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Abstract Small pelagic fish represent an essential link
between lower and upper trophic levels in marine pelagic
ecosystems and often support important fisheries. In the
Bay of Biscay in the north-east Atlantic, no obvious con-
trolling factors have yet been described that explain
observed fluctuations in European sardine Sardina pilchar-
dus and European anchovy Engraulis encrasicolus stocks,
in contrast to other systems. The aim of this study was
therefore to investigate to which extent these fluctuations
could be trophodynamically mediated. The trophic ecology
of both fish species was characterised over three contrast-
ing periods (spring 2010 and 2011 and autumn 2011) in
the area, in relation to potential variation in the abundance
and composition of the mesozooplankton resource. Stable
isotope analyses of carbon (3'C) and nitrogen (3'°N) were
performed on potential mesozoplanktonic prey items and in
the muscle of adult fish, as well as in the liver whenever
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available, and mixing models were applied. In both springs,
the mesozooplankton resource was abundant but qualita-
tively different. During this period of the year, results based
on muscle isotope values in particular showed that S. pil-
chardus and E. encrasicolus likely do not compete strongly
for food. On the medium term, E. encrasicolus always pre-
sented a greater trophic plasticity than S. pilchardus, both
in terms of feeding areas and in the size of the mesozoo-
planktonic prey consumed. In autumn, mesozooplankton
abundances were lower, and it was likely that S. pilchar-
dus and E. encrasicolus share food resources during this
period. No clear links between the variation in the meso-
zooplanktonic resource and the trophic segregation main-
tained between adults of both fish species in spring could
be made. Although a certain potential exists for tropho-
dynamically mediated fluctuations of both species under
specific abiotic conditions (i.e. due to the existing trophic
segregation in spring in particular), the overall results sug-
gest that fluctuations in abundance of both fish species are
probably not directly linked to their trophic ecology in the
Bay of Biscay, at least at the level of adult individuals.

Introduction

Forage fish such as sardines and anchovies have a key role
in marine pelagic ecosystems, representing the main path-
way by which energy and nutrients are transported from
lower (i.e. plankton) to upper trophic levels (i.e. marine
mammals, large fish and seabirds) (Cury et al. 2000).
However, the stocks of these small pelagic fish can be
highly variable over time (e.g. Schwartzlose et al. 1999).
These fluctuations can lead to considerable changes in the
structure and function of marine ecosystems and in turn
impact fisheries (FAO 2012). Understanding the processes
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involved in the fluctuations of forage fish abundance there-
fore appears critical to maintain marine ecosystem services.

For many years, in several marine ecosystems and nota-
bly those subjected to upwelling events where sardines
and anchovies cohabit (e.g. Benguela Current ecosystem
on the South African coast or Humboldt Current ecosys-
tem on the Peruvian coast), alternative abundance fluctua-
tions in the populations of both species have been reported
(e.g. Lluch-Belda et al. 1989; Barange et al. 2009). Several
hypotheses have been proposed to explain these sardine-
anchovy fluctuations. Some of these hypotheses rely on the
effects of physical, atmospheric and oceanographic regime
such as climatic oscillations that potentially control the sur-
vival and/or recruitment of one of the other species (e.g.
Lluch-Belda et al. 1992; Chavez et al. 2003; Alheit et al.
2012). Takasuka et al. (2007) also proposed that both spe-
cies display differential ‘optimal growth temperatures’, so
that different climatic conditions can favour one species or
the other during early life stages. This hypothesis extends
the ‘optimal environmental window’ theory of Cury and
Roy (1989), establishing the conditions for the recruitment
success of pelagic fish in upwelling areas. Other hypoth-
eses proposed for explaining sardine-anchovy alternations
include biological controlling factors, such as intra-guild
predation (e.g. Irigoien and De Roos 2011), or trophody-
namically mediated fluctuations with the resource’s vari-
ability favouring one species or the other (e.g. Van der
Lingen et al. 2006). Some studies that have investigated
the diet of both species simultaneously (e.g. Louw et al.
1998; Van der Lingen et al. 2006; Espinoza et al. 2009)
have effectively demonstrated that sardines and anchovies
(generally adult individuals) show distinct feeding strate-
gies, especially in terms of the size of copepod they prefer-
entially consume. Hence, warmer or cooler oceanographic
regimes would favour the development of small or larger
planktonic prey species, and thus one or other small pelagic
predator. Simply determining the effects of abiotic factors
influencing both the recruitment and survival of early life
stages is thus not sufficient to understand fluctuations in the
abundance of small pelagic fish. The knowledge of trophic
interactions between species as well as fluctuations in
food resource and their impact on trophic interactions also
appears a crucial step.

Stable isotope analysis (SIA) of carbon (3'3C) and nitro-
gen (3'°N) of the tissues of consumers and their putative
prey has proven to be a powerful tool to describe the trophic
ecology of marine organisms, representing an alternative or
complementary tool to the traditional methods of dietary
studies such as the analysis of stomach contents (Michener
and Kaufman 2007). Primary producers of an ecosystem
generally display different isotopic compositions (Peter-
son and Fry 1987; France 1995), and the enrichment in 3c
and N between a source and its consumer (also called
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trophic enrichment factor, TEF) is relatively predictable.
This enrichment is less important in '*C (<1 %) than in
5N (3.4 %o on average) (De Niro and Epstein 1978, 1981;
Post 2002). Hence, §!3C values are generally considered as
a conservative tracer of the primary producer at the base
of the food web supporting consumers, and consequently
a tracer of their foraging habitat (France 1995; Hobson
1999). Alternatively, 3'5N values are generally used as a
proxy of their trophic position (Vander Zanden et al. 1997,
Post 2002). Furthermore, for some years, mixing mod-
els integrating 3'°C and 5'°N values of prey and predators
have proved their utility to decipher the contribution of
different prey items in the diet of a predator (Parnell et al.
2010, 2013; Phillips et al. 2014). This may be particularly
useful when studying the trophic links between plank-
ton and small pelagic planktivorous fish (e.g. Costalago
et al. 2012), because of the peculiar difficulty in observ-
ing direct interactions between these organisms in the open
water environment, and because the small size of plankton
can make stomach content analysis particularly difficult.
Moreover, isotope values provide information on the food
assimilated at a time scale that depends on the turnover
of the tissue analysed (Tieszen et al. 1983; Hobson and
Clark 1992; Sponheimer et al. 2006). For instance, carbon
and nitrogen half-lives in fish tissues were shown to vary
from 5-14 days in the liver to 19-21 days in the muscle of
the juvenile Japanese bass Lateolabrax japonicus (Suzuki
et al. 2005), from 3-9 days in the liver to 25-28 days in the
muscle of the juvenile sand goby Pomatoschistus minutus
(Guelinckx et al. 2007) and from 10-20 days in the liver
to 49-107 days in the muscle of the flat fish Paralichthys
dentatus (Buchheister and Latour 2010).

The Bay of Biscay is a very large bay located in the
north-east Atlantic Ocean. It supports a rich fauna includ-
ing many protected species, e.g. marine mammals, sea-
birds, sharks and rays, and is subjected to numerous anthro-
pogenic activities including important fisheries (Lorance
et al. 2009; OSPAR 2010). In particular, European sardine
(Sardina pilchardus) and European anchovy (Engrau-
lis encrasicolus) fisheries are of major importance in the
area (ICES 2010a). No quota currently exists for sardine
despite an observed decrease in their catches in this area
(OSPAR 2010). Conversely, a decrease in anchovy stocks
during the 2000s led to the closing of its fishery in 2005.
The moratorium ended in 2010 and finally resulted in the
establishment of quotas for this species (ICES 2010a, b).
In the Bay of Biscay, strong fluctuations in the abundance
of small pelagic fish such as sardines and anchovies have
been observed for several years (ICES 2010a). However,
in contrast to upwelling areas where alternative abundance
fluctuations have been demonstrated and/or linked to cli-
matic events or biological controlling factors (see above),
no clear relationships between both fish species have yet
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been shown in the Bay of Biscay ecosystem. Sardine and
anchovy have always demonstrated both alternation and
co-occurrence in spring-survey data (ICES 2010b), and
no obvious controlling factors have been identified to-date
explaining general fluctuations in the abundances of small
pelagic fish in the area. Besides, an ecological network
analysis of the Bay of Biscay continental food web pro-
vided evidence that bottom-up processes play a significant
role in the population dynamics of upper trophic levels and
in the global structuring of this marine ecosystem (Lassalle
et al. 2011).

