotope values that may
occur in the mesozooplanktonic prey (inter-specific and spatial variations in particular) to

better interpret isotope values of fish, and to run more effective mixing models.

4.1 Analysing stableisotopes in mesozooplankton

First, this study showed how preservation and lipid-correction methods (i.e., delipidation)
might have an impact when conducting SIA in mesozooplankton for studying pelagic trophic
relationships. Very few studies have effectively investigated the effect of preservation on
planktonic organisms before (e.g., Feuchtmayr and Grey, 2003), and studies avail@ide on t
topic generally focus on specific tissues of larger organisms (e.g., Kaehler and Pakhomov,
2001; Sarakinos et al., 2002; Sweeting et al.,, 2004). Results obtained here for
mesozooplanktdn assemblages highlight a clear and predictable trend to incréggednd

8'°N values of mesozooplankton when preserved in 70% ethanol relative to frozen samples.
We thus propose that the relationships used here (Fig. 3) may be used to5ti@rands™N

values of marine temperate mesozooplankton from the effect of a 70% ethanol preservation.
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This is valuable even when the time of preservation is relatively short (i.e., some months, as
undergone for the samples tested in this study). Due to technical reasons in the field, the
identification, sorting and freezing of mesozooplankton directly after sampling (i.e., on board)
is effectively very difficult, and a chemical preservation generally has to be tmddeher

work on samples back in the laboratory (and finally, to carry out isotopic analyses).

The delipidation of samples is generally recommended in the literature to avoid an effect of
lipids on&™C values (Post et al., 2007). Lipids are effectively considerably depleté@ in
relative to other tissue components (e.g., De Niro and Epstein, 1977). Differences of lipid
burden may thus constrain the comparison of isotopic data between individuals and/or species
with very different fat contents. Also, the delipidation of samples has to be applied to all
organisms used in analyses (including predators, prey and baseline organisms) for estimating
diet source for example (Post et al., 2007). This is often done with chloroform-methanol or
dichloromethane-methanol mixtures. However, these methods are still discussed in the
literature as they can impaét®N values (e.g., Murry et al., 2006; Post et al., 2007;
Sotiropoulos et al., 2004), because these solvents are not specific for lipids and may also
extract nitrogen compounds (Radin, 1981). We thus used cyclohexane to delipidate fish
muscle samples, as it is a non-chlorinated solvent with low toxicity that allows for a rapid
extraction of total lipids in tissues of marine organisms (Smedes, 1999). Also, internal
laboratory experiments still in progress suggest that cyclohexane significantly affiets
values of fat muscle samples only (i.e., samples with bulk C/N > 3.5; Post et al., 2007)
without affectingd*N values (Chouvelon et al., unpublished data). However, due to practical
reasons (i.e., the possible loss of matter and low quantities of matter), delipidation was not
possible on sorted mesozooplanktonic organisms analysed in this study. For the first time to
the best of our knowledge, the results obtained here for mesozooplanatsemblages

highlight a clear and predictable trend to increas€@ values of mesozooplankton when
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delipidated with cyclohexane, relative to bulk samples (Fig. 4). This confirms the necessity to
correct 3*°C values for lipids in marine temperate mesozooplanktonic organisms also, as
previously suggested in aquatic mesozooplankton in general by Smyntek et al. (2007). The
results also highlighted that cyclohexane is efficient to correct for lipids'¥h values
without affecting8™N values of whole mesozooplanktonic samples (see above), so this
method can be used to delipidate mesozooplaikt@ssemblages. However, when
delipidation is not possible (i.e., on sorted organisms due to low quantity of matter, see
above), we propose that the relationships used here (Fig. 4) may be used tod¢HErect
values of marine temperate mesozooplankton species for lipids. Indeed, all
mesozooplanktonic species of this study (that could not be delipidated) presented bulk C/N
ratios> 3.5 (i.e., high fat contents samples; Post et al., 2007), and all individuals of the
copepodC. helgolandicus analysed even presentC/N ratios> 6.0, for instance. Besides, we
showed that the C/N ratio is not always a good predictor of observed changes in isotope
values when lipids are removed (Fig. 3),ths relationship between bulk C/N and A§™C

(= 8"°C qelipidated sample 8°C bulkiuntreated samplenormally used for mathematical correction (e.g.,
Smyntek et al., 2007) was not linear (Fig. 3); there was thus the need to correct alforalues

lipids for further treatment of the planktonic isotopic data in this study.

