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Abstract:

Coastal and estuarine nursery grounds are essential habitats for sustaining flatfish stocks since only these
shallow and productive areas provide the high food supply that allows maximizing juvenile growth and survival in
most flatfish species. However, the main organic matter sources at the basis of benthic food webs might differ
drastically between estuarine nursery grounds under strong freshwater influences, where food webs are mainly
supported by continental organic matter, and coastal ecosystems under limited freshwater influence, where the
local marine primary production is the main source of carbon for the benthos. To better understand the links
between continental inputs to the coastal zone and stock maintenance in the highly prized common sole, Solea
solea (L.), we investigated the variability in the organic matter sources supporting the growth of its young-of-the-
year (YoY) in five contrasted estuarine and coastal nursery grounds under varying freshwater influence. Stable
isotopes of carbon and nitrogen allowed tracing the origin of the organic matter exploited by YoY soles in the very
first months following their benthic settlement, i.e. when most of the juvenile mortality occurs in the species. A
mixing model was run to unravel and quantify the contribution of all major potential sources of organic matter to
sole food webs, with a sensitivity analysis allowing assessment of the impact of various trophic enrichment factors
on model outputs. This meta-analysis demonstrated a relative robustness of the estimation of the respective
contributions of the various organic matter sources. At the nursery scale, the upstream increase in freshwater
organic matter exploitation by YoY soles and its positive correlation with inter-annual variations in the river flow
confirmed previous conclusions about the importance of organic matter from continental origin for juvenile
production. However, inter-site differences in the organic matter sources exploited for growth showed that,
although freshwater organic matter use is significant in all nursery sites, it is never dominant, with especially high
contributions of local primary production by microphytobenthos or saltmarsh macrophytes to juvenile sole growth
in tidal nursery ecosystems. These patterns stress the need for maintaining both the intensity of freshwater inputs
to the coastal zone and of local autochthonous primary production (especially that of the intertidal
microphytobenthos) to preserve the nursery function of coastal and estuarine ecosystems.
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1. Introduction

Estuarine and coastal ecosystems play a critical role for stock maintenance in marine fish
(Beck et al., 2001; Peterson, 2003). Due to their high productivity and the consequent high
availability of prey for juvenile fish (Gibson, 1994; Beck et al., 2001; Le Pape and
Bonhommeau, sub.), they are essential nursery habitats for many species (Beck et al., 2001;
Woodland et al., 2012) and patrticularly flatfishes (Van der Veer et al., 2000; Le Pape et al.,
2003b). Because flatfish juveniles preferentially settle in habitats that enhance their fitness
(Gibson, 1994), the capacity of coastal and estuarine areas to sustain juvenile growth can
greatly condition the renewal of flatfish populations (Rijnsdorp et al., 1992; lles and Beverton,
2000). Yet, although rich and productive estuarine and coastal ecosystems favours the
development of benthic invertebrates, which are suitable food for young flatfish (Gibson,
1994), the main origin of the organic matter that sustains flatfish food webs on their nursery
grounds is still unclear. In estuaries, many studies (Darnaude et al., 2004ab; Leakey et al.,
2008; Pasquaud et al., 2008; Vinagre et al., 2008b; Banaru and Harmelin-Vivien, 2009;
Kostecki et al., 2010) pointed out a predominant incorporation of allochtonous organic matter
of continental origin into juvenile flatfish food webs. However, in systems under low
freshwater influence, in situ primary production can override other food sources and
significantly contribute to growth in young flatfish (Kostecki et al., 2012).

Although spatio-temporal variations in the origin of the organic matter used were analysed
locally in various flatfish nursery sites across the world (Darnaude, 2005; Pasquaud et al.,
2008; Vinagre et al., 2011; Kostecki et al., 2010), only very few studies so far tried to
quantify the relative contribution of different possible sources of organic matter to the food
webs sustaining flatfish juveniles (Franca et al., 2012; Kostecki et al., 2012). This work
aimed at filling this gap by quantitatively estimating the variability in the origin of the organic
matter exploited for juvenile growth in the common sole, Solea solea (L., 1758), among five
major nursery sites in Western Europe.