In a previous study in the area, Chouvelon et al. (2014)
examined the trophic ecology of adults of the two fish spe-
cies by SIA during a single specific period (spring 2010).
The authors highlighted a trophic segregation between spe-
cies during the study period. This may support the hypoth-
esis that fluctuations of both fish species’ abundances could
be, at least in part, trophodynamically mediated, if the
food environment on the medium to long term would tend
to favour one species or the other, as a function of their
respective dietary preferences (Van der Lingen et al. 2006).
However, no link could be made with food resource com-
position and availability in this previous study (Chouvelon
et al. 2014), because only one period of sampling and a sin-
gle tissue (muscle tissue, i.e. medium- to long-term integra-
tor of the food assimilated) were considered. Demonstra-
tion of such a link could highlight a strong dependency of
one or both fish species to resource composition and avail-
ability, and/or reveal a relative trophic plasticity in one or
both species relative to food resource variability. This may
finally help to understand to which extent fluctuations and/
or alternations of both species may be strongly trophody-
namically mediated or not in the area.

In this general context, the aim of this study was two-
fold: (1) investigating intra- (seasonal) and inter-annual
variations in the trophic ecology of adult sardines and
anchovies from the Bay of Biscay; and (2) linking potential
temporal variation in the diet of both fish species with vari-
ations in the mesozooplankton resource, to depict potential
differential feeding strategies in both fish species in rela-
tion to resource variability. Several studies have highlighted
that zooplankton (and notably copepods belonging to the
mesozooplankton community) are by far the most impor-
tant dietary component for sardines and anchovies com-
pared with phytoplankton (e.g. Van der Lingen et al. 2006;
Espinoza et al. 2009; Nikolioudakis et al. 2012). As such,
we focused on mesozooplanktonic prey as the major food
resource for both fish species in the present study. Three
different periods of sampling with contrasting abiotic con-
ditions were considered, with one of these periods refer-
ring to those investigated by Chouvelon et al. (2014). SIA
was undertaken on identified mesozooplanktonic prey and
predators and mixing models used to estimate consumption

patterns. The results obtained provide some understanding
as to what extent potential trophodynamic differences and/
or dependence on food resource variability (composition
and availability) can influence fluctuations and/or alterna-
tions of both fish species abundances in the highly produc-
tive Bay of Biscay area.

Materials and methods
Sample collection

Mesozooplankton and fish samples were collected in the
spring of 2010 and 2011 and autumn of 2011, during sea
surveys conducted by the French Research Institute for
the Exploitation of the Sea (IFREMER) on the continental
shelf to the shelf-edge of the Bay of Biscay: PELGAS 2010
and PELGAS 2011 surveys (25 April-5 June 2010 and 26
April-4 June 2011, respectively) and EVHOE 2011 survey
(18 October-30 November 2011). As noted above, isotope
values of samples from the PELGAS 2010 survey were
presented in a previous study in the area (Chouvelon et al.
2014), as well as the methodological aspects related to the
study of trophic relationships between mesozooplankton
and planktivorous fish through STA. Isotope results of the
spring 2010 survey are thus only used here for direct com-
parison with the two other periods examined (i.e. spring
and autumn 2011) and further link with the variation in
resource abundance between the three periods.

These seasons were selected for sampling for various
reasons regarding the objectives of the study. First, it was
hypothesised that food resource abundance and composi-
tion would greatly differ between spring and autumn, i.e.
between seasons presenting different environmental condi-
tions in temperate areas such as the Bay of Biscay (Villate
et al. 1997; Valdés and Moral 1998; Zarauz et al. 2007).
Moreover, survey data indicated that both springtime peri-
ods were different in terms of temperature and salinity
patterns in particular, potentially leading to different food
resource availability as well (i.e. warmer sea surface tem-
peratures during the spring 2011 campaign, in comparison
with the spring 2010 campaign; IFREMER survey data,
see also www.previmer.org/observations). Finally, sam-
pling seasons were chosen with regard to the main spawn-
ing period of both fish species, potentially driving different
feeding strategies in the study fishes. Indeed, for the Bay
of Biscay anchovy, the peak spawning period has been
reported to be in spring (i.e. May—June; Motos 1996), and
the onset of spawning is concurrent with the sharp sea-
sonal increase in surface temperature (ICES 2010b). Even
though feeding migrations would occur after spawning (i.e.
in summer and autumn), with fat content increasing dur-
ing these seasons (Dubreuil and Petitgas 2009), anchovy
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Fig. 1 Maps of the study area (Bay of Biscay), indicating the tran-
sects realised from the coastline to the slope, and the stations selected
for plankton sampling for the three periods considered in this study: a
spring 2010, b spring 2011 and ¢ autumn 2011. Trawls for fish sam-
pling are also indicated. T transect, C coast, Sh shelf, SI slope, and

continue to feed during the spawning season (Plounevez
and Champalbert 1999), with the duration of the spawn-
ing season depending on energy intake during this period
(ICES 2010b). For the Atlanto-Iberian and Biscay sardine,
the main spawning period is between October and June and
thus partly overlaps with those of anchovy in the Bay of
Biscay (ICES 2010b). As for anchovy, fat content peaks
in early autumn (i.e. beginning of the spawning season),
although sardines also feed throughout the year (ICES
2010b).

Mesozooplankton were collected by vertical trawls of
200-um mesh-size WP2 nets, from 100 m depth (or bottom
depth for inshore stations) to the surface. 10-16 stations
were selected depending on the survey (Fig. 1). During
PELGAS (spring) surveys, the stations followed transects
used for the hydroacoustic assessment of small pelagic fish
biomass. They were thus distributed from the north to the
south of the Bay of Biscay and from the coastline (C) to the
continental slope (S1) including stations over the continen-
tal shelf (Sh) (Fig. 1a). During PELGAS 2011, one oceanic
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O oceanic. The study area represented (outlines of the box) extends
from 0° to 8°W and from 43°N to 48°N (Source: Etopol NOAA—
LIENSs—2013. Design and realisation: Cellule Géomatique
LIENSs—UMR 7266)

(O) station was also considered (Fig. 1b). During EVHOE
2011 survey, stations followed randomly distributed fishing
trawls, although as in PELGAS the stations were selected
in order to cover all the Bay of Biscay area (Fig. 1c). After
collection, mesozooplankton samples were concentrated on
a 200 pm mesh and preserved in 70 % ethanol for further
taxonomic identification and stable isotope analysis.

Adult sardines and anchovies were collected by pelagic
trawls during PELGAS surveys (76 x 70 trawl with verti-
cal opening of ~25 m or 57 x 52 trawl with vertical open-
ing 15-20 m) and by bottom trawls during EVHOE survey
(large vertical opening (GOV) trawl 36/47). This is due to a
difference in the main initial objectives of the surveys (i.e.
assessing abundance and distribution of pelagic fish in the
Bay of Biscay using acoustic method during PELGAS; and
assessing abundance and distribution of demersal and ben-
thic resources using bottom trawl during EVHOE). Dur-
ing each survey and for each fish species, individuals were
collected in 7-8 trawls over the continental shelf (Fig. 1).
In some trawls, both species occurred at the same time;
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however, this does not indicate that they come from the
same shoal given the duration of each trawl (between 30
and 60 min). Fish were immediately frozen at —20 °C until
further dissection and analyses back to the laboratory.

Taxonomic determination of mesozooplankton
and preparation for analysis

Taxonomic identification of mesozooplankton was carried
out at the laboratory with a Leica M3Z stereo microscope
(mag. x65 to x160), to genus and to species level when-
ever possible. For each spring station, identified taxa con-
tributing at least 5 % of the total abundance of the sample
both in number (individuals m ) and in biomass (mg m™3)
(i.e. ‘dominant taxa’), and likely to be part of the diet of
sardines and anchovies (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 for further SIA. For each autumn station, as
the diversity was lower, only identified taxa contributing at
least to 10 % of the total abundance of the sample both in
number and in biomass were subsequently sorted for SIA.
As such, one to four ‘dominant taxa’ were analysed for sta-
ble isotope ratios within each of the stations sampled over
the three periods. Details for the calculation of the relative
abundance of each identified taxa in number and in bio-
mass can be found in Chouvelon et al. (2014).

Depending on their size, 20-350 individuals belonging
to each of the ‘dominant taxa’ were taken out from etha-
nol and carefully washed with distilled water in order to
completely remove the ethanol, detritus and phytoplank-
ton. Sorted and washed organisms were finally frozen at
—80 °C for 48 h to be freeze-dried (24 h). A pool of indi-
viduals for each species sorted by station was then packed
into 2 tin capsules for stable isotope analysis (i.e. half of
sorted organisms within each capsule), and the mean value
of the two capsules was used in further data analyses
(Chouvelon et al. 2014).