Then, this study showed how critical it is to work on identified mesozooplanktonic species or
genus rather than on undetermined mesozooplanktonic assemblages when conducting
advanced investigations on low trophic levels of the pelagic food webs using stable isotopes
(Fig. 5). Indeed, isotopic signatures>C and&™N values) of target planktonic species may

not be well represented when determination of isotope ratios are made on whole
(undetermined) mesozooplankton assemblages, as it is possible to find withiritiaehigh
guantity of phytoplankton (e.gCeratium sp.) or detritical organic matter, especially in

coastal areas. Moreover, autotrophic organisms can agglomerate and fill in planktonic nets,
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hence keeping smaller organisms than required (e.g., nauplii, cladocerans) (e.g., Lefévre,
1946). It is then difficult to assess to what ext8H€ and&'*N values of an undetermined
assemblage may reflect those of the dominant species within this assemblage, even when
these species represent almost the total abundance in biomass of the whole mesozooplankton
assemblage (i.e., > 90% in the case of the three stations presented in Fig. 5). What is certain is
that whole assemblages do not reflect the variability*% ands'°N values existing among

the different dominant species, and for the main purpose of this study (i.e., unravelling
sarding’ and anchows’ diets through SIA) there was above all considerable intareie
intra-station and inter-species variability of mesozooplani&tie and §*°N values. The

results effectively highlight tha**C and&*N values of distinct mesozooplanktonic species

can be really different for a given station (Fig. 5). For instance, a 3.4%o difference in 8N

between the smallest organisi@ithona sp.) and the largestC(helgolandicus) could be
noticed in station SI3. This difference corresponds to one trophic level if we consider the
widely used trophic enrichment factor of 3.4%o between two trophic levels (e.g., De Niro and

Epstein, 1981; Minagawa and Wada, 1984; Post, 2002). However, this value has been set
following studies that mainly focused on vertebrate’s body parts and/or tissues. Crustaceans
seem to have generally lowEN fractionation values than vertebrates (around 2%o vs. 2.5 to

more than 3%o) (Vanderklift and Ponsard, 2003). Thus, the 3.4%o difference in 5N between

these two zooplanktonic species (i@ithona sp. andC. helgolandicus in station SI3) would

in fact correspond to more than one trophic level. These heterogeitéGuEnds™N values

for the different mesozooplanktonic species within the same station point out a great inter-
taxonomic variability in zooplankton fractionation or diets. The latter has already been
detected many times within planktonic organisms and seems particularly influenced by

biological conditions and individual size (e.g., Batten et al., 2001; Hansen et al., 1994;
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Kleppel et al., 1988; Paffenhdfer and Knowles, 1980). It can also be linked to omnivory,

which is usual in copepotbehaviour (e.g., Conley and Turner, 1985; Dam and Lopes, 2003).

4.2 Spatial variability of mesozooplankton signatures

When working on such a great spatial scale as the Bay of Biscay, the geographic area where
the organisms are sampled must also be carefully considered. Indeed, species caught in
coastal zones generally displayed highEcC and3'°N values than those caught in offshore
areas. This is illustrated b&cartia sp. found in two stations of the same transect (Fig. 6).
Despite the short length (around 64 km) between the coastal station (C4) and the offshore one
(S14), a 2.6%o range could be observed for§*°N. Such a gap can be attributed to a different

diet of Acartia sp. between areas or to nitrogen inputs from the land influencing the signature
of coastal organisms. In fact, oceanic food webs generally presentdti@eands™N values

than neritic food webs (Fry, 1988; Kelly, 2000). According to Fry (1988), coastal zones may
effectively face strong nitrogen inputs from the continent that are enricHéd.ifthis author

also stated that th&'°N of a consumer results from a mixture of sources, “isotopically”

distinct, that would bias the trophic level estimations if no distinction between the habitats are
made. As5'°N seems to be higher in coastal copepods than in oceanic ones, nitrogen could
thus, as well as carbon, be used as a chemical marker for tracing the origin of organic matter
(e.g., Chouvelon et al., 2012). However, one should remain careful when considering offshore
systems because the denitrification process could modify the isotope composition of available
nitrate to phytoplankton (for a review on processes affe@iry values from the dissolved
inorganic nitrogen level, see Montoya, 2007). It is then necessary to take into account this