For this, stable isotopes analysis (SIA), based on nitrogen (615N) and carbon (613C)
signatures of various food webs compartments, can be a powerful tool. This technique, which
allows identification of trophic pathways and energy sources in varied ecosystems (DeNiro
and Epstein, 1978; 1981; Peterson and Fry, 1987; Fry, 2006), has proved particularly
successful in coastal and estuarine systems, where the fate of different sources of both
freshwater and marine Particulate Organic Matter (POM) can be distinguished (Fry, 1999;
Vander Zanden and Rasmussen, 2001; Yokoyama and Ishihi, 2008). By applying a mixing
model analysis (Parnell et al., 2010) to previous measurements of the 815N and 613C of
both sole juveniles and the main sources of organic matter sustaining benthic food webs in
contrasted flatfish nursery habitats spread over Western Europe, our aim was to quantify the
main origin of the organic matter used for juvenile growth in S. solea across its distribution
range, and the reasons for its geographic variability. More specifically, we wanted to test the
now long standing hypothesis of a positive link between the freshwater POM availability
related to upstream-downstream gradient and variations of river flow and its contribution to
juvenile soles’ food webs (Darnaude et al., 2004b; Kostecki et al., 2010), both at the intra-
and inter-site scales, and to investigate the influence of various environmental characteristics
(i.e. freshwater discharge, tidal amplitude, total surface of inter-tidal productive mudflats) on
the relative contribution of various organic matter sources to juvenile sole growth.



2. Materials and methods

2.1. Collection of standardized data in different nursery systems

2.1.1. Site selection

Such a meta-analysis required comparable and detailed stable isotopic data on young-of-the-
year (YoY) soles and their potential organic matter sources from various major nursery
grounds of the species, not only spread over a vast part of its geographic range, but also with
contrasted environmental characteristics. Juvenile diet in S. solea can differ highly from site
to site, following the inevitable geographic variations in the composition of the assemblages
of benthic invertebrates, which are the major preys for YoY sole (Darnaude et al., 2001;
Vinagre et al., 2008b; Kostecki et al., 2012). This spatial variability prevented the inclusion of
intermediate trophic levels (i.e. sole’s prey) in the present work. Therefore, sites with isotopic
signatures (53'"°N and &'°C) available both for fully settled YoY soles and for all the organic
matter sources potentially sustaining benthic food webs were considered for inclusion in the
present comparisons. Five sites were finally retained (Fig. 1): the Mont St. Michel Bay
(MSMB), in the Western English Channel, the estuaries of the Vilaine, the Charente and the
Tagus rivers, spread along the Atlantic European coasts, and the prodelta of the Rhone river
in the Mediterranean. These five sites have contrasted environmental characteristics (Table
1; Nicolas et al., 2010) and are representative of the variety of nursery habitats (estuaries,
sheltered bays, prodeltas) colonised by the species across its geographic distribution.
Environmental differences are maximal between the MSMB and the Rhone river prodelta,
especially in terms of intertidal zone area and freshwater inputs (Table 1): Tidal amplitude is
very low in the Mediterranean, resulting in a tidal range of only a few centimetres in front of
the Rhone river mouth, which strongly contrasts with the conditions in the MSMB, where tidal
range is the highest in Europe during spring tides (15.5 m) and the area of the intertidal zone
is estimated at 250 km? (Arbach-Le Loup et al., 2008). Moreover, while in the MSMB the few
existing riverine inputs (27 m®.s™) are rapidly diluted by the high hydrodynamics forces linked
to the mega-tidal regime (Cugier et al., 2010), the Rhone river discharge into the
Mediterranean (1700 m*.s™) is the main driver of the ecosystem structure in front of the river
delta (Auger et al., 2010). Environmental conditions in the three other habitats investigated
are intermediate both in terms of freshwater inputs and intertidal zone area.

2.1.2. Standardization/selection of data

Isotopic data from the five selected nursery sites were derived from previous published
studies (Darnaude et al., 2004b; Kostecki et al., 2010; Modéran, 2010; Vinagre et al., 2011;
Kostecki et al., 2012). In each case, the same standardized subset of 8'°N and &'°C
signatures was selected to allow reliable comparisons between systems:

Ontogenic changes in diet are common in S. solea during the first year of life, the YOY
juveniles generally shifting from epibenthic meiofauna to small benthic invertebrates during
the first few months following their benthic settlement (Marchand, 1993). Therefore, to avoid
any confounding patterns, isotopic signatures of sole YOY in the present meta-analysis were
restricted to juveniles with comparable diets. In the common sole, the duration of the
spawning season varies with the latitude (Koutsikopoulos and Lacroix, 1992, Vinagre et al.,
2008a; Rochette et al., 2012), and that of the larval drift depends on the population
(Koutsikopoulos et al., 1991; Savina et al., 2009; Rochette et al., 2012). Accordingly, dates
for larval settlement in the species fluctuate from spring to early summer among the five
selected sites. Thus, a common survey date would not systematically sample YoY at the
same life stage. To standardize data among sites, only the isoptopic signatures measured in