For each fish species and for each survey, 30 to 40
adult individuals of similar size classes (average total
length £+ standard deviation (SD) of 18.1 &+ 2.2 and
13.9 £ 1.6 cm for sardines and anchovies, respectively)
were defrosted and dissected at the laboratory to obtain por-
tions of dorsal white muscle as well as the liver (Pinnegar
and Polunin 1999). Specifically, the average total length for
sardines was of 17.3 & 2.6, 18.7 £ 0.7 and 18.4 + 2.6 cm
for individuals collected in spring 2010, spring 2011 and
autumn 2011, respectively. The average total length for
anchovies was of 14.6 & 1.8, 13.3 £ 1.1 and 13.7 £ 1.5 cm
for individuals collected in spring 2010, spring 2011 and
autumn 2011, respectively. Within each species and at
each season, these sizes corresponded to mature individu-
als and allowed comparison of morphologically similar

fishes (i.e. adult individuals) at the three seasons investi-
gated. Also, sardines were larger than anchovies, because
the size at maturity is higher for sardines (i.e. about 14 cm
length, 1- to 2-year-old individuals) than for anchovies (i.e.
about 10 cm length, 1 year old) (ICES 2010b). Muscle and
liver samples were individually stored frozen at —20 °C
in plastic bags prior to a 72-h freeze-drying period. White
muscle and liver samples were ground manually or with a
planetary ball mill (Retsch PM 200) and were treated with
cyclohexane in order to remove naturally '’C-depleted
lipids (De Niro and Epstein 1977). Lipid-free samples were
finally dried in an oven at 45 °C for 48 h and packed in tin
capsules for STA.

Stable isotope analysis

The natural abundance of carbon and nitrogen stable iso-
topes 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 8X (%o) relative to
international standards (Pee Dee Belemnite for carbon and
atmospheric N2 for nitrogen), according to the formula:

8X = [(Rsample/Rstandara) —1] x 10°

where X = B3C or PN and R = 3C/'?C or PN/'*N (Peter-
son and Fry 1987). Replicate measurements of internal

laboratory standards (acetanilide) indicated a precision of
0.2 %o for both 8'°C and 3"°N values.

Data treatment and statistical analyses

Chouvelon et al. (2014) demonstrated a significant effect of
preservation (ethanol 70 % vs. freezing at —20 °C) and of
lipid content on mesozooplankton 8'*C and 8'°N values. In
the present study, for consistency of the treatment applied
to prey and predators both in terms of preservation and of
lipid correction, we thus applied the same corrections as
proposed by Chouvelon et al. (2014) for further analysis of
the diet of sardine and anchovy through SIA. Briefly, this
consisted in correcting 3'C and 3'°N values of all meso-
zooplanktonic organisms preserved in 70 % ethanol for the
effect of ethanol, and only 3'C values of mesozooplank-
tonic organisms were corrected for the effect of lipid con-
tent (Chouvelon et al. 2014). The corrected values were
then used in further statistical analyses and mixing models.

All statistical analyses were conducted with R (R Devel-
opment Team 2011). Normality of all data was tested using
Shapiro—Wilk’s tests, i.e. for further use of parametric or
nonparametric statistics. A Student ¢ test or a Mann—Whit-
ney—Wilcoxon test was thus applied when comparing two
series of samples, e.g. for testing significant difference
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Table 1 Average size and size-class classification used for mesozooplanktonic organisms identified and analysed in this study

Size-class classification used in this study Taxa Average size (mm)?
Small organisms Copepod nauplii 0.2
Euterpina sp. 0.6
Oithona sp. 0.7
Oncaea sp. 0.7
Coryceus sp. 0.9
Appendicularia 0.9
EvadnelPodon sp. 0.9
Acartia sp. 1.0
Small undetermined Calanoids including copepodites 1.1
Medium-sized organisms Temora sp. 1.4
Centropages sp. 1.5
Medium undetermined Calanoids 1.9
Large organisms Calanus helgolandicus 29
Decapod larvae 35

* Average size corresponds to an average value of sizes (total length) reported for species included in the taxa (i.e. mostly genus) that may be
found in the Bay of Biscay area and/or in the north-east Atlantic. Main references for the reported species: Plounevez and Champalbert (1999),
Isla et al. (2004), Valdés et al. (2007) and Cabal et al. (2008). Main reference for the size of species: Rose (1933)

between both species. Similarly, an ANOVA (followed by
post hoc Tukey tests) or a Kruskal-Wallis test (followed
by a multiple comparison test with Holm’s adjustment
method) was applied when comparing more than two series
of samples, e.g. for testing significant difference between
periods.

In order to link potential variations in the trophic ecol-
ogy of both fish species inferred from SIA with the vari-
ability of the mesozooplankton resource, data on mesozoo-
plankton abundances presented in the present study mainly
concern the taxa contributing to more than 5 % of the
total abundance both in number and in biomass, in at least
one station for one of the periods considered (‘dominant
taxa’). These taxa were effectively those analysed for STIA
and considered in mixing models (see following section).
The representativeness of these ‘dominant taxa’ relative
to the whole mesozooplankton community was previously
checked by analysing the correlation between total meso-
zooplankton abundance and total abundance of these ‘dom-
inant taxa’ through a Spearman correlation coefficient test.

Isotopic mixing models

To account for numerous potential prey items in the diets of
sardines and anchovies, the wide variability in the 313C and
81N values of mesozooplancton and for the uncertainty of
TEFs (i.e. the difference (A) in 8'3C and 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; Parnell et al. 2010). In mixing models that
are mathematically underdetermined (with more unknowns
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than equations and no unique solution) where the number
of sources exceeds n + 1 (Phillips and Gregg 2003), one
possible approach to encompass this common problem and
to simplify the analysis is to combine some sources (Phil-
lips et al. 2005). In the present study, potential prey items,
that is, all entities ‘taxa-station’ (e.g. ‘Temora sp.-C2’,
‘Medium undetermined Calanoid-Sh3’), analysed for iso-
topes were thus grouped before running SIAR. As in Chou-
velon et al. (2014), this grouping was performed through a
hierarchical cluster analysis (HCA) for each period consid-
ered. HCA was based on 3'3C and 5"°N values, average size
(total length) of organisms (see Table 1) and geographical
coordinates of each entity ‘taxa-station’ analysed for iso-
tope ratios. The groups defined by HCA were then used in
mixing modelling (Table 2).

To the best of our knowledge, precise TEFs are still
unknown for mesozooplankton feeders such as sar-
dines and anchovies. Post (2002) suggested that TEFs of
0.4 + 1.3 and 3.4 + 1 %o for 3'3C and §"°N, respectively,
could be widely applicable within a food web. Neverthe-
less, there is 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 consum-
er’s food (e.g. Vanderklift and Ponsard 2003; Caut et al.
2009). Recent studies have also shown that even consid-
ering uncertainty around TEFs or discrimination factors,
Bayesian models outputs may be very sensitive to the cho-
sen TEFs (e.g. Bond and Diamond 2011). To apply sensi-
tivity analyses on the results obtained, four mixing models
by species and by tissue were thus run using different val-
ues of TEFs found in the literature, for both 5°C and 8'°N
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Table 2 $'3C and 3'°N values (Mean =+ SD in %o) of the mesozooplanktonic prey groups defined by hierarchical cluster analysis and used in
mixing models for the three periods studied (Spring 2010, Spring 2011 and Autumn 2011)

Group Average range  Species forming the group 313¢ 31N
of sizes (mm) and associated stations Mean 4+ SD Mean + SD
Spring 2010
1. Small- to medium-sized organisms from the 0.7-1.9 Oithona sp. (SI1) —203£04 42£0.6
slope, north
Medium und. Calanoid (S11, S12)
2. Medium-sized organisms from the coast to the 1.4-19 Temora sp. (C2) —194+£03 49+03
shelf, central to north
Medium und. Calanoid (Sh3)
3. Small- to medium-sized organisms from the 0.7-1.9 Oithona sp. (S13) —21.7+£03 43+ 1.0
slope, central to south
Medium und. Calanoid (S13, S14)
4. Small- to medium-sized organisms from the 0.2-1.9 Copepod nauplii (C1) —19.8 £ 0.2 7.0+ 0.6
coast to the shelf, north
Euterpina sp. (C1)
Acartia sp. (C2)
Temora sp. (C1, Shl)
Medium und. Calanoid (C1, Shl)
5. Large organisms from the shelf to the slope, 2.9 C. helgolandicus (Sh1, Sh2, Sl11, S12) —20.6 £ 0.7 7.1£0.9
north
6. Large organisms from the slope, central to south 2.9 C. helgolandicus (S13, Sl4, S15) —22.24+0.1 6.8+ 04
7. Small- to medium-sized organisms from the 1.0-1.9 Acartia sp. (Sh5, S14, S15) —20.4 £ 0.7 6.2+0.6
coast to the slope, south
Temora sp. (C4, Sh5)
Medium und. Calanoid (ShS5)
8. Small- to medium-sized organisms from the 0.7-1.4 Oithona sp. (C3) —-198+0.5 72+09
coast to the shelf, central to south
Evadne/Podon sp. (Sh3)
Acartia sp. (C3, C4)
Temora sp. (C3)
Spring 2011
1. Small- to medium-sized organisms from the 1.1-1.9 Small und. Calanoid (S11) —21.84+04 4.6 £0.3
slope, north
Medium und. Calanoid (S11)
2. Small- to medium-sized organisms from the shelf 1.0-1.9 Oithona sp. (S11, SI12) —20.6 £ 0.5 58+ 0.6
to the slope, north
Oncaea sp. (Sh2)
Corycaeus sp. (Shl)
Centropages sp. (Sl1, S12)
Small und. Calanoid (S12)
Medium und. Calanoid (Sh1, Sh2, S12)
3. Large organisms from the shelf to the slope, 2.9 C. helgolandicus (Sh1, Sh2, S12) —20.8 £ 0.7 69+ 1.1
north
4. Small- to medium-sized organisms from the shelf 0.7-1.9 Oithona sp. (Sh3, Sh4, S13, S14, SI5) -2034+04 56+0.5
to the slope, central to south
Oncaea sp. (Sh3, Sh4)
Small und. Calanoid (Sh3, Sh4, S14, S15)
Medium und. Calanoid (S13, S14, S15)
5. Small- to medium-sized organisms from the 2.9 Temora sp. (C2, C3) —204+04 6.2+0.5

coast to the shelf, central
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Table 2 continued