8N inshore-offshore pattern for food web studies (Chouvelon et al., 2012).
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Latitudinal variations in copepod isotope values also seem to exist, notab¥g ferg., Shell

et al., 1998). Indeed, a 2.5%o difference in 8*°C can be noticed foE. helgolandicus between
northern and southern stations (Fig. 6). This result confirms the use of carbon as a tracer of
the food web’s primary producers as previously reported (Hobson and Welch, 1992; Peterson,
1999). Accordingly, this suggests that another distinction must be made when grouping
organisms by distinguishing spatial areas, evera ateso-scale (here the northern and
southern areas for the Bay of Biscay). Finally, as principal energy fluxes in the pelagic food
webs generally occur from the smallest to the biggest organisms (Fenchel, 1988; Hansen et
al., 1994), and because of the high spatial variability of signatures enhanced by this study in
the Bay of Biscay, it was important to keep both spatial and size discriminations for the
grouping of mesozooplanktonic organisms to run SIAR (i.e., coast to slope,vaostiuth,

and small to large organisms), and for further interpretation afitldels’ results.

4.3 |sotope values of small pelagic fish

No spatial pattern was found for European sardfgi({chardus) or for European anchovy

(E. encrasicolus) analysed in this study. Within the same species, no significant difference in
isotopic ratios could be detected between northern and southern fish (Fig. 8). This could be
due to a high mobility o§. pilchardus andE. encrasicolus shown in the Bay of Biscay, which
would homogenise their isotope values. This statement contradicts the results obtained by
Bode et al. (2004) for sardines of the northwestern shelf of the Iberian Peninsula, where adults
seem to experience low mobility between areas. However, in this last area, the continental
shelf is only 25 to 30km wide on average (Fraga, 1981), whereas it can reach almost 200km in
the northern part of the Bay of Biscay. On the other hand, our results could be explained by

the fact that sampling was realised during the breeding period for both species (May-June).
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Spawning areas are essentially located in the south of the Bay of Biscay, at leashdaya
that migrates in these areas in spring, and seasonal migrations have also been reported for
sardine (ICES, 2010b). Thus, population dispersion could occur during this period and fish

captured in a site may not live and feed there the rest of the year.

4.4 Diet and feeding areas of small pelagic fish

Overall, the results of the mixing models emphasise the existence of preferential feeding areas
within each species. They showed that sardines mostly consume coastal and shelf small- to
medium-sized copepods in both northern and southern areas (Table 4). Mixing models also
suggest the possibility for sardines to feed on larger species on the shelf or near the slope, in
the northern part (i.e., group 5). Sakd are generally thought to be “filter-feeding” pelagic

fish (e.g., Garrido et al., 2007; Van der Lingen, 1994; Van der Lingen et al., 2009). Thanks to
their fine branchial apparatus (Van der Lingen et al., 2006), sardines can effectively filter
smaller particles than anchovies (James and Findlay, 1989), like small zooplankton and chain-
forming diatoms (Garrido et al., 2007; Van der Lingen et al., 2009). Here, we only analysed a
certain size class of adults (i.e., individuals of average total length of 17.3 + 2.6 cm) and in
fact, only larger adult sardines (i.e., > 18 cnyuld “filter-feed” more relative to medium-

sized adults we analysed (Bode et al., 2003). Also, most of dietary carbon and/or protein
nitrogen are obtained from zooplanktonic prey and not from phytoplankton in adult sardines
in general (Bode et al.,, 2004; Costalago et al., 2012; Nikolioudakis et al., 2012b; Van der
Lingen, 1994), and the contribution of phytoplankton to sardines’ diet may vary greatly at

small spatial scales and season&lbyrrido et al., 2008). Finally, “particulate-feeding” can

also occur in sardine, when large prey items are available (Garrido et al., 2007), which could

notably explain the contribution of one group with large organisms (group 5). Indeed, in
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sardine, the diet and the food consumption can be highly dependent on food density and/or
availability (e.g., Costalago et al., 2012; Nikolioudakis et al., 2012b).