YoY of similar sizes (6 to 11 cm; Table 2) captured a few months after their settlement in
each site (i.e. in late spring or summer depending on the latitude) were selected for the
present analysis. Thereby, all the YoY juveniles compared had approximately the same age
and had all entered the phase of fast growth sole juveniles experience after their settlement
in their nursery habitats. This allowed us to avoid biasing our conclusions by falsely including
isotopic signatures from freshly settled post-larvae, with isotopic signatures still reflecting
their pelagic life offshore (Darnaude, 2005), or from larger and older fish, with a different diet
(Marchand, 1993; Kostecki et al., 2012). For the MSMB, the Tagus estuary and the Rhone
river prodelta, S. solea juveniles’ isotopic signatures were derived from YoY individuals all
collected in the same year at their site of maximum abundance within the nursery habitat. In
the other two nursery sites (Charente and Vilaine estuaries), two different locations were
investigated along the estuary (Fig. 1), during one year only for the Charente estuary but for
four different years in the Vilaine estuary. As a result, a total of 13 different sets of isotopic
signatures were exploited for juveniles soles: 1 from the MSMB, 1 from the Tagus estuary
and 1 from the Rhone river prodelta, 2 from the Charente estuary and 8 from the Vilaine
estuary (Table 2).

Potential sources of organic matter at the base of benthic food webs are diverse in coastal
and estuarine habitats (Kostecki et al., 2012). They include not only the in situ primary
productions by local phytoplankton, microphytobenthos (MPB) and benthic macrophytes
(MPh), but also allochtonous seawater POM (SW) brought by the currents and the
freshwater POM discharged by local rivers (FW). In most cases, both the water POM and the
sedimentary organic matter (SOM) available locally for the benthos in these areas result from
a mix of these different sources in various proportions. It is thus difficult to identify the
ultimate origin of the organic matter ingested by the benthos from the isotopic signature of
these two organic matter pools. Moreover, only a fraction of the sedimentary pool is labile
and the total SOM is not an acceptable sample of fraction actually consumed by the benthos
(Zetsche et al.,, 2011). The isotopic signatures of the local SOM and water POM were
therefore not taken into account in the meta-analysis. Similarly, the isotopic signature of in
situ phytoplanktonic production was not included for the 3 estuarine habitats, because this
biotic compartment is virtually impossible to separate from the POM of marine (SW) or
freshwater (FW) origin also permanently present in estuarine waters.

For the four sources of organic matter investigated (FW, SW, MPB and MPh), the isotopic
signatures used at each site were collected using two alternative procedures (Table 2); if the
sources were analysed within the same year and during the same season than YoY, they
were selected. If simultaneous data were not available, they were replaced by average
values of time series data to take into account the potentially high temporal variability in the
isotopic signatures of these sources (Table 2). Especially, because seawater POM (SW) was
not often sampled simultaneously to fish collection in the ecosystems studied, its isotopic
signature was derived from time-series data available either from other local surveys
(Vinagre et al., 2008b) or from the French Coastal Monitoring Network SOMLIT (Service
d’Observation en Milieu LITtoral; http://somlit.epoc.u-bordeaux1.fr/fr/). Benthic macrophytes
isotopic signatures were not included in the analysis for the Charente estuary, as they do not
represent a significant organic matter source in this nursery habitat, compared to the huge
production from the intertidal microphytobenthos (Leguerrier et al., 2003; Modéran et al.,
2012). Similarly, microphytobenthos was not considered a significant source of organic
matter for the Rhone river prodelta, because its production in this non-tidal turbid system is
considered to be very limited. Detailed sampling and analytical protocols for each site can be
found in the references listed in Table 2, as well as more comprehensive details on (i)
variation in the isotopic signature of the freshwater POM from different tributaries of the same
area (MSMB, Kostecki et al., 2012), (ii) heterogeneous isotopic signatures from different local
macrophytes species (Vinagre et al., 2011; Kostecki et al., 2012) and, more generally, (iii)
variability in isotopic signatures among samples (Cloern et al., 2002).