Group Average range  Species forming the group 813¢ 31N
of sizes (mm) and associated stations Mean + SD Mean + SD
Small und. Calanoid (C3)
Medium und. Calanoid (C2, C3, C4, Sh3,
Sh4)
6. Small- to medium-sized organisms from the 1.0-1.9 Acartia sp. (C1) —192£04 89+0.6
coast, north
Temora sp. (C1)
Medium und. Calanoid (C1)
7. Large organisms from the shelf to the slope, 29 C. helgolandicus (ShS, SI5) —-19.0£0.6 7.6 £0.7
south
8. Small- to medium-sized organisms from the 0.7-1.9 Oithona sp. (C5) —19.1+0.3 72+03
coast to the shelf, south
Appendicularia (C4, C5)
Acartia sp. (C4, C5, Sh4, ShS)
Temora sp. (C5)
Medium und. Calanoid (C5, Sh5)
9. Small- to medium-sized organisms from the 0.7-1.9 Oithona sp. (04) —20.5+0.5 49£0.38
oceanic area
Small und. Calanoid (O4)
Medium und. Calanoid (O4)
Autumn 2011
1. Large Decapod larvae from the shelf, north 35 Decapod larvae (Sh2) -203+£02 24402
2. Small- to medium-sized organisms from the 0.7-1.9 Oithona sp. (S11) —20.5+0.1 54+£09
slope, north
Small und. Calanoids (S11)
Medium und. Calanoids (S11)
3. Small- to medium-sized organisms from the shelf 0.7-1.9 Oithona sp. (Sh2, SI3) —20.5+0.1 39+04
to the slope, central to north
Small und. Calanoids (S13)
Medium und. Calanoids (Sh2, S13)
4. Small- to medium-sized organisms from the 0.7-1.9 Oncaea sp. (Shl) -209+0.0 7.0+04
coast to the shelf, north
Temora sp. (Shl)
Medium und. Calanoids (Sh1)
5. Small- to medium-sized organisms from the 0.7-1.9 Oithona sp. (Sh3) —-20.2+0.2 6.24+0.6
coast to the shelf, central
Oncaea sp. (C3, Sh3)
Temora sp. (C3, Sh3)
Medium und. Calanoids (Sh3)
6. Small- to medium-sized organisms from the 0.7-1.9 Oithona sp. (S15) —-203+04 5.8+0.7

coast to the slope, south

Oncaea sp. (C4, C5, Sh4)
Corycaeus sp. (C4)
Small und. Calanoids (S15)

Medium und. Calanoids (C4, C5, Sh4,
SI5)

The values presented here are corrected for the effects of preservation and/or delipidation, for consistency of treatment between prey and preda-
tors (see text). As groups are not strictly identical between the three periods investigated, they are numbered and presented in the default order

for each hierarchical classification performed

@ Springer



Mar Biol (2015) 162:15-37

23

(Post 2002, for general values; Pinnegar and Polunin 1999;
Trueman et al. 2005; and Sweeting et al. 2007a, b for fish
muscle or liver in particular; see Table 4 for the detailed
TEFs used). The variability around §!*C and 3'>N 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 2). For each
period considered, for each tissue and for each species, an
average value of the estimated contribution of each group
of mesozooplankonic prey was finally calculated from the
four mixing models applied (Table 4).

Results

General abundance and distribution patterns
in the mesozooplankton community

Over the three study periods and considering all the sta-
tions selected for taxonomical identification, total abun-
dance of mesozooplankton (in number) was the highest in
spring 2010 and varied between 541 and 7,417 ind. m~°
(mean + SD: 3,316 + 2,609 ind. m=3, CV = 79 % for
the 13 stations covered at this period in the Bay of Biscay
area). In spring 2011, total abundances were slightly lower
on average but varied among a similar range of values,
i.e. from 305 to 8,433 ind. m—> (1,935 £ 2,108 ind. m~3,
CV = 109 % for the 16 stations covered). Total abun-
dances finally displayed the lowest values in autumn 2011,
varying from 53 to 3,366 ind. m~* (758 + 1,042 ind. m~—,
CV = 138 % for the 10 stations covered). Within the whole
mesozooplankton community, the percentage of copep-
ods relative to the total abundance of mesozooplanktonic
organisms varied from 21 to 99 % in spring 2010 and from
49 to 96 % in spring 2011. The values were the highest in
autumn 2011, varying from 72 to 97 % (Fig. 2).

The correlation between the total abundance of mesozo-
oplankton (in number) and the abundance of taxa contribut-
ing to more than 5 % of the total abundance (i.e. ‘dominant
taxa’) was highly significant (rg,eyman = 0.984, p < 0.0001,
n = 39 stations—i.e. all stations covered during the three
periods investigated). This indicated these ‘dominant taxa’
of the wider mesozooplankton community. In spring of
2010 and 2011, coastal stations were mainly characterised
by small- to medium-sized organisms such as Acartia sp.,
Temora sp. or Appendicularia (Fig. 3a). The large cope-
pod C. helgolandicus (especially abundant in spring 2010)
or the smaller Oithona sp. were more abundant in stations
from the shelf and/or from the slope, or in the station O4
from the oceanic area sampled in spring 2011. In autumn
2011, the copepods Oncaea sp. and Temora sp. were the
most abundant in stations located near the coast and/or
on the shelf, while large decapod larvae were abundant in
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Fig. 2 Histograms presenting the percentage of copepods and of
other taxa (relative to the total abundance of mesozooplanktonic
organisms, in number of individuals m_3) for each station selected
and considered for taxonomic identification in a spring 2010, b
spring 2011 and ¢ autumn 2011. C coast, Sh shelf, SI slope, and O
oceanic; see Fig. 1 for the corresponding location of each station

two out of the ten stations analysed. Total abundances in
stations located on or near the slope were very low at this
period (Fig. 3).

Finally, the proportion of small organisms (see Table 1
for size ranges) was relatively stable throughout the three
periods considered, varying between 51 and 55 % rela-
tive to the whole mesozooplankton community (i.e. com-
munity now represented by the ‘dominant taxa’) (Fig. 4a).
The proportion of medium-sized organisms was higher in
both spring and autumn 2011 (44 and 43 %, respectively)
than in spring 2010 (34 %), whereas the proportion of large
organisms such as C. helgolandicus was the highest in
spring 2010 (16 vs. 4 and 2 % in spring and autumn 2011,
respectively) (Fig. 4a). Abundances of organisms were the
highest in stations from the coast and from the shelf both
in spring and autumn 2011 (Figs. 3, 4). However, in spring
2011, a non-negligible part of the total abundance of meso-
zooplankton also belonged to stations from the slope (i.e.
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Fig. 3 Results of the taxonomic identification performed on meso-
zooplankton samples collected in a spring 2010, b spring 2011 and ¢
autumn 2011. The number above a pie corresponds to the total abun-
dance of organisms within a station (in number of individuals m™3),
and the size of pies is proportional to the total abundance. Among the
‘dominant taxa’ (see text), small organisms are represented in shades
of red to yellow, medium-sized organisms in shades of green and

21 %), as well as in spring 2010 where high abundances
of organisms were found in the more oceanic stations (i.e.
32 %) (Figs. 3, 4).