Similarly to sardine, anchovy seems to mainly feed on small- to medium-sized copepods from
the neritic waters in both northern and southern areas, according to the results of mixing
models (Table 4). This is consistent with some stomach content analyses available in the
literature for anchovy (e.g., Bacha and Amara, 2007; Borme et al., 2009; Plounevez and
Champalbert, 1999; Raab et al., 2011). However, two groups (groups 5 and 6) of larger
organisms (i.e. the copep@l helgolandicus) contributed for more than 10% on average to

the diet of anchovy (Table 4), which corroborates, at least in part, the possible feeding of
anchovy on the largaiize spectrum of available prey as a “particulate-feeder” (Espinoza et

al., 2009; Van der Lingen, 1994), and the fact that this species is probably not a specialist

feeder (Raab et al., 2011).

Thus, there could be some trophic oveligpnveen sardines and anchovies (e.g., Brodeur et

al., 2008), as they both seem to mainly feed in the neritic waters of the Bay of Biscay and on
the same kind of prey (i.e., mainly small- to medium-sized copepods). Mixing models
effectively point out preferential coastal feeding areas (and thus associated planktonic species)
for both species of fish, although slightly spreading out near the slope in anchovies (Table 4).
Moreover for anchovies, groups of larger prey showed a greater contribution to its diet than
for sardines. Sardines and anchovies can feed throughout the year (ICES, 2010b), even during
the breeding period. Hatching areas are mainly located in the central to southern parts of the
Bay of Biscay for anchovy (i.e., Gironde river’s plume), but are not well established for
sardine that could use northern as well as southern areas (Bernal et al., 2007; ICES, 2010a).
Both species show an exploitation of the neritic waters from the central to southern area for
feeding (the prey group 8 presenting an high average contribution in both species). However,

during the PELGAS survey in spring 2010 (samples of this study coming from this survey),
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sardines were largely distributed near the northern coast of the Bay of Biscay, with some
schools found near the southern coast and on the southern shelf also (ICES, 2010a). In
contrast, anchovies were mainly found on the southern shelf (ICES, 2010a). This suggests, at
least for the year 2010, a different exploitation of the Bay of Biscay area by both species for

breeding (ICES, 2010a), as well as for feeding according to the isotopic results of this study.

The significant difference between average sardines and adechidotope values (Fig. 8)
effectively confirms that these species do not feed on the same prey species or in the same
areas. Such significantly lowéf>C and8™N values in anchovy could have been related to

the consumption of lower trophic level organisms, or to more offshore feeding habits.
However, in several cases, anchovies are found to feed at a slightly higher trophic level than
sardines (e.g., Stergiou and Karpouzi, 2002), and specifically in the Bay of Biscay (i.e., data
from Ecopath modelling; Lassalle et al., 2011), which invalidates the first hypothesis.
Moreover, spatial variability 05*°C and&'°N values from the base of the different food webs

in the area (Chouvelon et al., 2012), also shown here with isotope values of

mesozooplanktonic species, likely supports the second hypothesis.

Finally, mixing models revealed a relative specialisation of sardine on small- to medium-sized

organisms from the coast in general, regardless of the TEF used (Table 4). In contrast
anchovy showed a greater trophic plasticity (i.e., no prey group contributing to more than

25% on average when considering the results of the four models run; Table 4), both in terms
of feeding zones and in terms of organisms preyed as the mesozooplanktonic composition
vary between areas (Table 1). Furthermore, we tested whether the results of the mixing
models changed significantly if the values of mesozooplanktonic prey were not corrected for
the lipid effect, but only for the preservation effect. This was not the case, and all of the

general patterns of results described above were kept. Hence, with regard to this study’s

results, one hypothesis is that in order to reduce a negative effect of trophic competition,
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anchovy from the Bay of Biscay further exploits shelf and offshore regions and also larger
prey whereas sardine has a more coastal behaviour. In addition, a temporal segregation could
also be set up, with diurnal or nocturnal hunting (e.g., Tudela et al., 2002; Tudela and
Palomera, 1997). This resource partitioning between sardines and anchovies has effectively
been shown in other marine systems, with sardines being more specialised than anchovies on
small zooplanktonic prey (e.g., Espinoza et al., 2009; Van der Lingen et al., 2006). Finally,
with the stable isotope technique, the information provided is not of taxonomic precision but
more based on the size and on the location of preyed organisms. Only an analysis of stomach
contents might give a taxonomic accuracy of the different prey consumed if this represents the
purpose of a study. Also, alternatives techniques such as amino-acid specific stable nitrogen
isotopic compositions could represent a powerful technique for the precise trophic position

estimations within the pelagic food web (e.g., Hannides et al., 2009).