2.2. Quantified estimates of organic matter sources in YoY trophic chain

The contributions of each organic matter source to YoY sole production in the five nursery
habitats studied were quantified using the R (R Development Core Team, 2009) package
SIAR (SIA in R) for mixing model analysis (Parnell et al., 2010). The use of mixing models is
necessary when dealing with more sources (in the present case, four) than the number of
elements analysed (in the present case, two: 8"°N and 5'°C). In this case, only this kind of
approach can provide the user with the ranges of possible contribution for all sources that
could explain the isotopic signatures of the consumer considered. Inputs to SIAR mixing
model for each element (3'°N and 5'°C) are the isotopic signatures of all the organic matter
sources investigated with their associated standard errors, replicates samples of consumer
isotopic signatures and the trophic enrichment factors (TEF), i.e. the differences in C and N
isotopic signatures between consumers and their diets (Minagawa and Wada, 1984), for the
food webs studied with their standard errors. In SIAR, the application of Bayesian methods to
the mixing model allows accounting for both uncertainty (i.e. the variation associated to both
the variability of the isotopic signature of the sources and that of the TEFs) and variability
(i.e. the variation linked to inter-individual differences in isotopic signatures in the consumer)
when generating the probability estimates of the source contributions.

Uncertainty in 8'°N and 3'°C isotopic signatures for each organic matter source was
calculated from the datasets. Both mean and standard error of isotopic signatures for
sources and individual YoY isotopic signatures (from 5 to 51 fish per sample, Table 2) were
included in SIAR. A sensitivity analysis was also performed to analyse the impact of different
TEFs on model outputs. The trophic level of YoY sole being close to 3 (Darnaude et al.,
2001; Kostecki et al. 2012; Vinagre et al., 2008b), the global TEF used for this analysis
corresponded, for each element (N and C), to the sum of that from primary producers or
POM to benthic invertebrates (YoY preys) and that from invertebrates to YoY soles. A wide
range of TEFs values is available for juvenile flatfish in the litterature (Minagawa and Wada,
1984; Bucheister and Latour 2010). However, in the present work, only 2 different global
TEFs (Table 3) were compared: one (TEF1) corresponding to the sum of the mean TEF
values commonly used in the literature for the primary consumers and the predators (DeNiro
& Epstein, 1978 and 1981; Fry, 2006), and one (TEF2) corresponding to the sum of the
mean TEF value commonly used for primary consumers (DeNiro & Epstein, 1978 and 1981)
and a mean TEF value derived from laboratory investigations of TEF variability in the winter
flounder Pleuronectes americanus (Bosley et al. 2002), a flatfish with juvenile physiology close
to that of sole. These 2 global TEFs were among the most extreme values proposed
between primary producers and secondary consumers in the literature, others estimates
being generally intermediate (Minagawa and Wada, 1984; Fry, 2006). Therefore, the
sensitivity analysis performed probably allowed reliable estimation of the variation in source
contributions to be expected given the natural variability of TEFs. For this, the SIAR model
was run twice for each site, with the standard error associated to both the global TEF values
tested set by default at 0.5%o.

2.3. Calculation of sources’ contribution from SIAR mixing model outputs

For each of the two global TEFs retained, the SIAR mixing model was run on the 13 datasets
collected for the 5 nursery sites studied (Table 2) to estimate the ranges in contribution of the
four different organic matter sources (FW, SW, MPB, MPh) to YoY sole growth (in %; see
Kostecki et al. (2012) for an example of SIAR model outputs for MSMB). When, for one of
these four sources, several isotopic signatures were included in the analysis (i.e. from
different rivers or different types of freshwater loadings or for several macrophytes species),



their contributions were summed to obtain a global contribution range for the corresponding
source (FW, SW, MPB or MPh).

To visualize the influence of TEFs variation on the model outputs and provide a first overview
of the general patterns in sources contribution among the different sites, a Principal
Component Analysis (PCA) was run on the model outputs (26 individuals: 13 samples x 2
runs of the mixing models for the two global TEFs; four variables: the mean estimated
contribution of each source being expressed in %). The differences in source contribution
estimates between paired points (i.e. between the two different estimates obtained with the
two global TEFs for the same site) were also calculated to provide additional information on
the sensitivity of the SIAR mixing model to uncertainty on the TEFs.