Definition of prey groups and variability
of mesozooplankton §'C and 3'°N values

The HCA defined eight, nine and six groups of prey for
spring 2010, spring 2011 and autumn 2011, respectively
(Table 2). As such, the groups reflected a certain ecologi-
cal significance for further interpretation of the results of
isotopic models, both in terms of sizes of organisms and
in terms of their sampling location. Isotope values of the
different groups were relatively distinct from each other
(Table 2). Average §'°N values varied from 4.2 £ 0.6
(group 1) to 7.2 + 0.9 %o (group 8) in spring 2010, from
4.6 £ 0.3 (group 1) to 8.9 £ 0.6 %o (group 6) in spring
2011 and from 2.4 + 0.2 (group 1) to 7.0 &+ 0.4 %o (group
4) in autumn 2011. Average 8'°C values varied from

@ Springer

large organisms in shades of blue (see Table 1). Within each station,
the proportion of taxa in minor proportion (i.e. with an abundance
<5 % when taken individually, and therefore not analysed for stable
isotope ratios—see text) is indicated in black. The study area repre-
sented (outlines of the box) extends from 0° to 8°W and from 43°N to
48°N (Source: Etopol NOAA—LIENSs—2013. Design and realisa-
tion: Cellule Géomatique LIENSs—UMR 7266)

—22.2 + 0.1 (group 6) to —19.4 + 0.3 %o (group 2) in
spring 2010, from —21.8 = 0.4 (group 1) to —19.0 £ 0.6 %o
(group 7) in spring 2011 and from —20.9 £ 0.0 (group 4)
to —20.2 + 0.2 %o (group 5) in autumn 2011 (Table 2).
Groups with large-bodied organisms generally displayed
higher 8'°N values than those containing small- to medium-
sized organisms within a same area. Also, within a same
range of sizes, organisms collected in coastal waters gen-
erally displayed higher 3'°N values than those collected
in more oceanic waters (Table 2). For instance, in spring
2010, large organisms from the shelf to the slope in the
northern part (group 5) showed an average 5°N value of
7.1 4 0.9 %o. On the contrary, the average 3'°N value of
small- to medium-sized organisms from the slope in the
northern part (group 1) was of 4.2 £ 0.6 %o, and in the
same area, small- to medium-sized organisms from the
coast to the shelf in the northern part (group 4) displayed
an average 5!°N value of 7.0 £ 0.6 %o. In spring 2011, the
same pattern of differences could be observed between
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Fig. 4 Stacked bar charts presenting a the frequency of identified
organisms belonging to small, medium-sized or large organisms
within each of the three periods considered in this study, all stations
considered together over the Bay of Biscay; b the frequency of organ-
isms identified in coastal stations, stations from the shelf or stations
from the slope and oceanic stations within each of the three periods
considered in this study, all sizes considered together. Only organisms
belonging to ‘dominant taxa’ were taken into account for both histo-
grams (see text)

these three types of groups collected in the northern part
(corresponding to group 3, groups 1 and 2 considered
together and group 6, respectively). This was also the case
of groups from the southern area. Large organisms from
the shelf to the slope (group 7) showed an average 3'°N

value of 7.6 = 0.7 %o, while those of small- to medium-
sized organisms from shelf to the slope (group 4) was of
5.6 £ 0.5 %o. Small- to medium-sized organisms from the
coast to the shelf (group 8) displayed an average 8'°N value
of 7.2 & 0.3 %o (Table 2).

Fish muscle 8'*C and §'°N values and isotopic mixing
models

Within each of the three periods considered, S. pilchardus
and E. encrasicolus differed significantly for both mus-
cle 33C and 3N values (all p values <0.05; Table 3). E.
encrasicolus always had lower 8'°C and 8'°N values on
average than S. pilchardus (Table 3; Fig. 5). In S. pilchar-
dus, individuals sampled in autumn 2011 displayed signifi-
cantly lower muscle 3'3C values than individuals sampled
in both spring 2010 and 2011, while 3'>N values were not
significantly different between periods (p values >0.05,
Table 3). In contrast to E. encrasicolus, muscle 313C val-
ues were not significantly different between individuals
collected at the three periods, but individuals collected in
autumn 2011 showed significantly higher 8'°N values than
those sampled in springs 2010 and 2011 (Table 3; Fig. 5).

In spring 2010, three groups out of the eight previ-
ously defined mainly contributed to the diet of S. pilchar-
dus, whatever the TEF used: group 8 corresponding to
small- to medium-sized organisms from the coast to the
shelf in the central to southern part (average mean contri-
bution = SD = 43.7 + 5.9 %), group 4 corresponding to
small- to medium-sized organisms from the coast to the
shelf in the northern part (28.9 & 9.6 %) and in lower pro-
portion group 5 corresponding to large organisms from
the shelf to the slope in the northern part (14.7 + 9.5 %;
Table 4). The same three groups presented the highest esti-
mated contribution in the diet of E. encrasicolus as well
(223 £ 7.7, 193 £ 7.7 and 17.6 £ 10.0 % for groups 8,
4 and 5, respectively). However, in the latter species, two
other groups also contributed significantly to its diet (i.e.
average contribution close to or >10 %), namely group 6
corresponding to large organisms from the slope in the cen-
tral to southern part (13.1 & 11.8 %) and group 2 contain-
ing medium-sized organisms from the coast to the shelf in
the central to northern part (11.3 &+ 10.8 %; Table 4).

In spring 2011, four groups out of the nine defined
mainly contributed to the diet of S. pilchardus and E.
encrasicolus (i.e. average contribution >10 % in both spe-
cies): group 6 containing small- to medium-sized organ-
isms from the coast in the northern part (40.8 = 16.0 and
11.2 £ 8.1 % in S. pilchardus and E. encrasicolus, respec-
tively), group 3 corresponding to large organisms from
the shelf to the slope in the northern part (17.4 £+ 13.8
and 29.6 £ 24.8 % in S. pilchardus and E. encrasico-
lus, respectively), group 8 corresponding to small- to
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Fig. 5 3'°C and 8N values (mean & SD, in %o) for European sar-
dine Sardina pilchardus and European anchovy Engraulis encrasico-
lus, depending on the period considered and on the tissue analysed.
Detailed results of statistical tests for significant difference between
species or between periods for a given tissue or for a given element
are presented in Table 3. The dotted line is only drawn as a guide to
visually distinguish muscle and liver tissue values that are presented
here on the same figure

medium-sized organisms from the coast to the shelf in
the southern part (12.4 £ 13.0 and 11.7 £ 14.7 % in S.
pilchardus and E. encrasicolus, respectively) and finally
group 7 including large organisms from the shelf to the
slope in the southern part (12.1 £ 12.1 and 9.5 = 9.8 % in
S. pilchardus and E. encrasicolus, respectively). In total,
these four groups (i.e. groups 3, 6, 7 and 8) contributed
on average to 82.7 and 62.0 % to the diet of S. pilchar-
dus and E. encrasicolus, respectively (Table 4). However,
group 6 presented the highest contribution in S. pilchar-
dus (40.8 £ 16.0 %) whatever the TEF used, the group
3 was the most significant group in the diet of E. encra-
sicolus (29.6 + 24.8 %) in three out of the four models
performed (Table 4).

Mixing models performed on §'°C and §'°N values
in the muscle of the fish sampled in autumn 2011 high-
lighted the major contribution of three of the six groups
defined in the diet of both species. In total, group 4 (cor-
responding to small- to medium-sized organisms from
the coast to the shelf in the northern part) and group 5
(containing small- to medium-sized organisms from the
coast to the shelf in the central part) both contributed on
average 76.5 and 69.7 % to the diet of S. pilchardus and
E. encrasicolus, respectively (Table 4). Group 6 includ-
ing small- to medium-sized organisms from the coast to
the slope in the southern part was the third contributor
to the diet of both species, with an average contribution

of 12.6 = 7.2 and 14.0 £ 6.8 % in S. pilchardus and E.
encrasicolus, respectively (Table 4).

Fish liver '3C and 8'°N values and isotopic mixing models

In both spring and autumn 2011, S. pilchardus and E.
encrasicolus differed significantly in liver 3'*C val-
ues (both p values <0.05). E. encrasicolus always dis-
played lower 3'C values on average than S. pilchardus
(Table 3; Fig. 5). However, liver 3N values did not dif-
fer significantly between both species at both periods.
In S. pilchardus, individuals sampled in autumn 2011
showed significantly lower 8'3C values and higher 8'°N
values than those sampled in spring 2011. In E. encrasi-
colus, individuals collected in autumn 2011 had higher
average 8'°N values than those sampled in spring 2011,
but 8'3C values did not differ between seasons (Table 3,
Fig. 5).

Interestingly, in both species, mixing models performed
on liver 3'3C and 8'°N values of the fish sampled in spring
2011 showed an average contribution of all the defined
prey groups >5 % (Table 4). Four to five groups out of the
nine defined presented an average contribution >10 % in
both species, with group 6 (containing small- to medium-
sized organisms from the coast in the northern part), group
3 (including large organisms from the shelf to the slope in
the northern part) and group 9 (corresponding to small- to
medium-sized organisms from the oceanic area) being com-
mon major groups (given here in the increasing order of
contribution) for both fish species. Other major groups con-
tributing to their short-term diet were group 4 (including
small- to medium-sized organisms from the shelf to the slope
in the central to southern part) and group 8 (corresponding to
small- to medium-sized organisms from the coast to the shelf
in the northern part) in S. pilchardus, and the group 1 in E.
encrasicolus (containing small- to medium-sized organisms
from the slope in the northern part) (Table 4).