5. Conclusions

This study first demonstrated that the preservation method of zooplankton can affect both
§1*C and5™N values. However, a correction can be applied to further compare isotopic ratios
with those of plankton-feeders such as small pelagic fish (if preserved differently). Also, we
showed that only one replicate is necessary for the analysis of stable isotope ratios in
identified planktonic organisms (several organisms being pooled in the tin-capsule), as well as
in mesozooplanktonic assemblages (when previously well homogenised by reducing them to a
fine powder). Then, it has been pointed out the interest of working with identified
mesozooplanktonic species, as mesozooplanktonic assemblages may contain species with
various feeding behaviours (i.e., carnivores, omnivores, etc.) leading to considerable

differences i5*°N values of species within the same station. However, as these differences in
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8N values between organisms of a station appeared to be mainly linked to their size (i.e.,
increasing trophic level with increasing organisms’ size within a station), some grouping of
organisms in fine size-classes may be possible (i.e., in the Bay of Biscay, small species
correspond to the copepodsartia sp orOithona sp. for instance, medium species to the
copepodTemora sp. for example, and large species almost exclusively to the copepod
C. helgolandicus). Nevertheless, if such a grouping of organisms, the importance to well
discriminate the areasnotably coastal and offshorehas also been highlighted in this study,

as isotope values of mesozooplanktonic organisms can change greatly according to this spatial
factor. Ascertaining the spatial variability of isotopic signatures from the base of food chains
is effectively of considerable importance, even within the same ecosystem, as this variability
may confound estimated trophic positions of predators (here planktivorous fish). In the light
of this variability in plankton signatures, the feeding behaviour$. gflchardus and E.
encrasicolus were finally investigated through mixing models. These models highlighted a
privileged feeding area located in neritic waters of the Bay of Biscay for both species, which
preferentially looked for small- to medium-sized copepods. However, the trophic plasticity (in
terms of foraging areas and thus, associated prey) would be higher in anchovy, suggesting
some trophic segregation between fish species. In the future, it would be interesting to
investigate potential inter-annual and seasonal variations of the trophic ecology of both
species, and to link these potential variations of diet to potential variations in the

mesozooplanktonic community.
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Table 1: Rdative abundances (in %) of the dominant species agwlfigs 5'°C and§™N

values (i.e., species or groups of species contribtdingore than % to both total abundance

in numberand in biomassand likely to be part of sardines’ and anchovies’ diet; see section

2.1). Some small taxa (i.e., copepod nauplii in Githona sp. in SI1 and SI3) contributing to

more than 10% to the total abundance in number (but not in biomass because of their small
size) have been included and analysed as well (see sectjorT2eltotal contribution of
copepods (in brackets and in %) and of others organisms (i.e., non-copepod fraction) within
each of the 13 stations considered for the study is also indicated. C = Coastal; Sh = Shelf; Sl =
Slope; the number corresponds to the transect from the northern (transect 1) to the southern
part (transect 5) of the Bay of Biscay area (see Fig. 1). Within each station, orgaresms
classified following their relative abundance in number.

Relative abundance of

Species analysed for isotope values and
contribution of copepods and of other

analysed species and
contribution of these species

Station organisms to the total abundance in numberih (in brackets) to the total
biomass (in %) abundance in number /in
biomass (in %)
C1 Copepods (68 / 84)
Copepod nauplii 19/1
Euterpina sp. 18/6
Temora sp. 13/28
Medium undetermined Calanoi 8/33
Other planktonic organisms (32 / 16)
(58 /68)
Shl Copepods (84 / 65)
Calanus helgolandicus 27144
Temora sp. 17/6
Medium undetermined Calanoi 17/11
Other planktonic organisms (16 / 35)
(61/61)
Si1 Copepods (92 / 99)
Calanus helgolandicus 48/ 83
Oithona sp. 17/2
Medium undetermined Calanoi 13/9
Other planktonic organisms (8 / 1)
(78 194)
c2 Copepods (82 / P9)
Temora sp. 39/ 47
Acartia sp. 20/12
Other planktonic organisms (18 /%)
(59/59)
Sh2 Copepods (99 / 98)
Calanus helgolandicus 49/ 83
Other planktonic organisms (1 / 2)
(49/83)
SI2 Copepods (99 / nearly 100)
Medium undetermined Calanoi 36/45
Calanus helgolandicus 13/40
Other planktonic organisms (1 / nearly 0)
(36 /85)
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Table 1: continued.