2.4. Intra-site and inter-site variability

The results from the multiple stations analysed in the Vilaine and the Charente estuaries
allowed investigation of the spatio-temporal variations in source (especially freshwater POM)
contribution to YoY sole growth within nursery habitats, in link with the position of their site of
capture sites with respect to the upstream-downstream salinity gradient and to the inter-
annual variability in river flow (in the Vilaine estuary).

Model outputs were finally compared among the five nursery sites and the differences in

sources contribution were analysed in relation to average river flows and the area covered by
the intertidal zone in each habitat (Table 1).

3. Results

3.1. Sensitivity of SIAR model outputs to TEFs variations

The first factorial plan of the PCA performed on the SIAR model outputs (Fig. 2) reflected
more than 78% of the total variability in the dataset and therefore gave a reliable image of
the variability in source contribution estimates, both among samples and according to the
global TEF retained for the calculations. Source contribution estimates for each sample were
generally close for both TEF values, although the seawater POM contributions were
systematically lower (of 15% in average) with TEF2 (Table 4). Differences between samples
were higher than that linked to TEF choice, apart for the samples collected in the Vilaine
estuary in consecutive years (in 2004 and 2005 and in 2007 and 2008, Fig. 2). Model outputs
therefore enabled to confidently identify spatial differences in source contributions, not only
between the five nursery sites, but also between different parts of the Vilaine and Charente
estuaries.

As contrasts between sites were not obscured by discrepancies linked to TEFs, source
contributions for each site were averaged between the two TEFs (TEF1 and TEF2) and the
resulting averaged proportions were used to interpret the variations observed among the 13
samples analysed.

3.2. Intra-habitat variations in food sources for YoY sole

SIAR model outputs always differed between the upstream and downstream samples from
the same nursery habitat (Vilaine or Charente estuaries) and the same year (for the Vilaine
estuary), with a consistently higher contribution of seawater POM (SW) in the downstream
sampling sites (Fig 2). This systematic change in source contributions along the estuarine



salinity gradient was confirmed by Fig. 3. For YoY sole located downstream (D; Fig. 1), the
contribution of freshwater POM (FW) was lower and compensated by higher contributions of
seawater POM and microphytobenthos (MPB). Averaging the contributions of both sampling
sites for each year in the Vilaine estuary also showed the existence of inter-annual variations
in the contributions of each source to YoY sole growth, with an increase in the contribution of
FW and a reduction in that of SW and MPB (Fig. 4a) with increasing river flow (Fig. 4b).

3.3. Inter-habitat variations in food sources for YoY sole

The contributions of the four organic matter sources to YoY sole growth differed between the
five nursery habitats (Fig. 2 and Fig. 5). Estimated contributions for freshwater POM (FW)
varied between 14% and 35% according to the nursery site. FW contribution to YOY sole
growth was thus substantial everywhere but never dominant. Primary production was the
main source of organic matter for young soles irrespective of the nursery habitat: In the
Rhone river prodelta, the only non-tidal system, YoY soles' food webs appeared to be mainly
supplied by phytoplankton, as indicated by the major contribution of SW (Fig. 5). In the tidal
sites however, SW contribution was low and intertidal primary production (by the
microphytobenthos and saltmarsh macrophytes) provided the main part (>50%) of the
organic matter exploited by young soles (Fig. 5). In the MSMB, and the Charente and Vilaine
estuaries, macrophytes contribution was low and the microphytobenthos (MPB) was the
main source of organic matter sustaining YoY sole growth.

Inter-habitat comparisons of the contributions of the different sources to YoY sole growth
revealed an unexpected overall reverse relationship between FW exploitation by young soles
and local river flow (Fig. 6). However, this general tendency seemed to be mainly driven by
the particularly high river flow observed for the Rhone river prodelta when compared to the
four other sectors studied (Table 1). A similar bias was observed when local source
contributions were related to intertidal zone area for the five habitats, the general pattern
observed for the four tidal sites contrasting with the situation in the Rhone river prodelta (Fig.
7); apart from the Rhone, intertidal production appeared to be the dominant organic matter
source for YOY soles.