In autumn 2011, the results of the mixing models
based on liver tissues were quite similar to those obtained
with models performed on muscle 8'3C and 3'°N values.
The same three groups out of the six defined contributed
significantly to the diet of both species (i.e. groups 4, 5
and 6). Group 4 (corresponding to small- to medium-
sized organisms from the coast to the shelf in the north-
ern part) contributed more than 50 % on average to the
diet of both species (53.7 & 20.6 and 53.0 £ 28.3 % in
S. pilchardus and E. encrasicolus, respectively; Table 4).
Group 2 including small- to medium-sized organ-
isms from the slope in the northern part also contrib-
uted 10.7 £ 5.3 % on average to the short-term diet of
E. encrasicolus.
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Discussion

Spatial, temporal and size-related variability
of mesozooplankton abundances and isotope values
over time

With all stations taken into account within a given period,
the average total abundances of mesozooplankton showed
a general decreasing trend over the three periods consid-
ered with spring 2010 > spring 2011 > autumn 2011. In
all cases, copepods dominated the mesozooplankton com-
munity, with the exception of some coastal stations (e.g.
C4) that sometimes displayed a relatively high percentage
of meroplankton or other taxa (e.g. Appendicularia, Clad-
ocerans), especially in spring. These general patterns in the
composition of the mesozooplankton community analysed
here are consistent with the current knowledge on this com-
partment concerning European shelf seas (Williams et al.
1994) and more specifically concerning the Bay of Biscay
area (Villate et al. 1997; Valdés and Moral 1998; Plounevez
and Champalbert 1999; Albaina and Irigoien 2004). When
focusing on abundances and distribution of the ‘dominant
taxa’, which were well correlated with total mesozooplank-
ton abundances, the abundances were generally higher in
coastal stations and notably in autumn. This is quite com-
mon for neritic areas at this latitude; i.e. maximum densi-
ties are generally observed in late spring extending into
summer, a secondary peak of high biomass occurs in
autumn and values are minimum in winter. In contrast, oce-
anic areas generally present a single annual peak in spring,
there is no autumn peak or it is very weak, and generally
low summer values are observed (Valdés and Moral 1998).
In the Bay of Biscay and especially in spring, Plounevez
and Champalbert (1999) and Dupuy et al. (2011) effec-
tively reported higher zooplankton biomass in neritic sta-
tions and notably those located in the water plume of the
Gironde estuary, relative to more oceanic stations. How-
ever, in our study, abundances were also quite high in sta-
tions from the slope relative to coastal stations in spring
2010, with high densities of the copepod C. helgolandicus
in particular when compared to spring 2011 (Fig. 3).
Spatio-temporal variation in mesozooplankton abun-
dance and composition, especially inter-annual variations
(i.e. between two consecutive springs), can be directly
related to spatial and year-to-year variations in water
temperature and salinity (Villate et al. 1997, Zarauz et al.
2007). Moreover, in the Bay of Biscay, the plumes of the
Gironde and the Loire Rivers considerably influence the
hydrological structure and the primary production on the
continental shelf, all along the year (Planque et al. 2004;
Puillat et al. 2004, 2006; Loyer et al. 2006; Dupuy et al.
2011). Slope currents occurring on the shelf break (Kout-
sikopoulos and Le Cann 1996) can also favour primary
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production in these waters due to nutrients inputs (e.g. Hol-
ligan and Groom 1986). For instance, Albaina and Irigoien
(2004) related peaks of mesozooplankton abundance and
distinct mesozooplankton assemblages with the plume of
the Gironde River (i.e. nutrients discharge) and the frontal
structure associated with the shelf break (i.e. internal wave
generation) in the area. In our study, inter-annual variations
in mesozooplankton abundances and composition between
both springtime periods can be directly linked to tempera-
ture and salinity patterns observed during the sampling
campaigns as well, and consequently to a temporal lag
between both years in the ecological processes occurring in
this area in spring (i.e. water stratification and planktonic
blooms). Indeed, during the survey in spring 2010, sea sur-
face temperatures were low, especially in the northern part
of the area (from 12 to 14.5 °C), and river discharges were
low too (IFREMER survey data; previsions for sea surface
physico-chemical parameters by date in the Bay of Biscay
may be also found at www.previmer.org/observations).
Surface temperatures increased and stratification strength-
ened only during the second half of the sampling campaign
in spring 2010. On the contrary, during the spring 2011 sur-
vey, sea surface temperatures over the Bay of Biscay area
were high (above the average on the time series PELGAS)
and relatively homogeneous over the whole Bay of Biscay
area (from 15.5 to 17 °C on average). River discharges were
as low as in 2010, but temperature depth profiles showed a
strong stratification of the water column (IFREMER sur-
vey data). Furthermore, there was evidence that a spring
bloom had occurred before the survey in 2011. Between
both surveys in springs 2010 and 2011, abiotic conditions
were thus totally different. Furthermore, the Bay of Biscay
is known to face late winter phytoplankton blooms, mainly
constituted of diatoms, and this within both the Gironde
and Loire Rivers plumes (Herbland et al. 1998; Labry et al.
2001; Gohin et al. 2003; Dupuy et al. 2011). This results
in early phosphorus limitation in spring that subsequently
favours the development of small autotrophic unicellular
species on which microzooplankton feeds (Sautour et al.
2000; Dupuy et al. 2011). Interestingly, in spring 2010,
while temperatures were particularly low and the spring
bloom had not already occurred, large organisms such as
the copepod C. helgolandicus were more abundant than in
2011, and notably in stations from the slope. Coastal zones
effectively generally show a larger ratio of small organisms
(Sourisseau and Carlotti 2006; Irigoien et al. 2009), and
neritic species of copepods are generally smaller in body
size than offshore species (Williams et al. 1994). Moreover,
C. helgolandicus preferentially feeds on diatoms (Irigoien
et al. 2000), such as those that can develop in late winter
phytoplankton blooms. Differences in hydrological charac-
teristics (e.g. temperature, salinity and water stratification)
as well as associated ecological processes described in the
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literature for the Bay of Biscay area (e.g. different phyto-
plankton blooms between winter and spring) may thus
explain the mesozooplankton variability especially found
between both consecutive spring surveys studied here (i.e.
late winter conditions in spring 2010 vs. advanced spring
conditions in spring 2011).

Alternatively, even though mesozooplankton varied
greatly over the three periods considered in terms of abun-
dances and composition, patterns of isotopic values within
this planktonic compartment were similar from one period
to another. There was some inter-specific variability of iso-
tope values linked to the size of organisms, as described
previously in Chouvelon et al. (2014). Larger organisms
displayed higher 8'°N values than smaller organisms in
a given area, reflecting an a priori higher trophic level of
larger organisms in the planktonic food web. The only
exception consisted in particularly low 8'°N values meas-
ured in large decapod larvae analysed as a whole in autumn
2011. In arthropods, crude exoskeleton chitin is effectively
depleted in >N but not in *C (Schimmelmann and De
Niro 1986). As described in Chouvelon et al. (2014), there
was also an intra-taxa variability of isotope values linked
to spatial patterns in the area, especially concerning §'°N
values that were more variable than 3'3C values between
mesozooplanktonic groups of prey. The temporal variabil-
ity of plankton isotopic signatures, which could have con-
strained the use of mixing models on liver and muscle data
from planktonic prey sampled at only one period (those
of the survey), was thus negligible, at least at the scale of
the Bay of Biscay ecosystem. In fact, spatial differences
in 8N values in particular are more likely linked to pro-
cesses occurring at the dissolved inorganic nitrogen (DIN)
level (for a complete review on this subject see Sherwood
and Rose 2005; Montoya 2007; and references therein).
Many processes can effectively lead to enriched "N val-
ues of the available DIN pool, and the following general
conclusions can be drawn: (1) when DIN demand is higher
than the supply of nutrients, primary producers may be
faced with a '°N-enriched nitrogen source (e.g. ‘recycled’
or ammonium-enriched, especially if it comes from higher
trophic levels), which is then reflected in the local food
chain. Alternatively, during upwelling events for instance
(in areas subject to this), the physical supply of ‘new’ nutri-
ents overwhelms the biological uptake rate and favours
SN-depleted nitrogen sources (at least non-enriched) for
producers of this environment. Moreover, high primary
production (blooms) during spring on the continental shelf
reduces nutrient quantities, thus favouring N-enrichment
of the available DIN. Even if short-lived, this effect may be
lasting for benthic consumers in particular due to the sink-
ing of particles to the bottom; (2) rivers may be a vector
of '*N-enriched organic matter into coastal waters as well
(Fry 1988; McClelland et al. 1997; Vizzini and Mazzola

2006). All these processes can be involved in the Bay of
Biscay; however, the derived spatial patterns of 8'°N val-
ues from the base of the food chain (i.e. investigated at the
mesozooplankton level here) were thus similar from one
period to another.