Species analysed for isotope values and
contribution of copepods and of other

Relative abundance of
analysed species and
contribution of these

Station organisms to the total abundance in numberih sr;]Jeuesl(lnbbr?jckets) to
biomass (in %) the total abundancein
number / in biomass (in
%)
C3 Copepods (77 / 80)
Oncaea sp. 29/ 16
Temora sp. 15/ 36
Acartia sp. 13/15
Oithona sp. 11/6
Other planktonic organisms (23 / 20)
(68/73)
Sh3 Copepods (50 /51)
Medium undetermined Calanoi 18/25
Other planktonic organisms (50 / 49)
Evadne/Podon sp. 36/11
(54 / 36)
SI3 Copepods (96 / 99)
Calanus helgolandicus 44173
Medium undetermined Calanoi 32/22
Oithona sp. 11/1
Other planktonic organisms (4 / 1)
(87 /96)
C4 Copepods (21 / 32)
Acartia sp. 8/9
Temora sp. 7115
Other planktonic organisms (79 / 68)
(157 24)
Sl4 Copepods (95 / 99)
Medium undetermined Calanoi 41/ 37
Acartia sp. 26/6
Calanus helgolandicus 25/ 54
Other planktonic organisms (5 /1)
(92/97)
Shb Copepods (95 / 93)
Acartia sp. 35/17
Medium undetermined Calanoi 23142
Temora sp. 22122
Other planktonic organisms (5 /7)
(80/81)
SI5 Copepods (96 / 96)
Acartia sp. 33/10
Calanus helgolandicus 19/56
Other planktonic organisms (4 / 4)
(52/66)

40



Table 2: Summary of sampling locations and rangé'd€ ands™N values (Mean + Standard Deviation, minimum and marirrin %o) for the
different pelagic compartments and species analysed in this study. Within the mesozooplanktonic compatimieiat, ‘3fccies-station” were
analysed in total. Values presented for plankton are corrected values for the preservatioandtie for lipid content for consistency of
treatment between prey and predators (i.e., fish samples were kept frozen and delipidated with cyclsbexseetions 2.2 and 3.1).
C = Coastal; Sh = Shelf; SI = Slope; the number corresponds to the transect from the northern (transect 1)herthpasb(iransect 5) of the

Bay of Biscay area (see Fib).

Stations where species were

dominant and analysed e 3N
Species (for mesozooplankton) Mean = SD min max Mean + SD min max

Mesozooplankton

Copepoda
Acartia sp. C2, C3, C4, Sl4, shs, SI5 -204+0.5 211 -199 68+1.0 5.7 8.6
Calanus helgolandicus Shi, SlI1, Sh2, SlI2, SI3, Sl4, SI5 -213+09 -22.2 -19.7 7.0+£0.7 6.4 8.3
Medium und. Calanoids C1, shi, slI1, SlI2, sh3, SI3, Sl4, Sh -205+0.9 -21.9 -196 57+1.4 4.4 8.0
Oithona sp. SlI1, C3,SI3 -205+0.8 -21.3 -19.7 46+2.1 3.2 7.0
Oncaea sp. C3 -20.2 — -20.2 7.6 — 7.6
Temora sp. C1, Shi, C2, C3, C4, Sh5 -195+0.3 -198 -19.2 6308 51 7.3
Euterpina sp. Ci1 -20.2 — -20.2 6.7 — 6.7
Copepod nauplii C1l -19.9 — -19.9 6.6 — 6.6

Cladocera
Evadne/ Podon sp. Sh3 -19.0 — -19.0 6.6 — 6.6
Fish
Sardina pilchardus — -17.8 £ 0.3 -18.4 -172 10.9+0.5 10.0 12.2
Engraulis encrasicolus — -184+0.4 -193 -179 9.8+0.6 8.8 11.1
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Table 3 §'°C andd™N values(Mean + Standard Deviation in %o) of the mesozooplanktonic prey groups defined by hierarchical cluster analysi
and used in mixing models. Values presented are corrected values for the preservatiand2tfetdr lipid content, for consistency of treatment
between prey and predators (i.e., fish samples were kept frozen and delipidated with cyclohexaotipaee?.2 and 3.1Main reference for

the average size of organisms (especially copepods): Rose, 1933 and Richardson et al., 2006.