4. Discussion

4.1. Providing reliable estimates of organic matter source contributions: a difficult
challenge

4.1.1. Estimates of source contribution at a critical juvenile life stage

In YoY juveniles of the common sole, muscle isotopic turnover rates (i.e. the speed at which
this tissue reaches an new isotopic signature equilibrium after a shift to an isotopically
distinct diet) can exceed one month (Vinagre et al., 2008b; Darnaude A.M., personal
communication). Therefore, the isotopic signature of some of the sole individuals used for the
present meta-analysis (6-11 cm in size) might still partly reflect that acquired during their
larval life in the marine plankton. Hence, the isotopic signature for older juveniles suggests a
much higher exploitation of freshwater POM (Darnaude et al., 2004a; Darnaude, 2005).
However, the most important trophic changes in sole occur during the very first months of
benthic life (Marchand, 1993), well before the YoY reach the sizes used in the present meta-
analysis. Because mortality in the species is maximum during this period and food availability
is a major determinant in modulating final population size in sole (Juanes, 2007; Le Pape and



Bonhommeau, sub), the isotopic signature analysed here reflect that of the sources of
organic matter exploited during the critical stage that determines most of the recruitment
success in the species.

4.1.2. Accounting for uncertainty on both isotopic signatures and TEFs using mixing models
coupled with a sensitivity analysis

In this study, a non-negligible level of uncertainty remains around the correctness of the local
isotopic signatures used for the four organic matter sources investigated, especially in the
habitats where isotopic signatures were derived from time-series data because
measurements concomitant to YoY sole sampling were missing (Table 2). YoY sole isotopic
signatures also presented an important variability for a given site and date (Darnaude et al.,
2004b; Kostecki et al., 2010; Modéran, 2010; Vinagre et al., 2011; Kostecki et al., 2012). The
SIAR software package, based on Bayesian inference and thereby allowing integration in the
analysis of both within sources and among samples variabilities (Parnell et al., 2010), was
therefore particularly appropriate for this meta-analysis. However, stable isotopes mixing
models are highly sensitive to TEFs (Bond and Diamond, 2011). As very different values of
TEFs have been previously estimated from prey to consumers (De Niro and Epstein, 1981;
Fry, 1999; Post, 2002; McCutchan et al., 2003) and more specifically from preys to juvenile
flatfish (Bosley et al., 2002; Bucheister and Latour 2010), the robustness of SIAR outputs to
TEF variability had to be tested. Our results demonstrated that SIAR estimates of source
contributions were sensitive to variations in the TEF values used for the predictions but the
corresponding bias in source contribution estimates was too low to obscure inter-sites
variations in source contributions. The only overlap in source contribution estimates with the
two extreme TEFs tested concerned samples from the Vilaine estuary collected in the same
part of the estuary (upstream or downstream) in couples of years (2004-2005 and 2007-
2008) with similar annual river flow conditions (Fig. 4b). When the same area (upstream or
downstream part of the estuary) is sampled for fairly similar annual river flow conditions
(2004-2005 and 2007-2008; Fig. 4b); source contribution is also quite similar (Kostecki et al.,
2010) and local interannual patterns in source contribution could not be dissociated from
differences related to TEFs. Thus, despite the inevitable uncertainty in our estimates linked
to the variability in the isotopic signatures (Cloern et al., 2002) dataset used and that linked
to inter-site possible variability in TEFs (Post, 2002), the spatio-temporal patterns in source
contributions obtained can be considered robust.

4.1.3. Towards more robust conclusions from a quantitative approach

SIAR model outputs from the present work supplement the information gathered from the
site-specific studies previously conducted in the Rhone river prodelta and in the three
estuarine habitats (Tagus, Charente and Vilaine) included in this meta-analysis (Darnaude et
al., 2004ab; Kostecki et al., 2010; Modéran, 2010; Vinagre et al., 2011). Hence, the sources
of organic matter for young soles and their variations, formerly only identified graphically
based on "N vs. 5"°C biplots, were quantified precisely for the first time in these nursery
habitats. Our results confirmed the general downstream decrease in freshwater POM
exploitation by YoY soles in their estuarine nurseries (Pasquaud et al., 2008; Vinagre et al.,
2008b; Kostecki et al., 2010, Kopp et al. sub.) and the positive link between river flow and
freshwater POM incorporation at different time scales (Kostecki et al., 2010; Vinagre et al,
2011). However, several previous studies, based on graphic interpretations of stable isotope
signatures only, had concluded that YoY soles mainly rely on freshwater organic matter in
their estuarine nursery grounds of Western Europe: in front of the Rhone river (Darnaude et
al., 2004b) and in the Vilaine estuary (Kostecki et al., 2010) in France; in the Tagus estuary
(Vinagre et al., 2008b) in Portugal and in the Thames estuary (Leakey et al., 2008) in the UK.