Linking resource variability and feeding patterns
of sardines and anchovies over time

During the three study periods, S. pilchardus and E. encra-
sicolus were well segregated by both their §!°C and 3"°N
values as measured in the muscle of individuals. Moreover,
mixing models applied on this tissue (medium-term inte-
grator of the food consumed) emphasised different feed-
ing strategies of the two fish species. In both spring peri-
ods surveyed (2010 and 2011), E. encrasicolus showed a
greater trophic plasticity than S. pilchardus, both in terms
of feeding areas and in terms of sizes of prey organisms
among the mesozooplankton resource (i.e. zooplankton
>200 um). Indeed, almost all the defined groups of meso-
zooplankton prey presented an average contribution >5 %
in E. encrasicolus, while only some of the defined groups
presented such a contribution to the diet of S. pilchardus
in both spring periods. In terms of feeding areas, groups 8
and 6 (in Spring 2010 and Spring 2011, respectively) con-
taining organisms from the coast to the slope effectively
showed the highest contribution to the diet of sardines
(i.e. 43.7 £ 5.9 and 40.8 &+ 16.0 %, respectively). It sug-
gests that sardines are more limited to coastal areas and
the mesozooplanktonic species of these waters for feeding
than anchovies. Besides, these groups showed the high-
est 3N values at both periods, which is in accordance
with the highest 8'°N values measured in muscle tissue of
S. pilchardus at the two periods and which also suggests
that the feeding pattern of pelagic fish is constrained spa-
tially. Indeed, in terms of sizes of prey, significantly lower
813C and §"°N values measured in the muscle of anchovies
collected in both springs 2010 and 2011 could have been
related, at first sight, to the consumption of lower trophic
level organisms in anchovies. However, the spatial vari-
ability of §'°C and 8'°N values from the base of the dif-
ferent food webs in the area (Chouvelon et al. 2012), and
also shown here with isotope values of mesozooplanktonic
species, rather supports the hypothesis of more offshore
feeding habits for anchovies than the hypothesis of a lower
trophic level. Anchovies would effectively be able to cap-
ture larger particles than sardines (Louw et al. 1998; Van
der Lingen et al. 2006), thanks to differences in gill raker
morphology between both species and the existence of a
larger branchial apparatus in anchovies (James and Find-
lay 1989). In several cases, anchovies have thus been found
to feed at a slightly higher trophic level than sardines (e.g.
Stergiou and Karpouzi 2002), and specifically in the Bay
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of Biscay (i.e. data from Ecopath modelling; Lassalle et al.
2011). Moreover, this morphological difference would lead
anchovies to be opportunistic and efficient planktivores
(James and Probyn 1989) on prey species from the meso-
zooplankton compartment at least and would confirm that
E. encrasicolus is not specialist feeder in the Bay of Bis-
cay area, as already reported for the North and Baltic Seas
(Raab et al. 2011). Such particulate feeding in anchovies
allows for a rapid and efficient intake of prey minimising
metabolic costs and is thus the main feeding mode in this
species (James and Probyn 1989; Van der Lingen 1994). In
contrast, filter feeding on smaller zooplanktonic prey and/
or phytoplankton would be the major feeding mode in sar-
dines (Van der Lingen 1994; Garrido et al. 2007). However,
most dietary carbon and/or nitrogen is obtained from zoo-
planktonic prey (and not phytoplankton) in adult sardines
in general (Van der Lingen 1994; Bode et al. 2004; Niko-
lioudakis et al. 2011; Costalago et al. 2012), and the con-
tribution of phytoplankton to sardine diet can vary greatly
at small spatial scales and seasonally (Garrido et al. 2008).
Medium-term feeding preferences of sardines and
anchovies differed within both spring periods studied
here. Alternatively, their diets were relatively similar dur-
ing the autumn period following our mixing model results,
whereas average isotope values were significantly different
(although associated standard deviations were large). This
may be due to the fact that the isotopic mixing models used
here consider individual fish values (i.e. consumers) and
not mean values &= SD as for prey (Parnell et al. 2010). As
such, mixing models based on muscle tissues highlighted
a preference of both species for small- to medium-sized
organisms from neritic waters (i.e. from the coast to the
shelf) in central and northern parts of the Bay of Biscay,
which notably corresponds to the autumn-/winter-feeding
grounds described for anchovies in this area (ICES 2010b).
In fact, it appeared that the more abundant and diversified
the mesozooplankton resource is in terms of prey sizes
available (i.e. with spring 2010 > spring 2011 > autumn
2011), and the more sardines are specialised on fewer prey
groups compared with anchovies (Table 2). Indeed, 25 %
of the groups of prey (i.e. three out of the eight defined)
contributed on average to 87.3 % to the medium-term diet
of S. pilchardus in spring 2010, while 45 % of the groups
contributed to 82.4 % to its diet in spring 2011, and 50 % of
the groups contributed to 89.1 % to its diet in autumn 2011.
In autumn 2011, the same groups contributed to 83.7 % to
the medium-term diet of E. encrasicolus. Thus, when the
mesozooplankton resource is abundant and diversified (i.e.
in both springs compared with the autumn period), and
while potential competition could be high because of some
spawning overlap between the two species (ICES 2010b),
it is likely that the high degree of specialisation shown by
sardines limits competition with anchovies (and with other
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small pelagic fish in general) in spring. On the contrary,
trophic overlap could occur in autumn, when the resource
is less abundant and diversified, leading to potential com-
petition for food between both fish species. Moreover, dur-
ing this period, it has been reported that the fat content of
both species peaks (ICES 2010b), indicating a common
period of need for reserve storages before the beginning of
the spawning season (i.e. for sardine) or before winter (for
anchovy). However, both species are able to feed through-
out the year and notably during the spawning season, which
may limit the competition for resource in autumn as well.
In spring 2010, major contributing groups of prey to the
medium-term diet of both fish species were mostly con-
stituted of small- to medium-sized organisms from neritic
waters, despite a wider range of prey sizes and of feeding
areas for E. encrasicolus as noticed above. In contrast,
in spring 2011, two out of the four major groups of prey
for both species (i.e. contributing more than 10 % to the
medium-term diet of both species) contained large organ-
isms from the shelf to slope areas. Interestingly, this was
not in accordance with the reported differences in abun-
dance and diversity of mesozooplanktonic prey between
the two consecutive springs, both in terms of sizes avail-
able (i.e. abundance of larger prey in spring 2010 > spring
2011) and in terms of mesozooplankton distribution in the
area (i.e. abundant species were more fairly distributed
between coastal and shelf to slope areas in spring 2010,
whereas abundances were slightly higher in coastal areas
in spring 2011). Furthermore, if the mesozooplankton com-
munity showed variation from one spring to another, this
did not visibly impact the medium-term feeding strategies
of both species, which remained the same (i.e. general
segregation). Therefore, our results do not highlight any
obvious link between variation observed in the mesozoo-
plankton resource and the trophic ecology of both fish spe-
cies depicted through SIA, at least concerning both spring
periods studied. In autumn 2011, the spread of isotope
values for anchovies was relatively large. Chouvelon et al.
(2012) already reported such a wide range of 8'°N values
in anchovies sampled in the autumns of 2009 and 2010 in
the Bay of Biscay, in comparison with individuals sampled
in springs 2009 and 2010 and in comparison with sardines
sampled at the same periods. As a potential explanation,
the authors argued for two different hypotheses. The first
one is related to the high mobility of most small pelagic
fish species (e.g. Ngttestad et al. 1999). Indeed, we cannot
exclude here a potential mixing of individuals and/or part
of the population that have fed in different areas presenting
different baseline signatures in 8'°N in the Bay of Biscay,
particularly in autumn when food supply is less abundant
in neritic waters. The second hypothesis refers to a pos-
sible greater trophic plasticity of anchovies so as to avoid
competition with sardines at this period of the year, as an
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adjustment on behalf of the species facing variations in the
food supply (e.g. Lefebvre et al. 2009). In autumn, abun-
dances of mesozooplankton may effectively stay at levels
that anyway sustain energetic needs of both species and
other plankton feeders. For instance, Plounevez and Cham-
palbert (1999) already suggested that feeding efficiency
in E. encrasicolus would be more related to zooplankton-
specific composition than to zooplankton abundance, even
if the results of our study cannot confirm or invalidate
this hypothesis. Marquis et al. (2011) also reported that
small pelagic fish only represent 30 % of the total preda-
tion on the mesozooplanktonic compartment in coastal sta-
tions in the Bay of Biscay (from spring data), and 60 and
65 % at the mid-shelf and the slope stations, respectively.
These authors suggested that a large fraction of the meso-
zooplankton production would be then available for other
planktivorous organisms such as suprabenthic zooplankton
(euphausiids and mysids) or macrozooplankton (medu-
sae or large tunicates) in the Bay of Biscay (Marquis et al.
2011). Finally, this could also explain why the variations
observed in the mesozooplanktonic community in the pre-
sent study do not fully correlate with the trophic ecology
of adult anchovies and sardines, depicted here through SIA
over the three periods investigated.