o Species forming the group 5% SN
Relative size of Range of ; -
Group organisms sizes (mm) Zone Area and associated stations Mean+SD  Mean £ SD

1 Small to medium  0.7-19 Slope North Oithona sp. (SI1) -203+0.4 42 +0.6
Medium und. Calanoid (SI1, SI2)

2 Medium 1.4-19 Coast to shelf Central to north Temora sp. (C2) -19.4+0.3 49+0.3
Medium und. Calanoid ()

3 Small to medium  0.7-19 Slope Central to south Oithona sp. (SI3) -21.7+0.3 43+1.0
Medium und. Calanoid (SI3, Sl4)

4 Small to medium  02-19 Coast to shelf North Copepod nauplii (C1) -19.8+0.2 7.0x0.6
Euterpina 9. (C1)
Acartia sp. (C2)
Temora sp. (C1, Shl)
Medium und. Calanoid (C1, Sh1)

5 Large 29 Shelf to slope North C. helgolandicus (Sh1, Sh2, SI1, SI2) -206 +0.7 71+£09

6 Large 29 Slope Central to south C. helgolandicus (SI3, Sl4, SI5) -22.2+0.1 6.8+0.4

7 Small to medium 10-19 Coast to slope South Acartia sp. (Sh5, Sl4, SI5) -204 +0.7 6.2+0.6
Temora sp. (C4, Shb5)
Medium und. Calanoi@Sh5)

8 Small to medium  0.7-14 Coast to shelf Central to south Oithona sp. (C3) -19.8£0.5 7.2+0.9

Oncaea sp. (3)

Evadne/ Podon sp. (Sh3)
Acartia sp. (C3, C4)
Temora sp.(C3)
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Table 4: Summary of estimated contributions (mean values) of mesozooplanktonic prey groups in the diet of Europearsandipdchardus and European
anchovyEngraulis encrasicolus from the four different mixing models applied with different Trophic Enrichment Factors (B&EE andAs™N) taken in the
literature (i.e., senBvity analysis) Values for groups of prey contributing on average to more than 5% in the diet of each species, when the fouremoc
considered, are in bold. Groups of prey contributing on average for more than 10% in the diet of both species are in bold.

Sardina pilchardus

Model applied Model 1 Model 2 Model 3 Model 4
References for TEFs Post 2@2 Sweeting et al. Pinnegar and Trueman et al. Mean + SD
2007ab Polunin 1999 2005
As"C 04+13 1.7+1.1 25+0.1 21+0.1
AS™N 34+1.0 32+13 33+0.2 23+03
Group of prey
1. Small- to medium-sized organisms / sléperthern part 12+1.0 13+£1.2 11+£1.0 1.7+£16 1.3+£0.3
2. Medium-sized organisms / coast to shekntral to northern part 21+1.8 3.0+27 13+£1.2 3.1+30 24+0.8
3. Small- to medium-sized organisms / slope / central to southern part 0.9+0.8 091038 1.1+1.0 1.3+1.2 1.1+0.2
4. Small- to medium-sized organisms / coast to shelf / northern pgar 345+125 38.0+9.3 16.4£10.6 26.5+12.7 28.9+9.6
5. Large organisms / shelf to slope / northern part 10.3+8.3 9.6+59 289+11.7 9.9+6.5 14.7 £9.5
6. Large organisms / slope / central to southern part 21+20 17+14 10.7£45 23+18 42+43
7. Small- to medium-sized organisms / coast to slope / southrn pa 3.3+£3.0 3.8+32 3.7+34 45+41 3.8+£0.5
8. Small- to medium-sized organisms / coast to shelf / central to soeth part 45.6 £11.8 41.7 +8.3 36.8+£13.1 50.7 £12.8 43.7+£5.9
Engraulisencrasicolus
1. Small- to medium-sized organisms / sléperthern part 40+35 55+3.8 52+40 14+13 40+1.9
2. Medium-sized organisms / coast to skheHntral to northern part 26.0+7.2 125+5.3 49+40 1.7+16 11.3+10.8
3. Small- to medium-sized organisms / slope / central to southern part 1.7+16 34+26 8.2+52 15+14 3.7+31
4. Small- to medium-sized organisms / coast to shelf / northern gar 279+11.4 23.1+6.7 10.7£7.7 15.6 +£10.3 19.3+7.7
5. Large organisms / shelf to slope / northern part 6.0+54 151+6.2 193+11.1 30.1+133 17.6 £10.0
6. Large organisms / slope / central to southern part 1.7+£17 6.4 +3.7 285+6.2 159+5.3 13.1+11.8
7. Small- to medium-sized organisms / coast to slope / southgrn pa 6.0+5.4 12.0+6.2 11.6+8.5 48+4.6 8.6+3.7
8. Small- to medium-sized organisms / coast to shelf / central to soeth part 26.7 £10.2 22.0+£6.2 116+7.8 29.0+125 223+7.7
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Figure 1. Map of the study area (Bay of Biggawith transects realised from the coastline to
the slope in spring 2010 (PELGAS survey) and with the 13 stations selected for plankton
sampling. Trawls of fish sampling are also indicated. T = Transect; C = Coast; Sh = Shelf; Sl

= Slope.
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Figure 3. Assessment of the C/N ratio as a potentially good predictor of observed changes in isotope values when ilgnusvede
relationships between C/N ratios of untreated sample (proxy of lipid content) and mean differ&ti€eand N values (absolute value)

between delipidated and untreated samples for mesozooplanktonic assemblages and the copeitalaspsdielgol andicus.
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Figure 4. Assessment of preservation and delipidation effects for mesozooplanktonic
assemblages: relationships between m&a@ and §*°N values (in %o) of 70% ethanol
preserved bulk samples. frozen preserved bulk samples (conservation effect assessment),
and between frozen preserved delipidated sampesfrozen preserved bulk samples
(delipidation effect assessment). The equation of the regression line used for further
correction of identified species*C and §'°N values (see section 3.1), and the squared
Pearson correlation coefficient are given for each relationship. The correspondence line 1:1 is

also indicated.
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Figure 5. : lllustration of intra-station variability of mesozooplankto&téC ands™N values (irfo) with the example of five different stations:

C1l = Coast 1, Shl = Shelf 1, SI1 = Slope 1, SI3 = Slope 3, Sl4 = Slope 4. For three out of the inge(stati®ll, SI3, Sl4), the value of the
undetermined mesozooplanktonic assemblage is also given, for compar&dd ahdd'>N values with values of identified organisms. These
three stations correspond to statierigre copepods represented > 90% of the total abundance (TA) both in number and biomass, and wherein at

least thre dominant species of copepods representing > 90% of the copepod abundance in biomass were analysed for isotope ratios (Table 1).
8C and§™N values presented are corrected for preservation effect and/or for lipids effect for consistereyment between prey and
predators (see sections 2.2 and 3.1).
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Figure 6. Spatial (north-south and coast-slop&iC andd™N values (in %o) variability within

the mesozooplanktonic speci€s helgolandicus and Acartia sp. One point represents the
mean value of two replicates for one species in one station. C4 = Coast 4, SI1 = Slope 1,
SI2 = Slope 2, SI3 = Slope 3, Sl4 = Slope 4, SI5 = Slop&’6.ands™N values presented are
corrected for preservation effect and/or for lipids effect for consistency of treatment between

prey and predatorsee sections 2.2 and 3.1).
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Figure 7. Groups of mesozooplanktonic prey obtained by hierarchical cluster analysis and
then used in mixing models, based 8fC and5™N values, average size and geographical

coordinates of each entity « species-station » (34 in total) analysed for isotope ratios.
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Figure 8.3"C and8™N values (mean + SD, in %o) for European sardine Sardina pilchardus

and European anchoBngraulis encrasicolus, depending on the sampling location (north vs.
south of the Bay of Biscay). “***” indicates significant difference between the species
(Student ttest and Wilcoxon test for 5°C and '°N values respectively, both p < 0.001n.s.”
indicates non-significant difference between individuals sampled in the northern part and
those sampled in the southern part of the Bay of Biscay area within each species (Student t-
test or Wilcoxon tesfor §**C and "N values, p > 0.05).
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