The lack of relationships between variations in the
mesozooplankton resource and the trophic ecology of both
species may be also due to the fact that until now, only the
trophic ecology inferred from muscle isotope values (i.e. a
medium-term integrator of the food assimilated) was con-
sidered because this was the tissue commonly sampled
over the three periods. Indeed, as described above, varia-
tion in the plankton community a priori depends on short-
term events such as phytoplankton blooms; so analysis of
liver stable isotope values (a shorter-term integrative tissue)
could be more relevant for comparison with resource vari-
ability. As such, in spring 2011, contrary to values meas-
ured in the muscle, 3N values in particular measured in
the liver did not differ significantly between both species.
Moreover, mixing models highlighted a common predomi-
nant group of prey (i.e. group 6), contributing to more
than 20 % in both species and corresponding to small- to
medium-sized organisms from the coast in the northern
part. In the liver tissue of fish, carbon and nitrogen half-
lives were shown to be considerably lower than in the mus-
cle (e.g. Buchheister and Latour 2010 for flatfish) and in
fact, from hepatic results, it was likely that both sardines
and anchovies appeared to be short-term opportunistic
feeders in spring 2011 (i.e. all prey groups contribution
>5 %). Although this pattern of quite similar average con-
tributions for most prey groups may be an indication that
the model cannot reliably find a fit for the data, this could
be also related, in terms of ecological interpretation, to a
temporary opportunistic behaviour of both species that are

facing short-term variation in food availability. This would
be also quite consistent with the fact that both species may
feed during spawning season, with the spawning season
potentially overlapping between the two species during
this period (spring). However, the main contributing prey
groups revealed by mixing models based on liver isotope
values did not fully correspond to the most abundant prey
items available in the Bay of Biscay at the period of sam-
pling. So, results of mixing models performed on the liver
tissue did not reveal any clear relationships between either
the food available or that assimilated by the two fish spe-
cies. Nonetheless, in autumn 2011, results obtained in the
livers corroborated those obtained in the muscles, with an
apparent sharing of the mesozooplankton resource at this
period. Finally, the lack of precise TEFs for planktivo-
rous fish may be also responsible of potentially imprecise
results, highlighting the recurrent crucial needs for more
experimental studies in isotopic ecology (Martinez del
Rio et al. 2009). This is particularly true for isotope val-
ues measured in fish liver, as many dedicated studies focus
on the muscle tissue as the reference tissue for the study of
trophic interactions (Pinnegar and Polunin 1999).

Concluding remarks and further work for understanding
small pelagic fish fluctuations

SIA represents an alternative and/or complementary
method for determining the diets and feeding strategies of
small sympatric pelagic fish species (e.g. Costalago et al.
2012). The results of the present study highlighted that
it also provides useful information on potential trophic
overlap between species in the very general context of
understanding forage fish alternations and/or co-occur-
rence in a given area. In the Bay of Biscay, it effectively
appeared that adults of sardines and anchovies do not com-
pete strongly for the mesozooplankton resource in spring,
where the spawning season of both species overlap and
during which their energetic needs may be increased. In
autumn, potential competition for the mesozooplankton
resource may occur, although this may be compensated by
the fact that both species feed throughout the year (ICES
2010b) and notably in spring when the food resource is
abundant. Alternatively, in the present study, no clear rela-
tionships were revealed between the trophic ecology of
adult sardines and anchovies depicted through SIA, and
variations in the mesozooplankton resource in the Bay of
Biscay area over the three different periods were investi-
gated. Other food resources than mesozooplankton (i.e.
microplankton) may also contribute to their diet, and the
lack of consideration of this compartment here may con-
tribute to explain the lack of relationships (in addition
to the other elements described above such as imprecise
TEFs for plankton-feeding fish, for instance). However,
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in the Bay of Biscay, the microplankton fraction (i.e.
50-200 pum) appears in fact to be mainly constituted by
phytoplankton (unpublished data). Moreover, several stud-
ies demonstrated that zooplankton, and notably copepods
belonging to the mesozooplankton community, are by far
the most important dietary component for both fish species
compared with phytoplankton (e.g. Van der Lingen et al.
2006; Espinoza et al. 2009; Nikolioudakis et al. 2012).
Furthermore, this is not the first time that a lack of rela-
tionship between food concentration and food ingestion
in such small plankton-feeding fish is found in the Bay of
Biscay (e.g. Plounevez and Champalbert 1999; Bachiller
et al. 2012). Interestingly, in other systems, some authors
have however already shown that feeding mode and food
consumption in adult sardines, for instance, can be highly
dependent on food density (Garrido et al. 2007), notably in
the Mediterranean Sea (Nikolioudakis et al. 2011; Costa-
lago et al. 2012).

Differences in the general function of the different sys-
tems may induce such differences in the feeding strategies
of small pelagic fish between systems. Indeed, in upwelling
systems for instance, alternative abundance fluctuations of
sardines and anchovies have been demonstrated and partly
explained by both climatic (e.g. Lluch-Belda et al. 1989;
Schwartzlose et al. 1999) and/or biological factors (e.g.
trophodynamic mediation suggested by Louw et al. 1998;
Van der Lingen et al. 2006). When two predator species
show clear trophodynamic differences, as demonstrated
for sardines and anchovies in various ecosystems and nota-
bly in upwelling systems in terms of size of prey, there is
effectively a high potential for trophodynamically medi-
ated fluctuations of both species abundances if a peculiar
food environment (dominated by either small or large par-
ticles) persists either spatially or temporally under specific
abiotic conditions. Indeed, it may favour the occurrence/
maintenance of one of the predator species relative to the
other in the area, a phenomena that would be enhanced by
concurrent better reproductive success of this predator (Van
der Lingen et al. 2006). In the Bay of Biscay case study,
sardines and anchovies are generally segregated in terms of
trophic ecology, highlighting a potential for trophodynami-
cally fluctuations of both species’ abundances in the area at
first sight. However, they both showed at the same time a
certain trophic plasticity relative to the composition of the
mesozooplankton resource available, although this trophic
plasticity appeared to be higher in anchovy than in sardine.
As such here, while anchovies were shown to efficiently
remove large particles in various systems (see Van der Lin-
gen et al. 2006 for a review, and the present study for the
Bay of Biscay area), large organisms did not necessarily
dominate the diet of anchovies when the mesozooplankton
resource contained a higher proportion of large organisms
(such as in spring 2010). Conversely, while sardines were
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shown to efficiently remove or favour smaller particles in
various systems (see Van der Lingen et al. 2006 for a gen-
eral review, and the present study for the Bay of Biscay
area), large organisms could also contribute to their diets
when the mesozooplankton resource was largely dominated
by small- to medium-sized organisms (such as in spring
2011).

In the Bay of Biscay ecosystem, no clear patterns of
abundances of both fish species and no potential explana-
tion for fluctuations of their stocks have been reported yet.
The present study therefore emphasised that fluctuations in
sardines and anchovies from the Bay of Biscay cannot also
be totally explained by the trophic ecology of adults of both
species. Indeed, adult sardines and anchovies do not com-
pete strongly for food resource in the Bay of Biscay area.
Furthermore, species segregate diets, and although this can
represent a potential for trophodynamically mediated fluc-
tuations under specific abiotic conditions, no clear link was
made between food resource availability and fish diets (i.e.
no strict dependency of both species relative to the compo-
sition and availability of the mesozooplankton resource). In
this sense, our results seem to corroborate those of Irigoien
et al. (2009) who found a negative correlation between
anchovy recruitment and zooplankton biomass in the Bay
of Biscay, suggesting then that the 2002-2006 failures in
anchovy recruitment in the area were not due to a decrease
in mesozooplankton biomass.

Through the results of the present study, we provide fur-
ther evidence that alternations of species should be consid-
ered in conjunction with spawning success and year class
formation (Van der Lingen et al. 2006). Besides, a focus
on the trophic ecology of larvae of both species may also
constitute a next step. This should be then coupled to an
analysis of long-term fluctuations in mesozooplankton and
microplankton (may be preyed on by larvae as well) com-
position and abundance, with consideration of abiotic fac-
tors too. Changes in the plankton community, in relation
to environmental parameters, have effectively been shown
to directly affect survival of larvae and consequently fish
recruitment (e.g. Beaugrand et al. 2003). From a more
theoretical ecological point of view, investigating what
maintains the trophic segregation between adults of both
species, despite variations in abundance and composition
of the mesozooplankton community, should be also of
interest.
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