Be re-analysing quantitatively the data from 3 of these 4 sites, the present study indicated
that freshwater POM contributes to less than a third of the organic matter exploited for
growth in YoY sole, at least during the first few months of benthic life investigated here.
Despite the sources of uncertainty in our model predictions listed above, graphic
misinterpretations of trophic relationships from 3'°N vs. 5'C biplots (Parnell et al., 2010)
might have resulted in previous overestimations of freshwater POM contribution to YoY sole
growth. In any case, these discrepancies plead for a more thorough analysis of 3'°N vs. 5'°C
biplots and the combined use of quantitative approaches like SIAR mixing models for
accurate estimation of source contributions from stable isotopes data.

4.2. Variations of organic matter sources for YoY soles: from local spatiotemporal
patterns in organic matter sources to differences among nursery sectors

4.2.1. A systematic moderate influence of freshwater inputs

As confirmed by the outputs from our models, the organic matter of freshwater origin
incorporated into benthic food webs in coastal and estuarine ecosystems is transferred up to
juvenile soles (Darnaude, 2003; 2005; Kostecki et al., 2010). It controls both the availability
of suitable prey for sole juveniles (Darnaude et al., 2004b) and the size of the latter in their
nursery habitats (Le Pape et al., 2003a). Therefore freshwater inputs in organic matter
modulate nursery capacity and recruitment success in sole (Le Pape et al., 2003b; Darnaude
et al., 2004b). However, although the influence of FW as a trophic source for YoY sole was
notable in all the nursery sites tested in the present study and the results for the Charente
and the Vilaine estuaries confirmed that its exploitation in sole increases with its availability
over an upstream-downstream gradient and with the river flow (Darnaude et al., 2004a;
Kostecki et al., 2010), the contribution of this organic matter source to YoY sole growth
appeared to remain quite low irrespective of the nursery site. The highest contribution (35%)
was surprisingly found in the MSMB, where freshwater inputs are very limited (Cugier et al.,
2010). The widespread hypotheses of a larger exploitation of freshwater inputs by sole
juveniles in large estuaries and of a marked difference between the organic matter sources
sustaining their growth in their estuarine and in their marine nursery sites (Kostecki et al.,
2012) were therefore not confirmed by the present meta-analysis. This can partly result from
the size classes of YOY sole selected for inclusion in the analysis, especially since isotopic
signatures in older YoY sole (collected in late autumn) reflected a more pronounced
freshwater influence in front of the Rhone river (Darnaude 2003). However, YoY sole
behaviour also contribute to the lack of inter-site contrast evidenced here. Hence, the
common sole is not considered a strictly estuarine dependent species (Araujo et al., 2000; Le
Pape et al., 2003b). Its juveniles do not use the most oligohaline parts of the estuaries
(Rochette et al., 2010) and, although YoY spatial distribution changes during development
(Dorel et al., 1991), their salinity niche during their first months of benthic life is quite similar
among nursery sectors (Le Pape et al., 2003b; Rochette et al., 2010) and their distribution
drifts downstream with increasing river flow (Le Pape et al., 2003a). This suggests that YoY
face a similar range of freshwater influence irrespective of the river discharge in estuarine
habitats. It is therefore not particularly surprising that the contribution of FW to their growth is
not more important in larger estuaries. YoY sole behaviour also explains the surprising high
FW contribution to sole growth found in the marine MSMB. In this bay, sole juveniles
concentrate in front of small tributaries (Kostecki et al., 2012), in restricted areas under
noticeable estuarine influence (Cugier et al., 2010). Low salinity has been shown to facilitate
metamorphosis in the species and attract its larvae (Koutsikopoulos et al., 1989), which use
selective tidal stream transport to reach appropriate nursery habitats (Boehlert and Mundy,
1988; Amara et al., 1998; Grioche et al., 2000; Ramazi et al., 2001). Attraction by sediment or
food chemical signatures was also suggested as an explanation for this estuarine tropism,
although the nature of the cues for their detection remains unclear (Amara et al., 1998;



Vinagre et al. 2007). Anyhow, the resulting distribution of YoY sole in the MSMB explains the
relatively high freshwater POM contribution to their growth in this marine zone despite low
freshwater inputs and reinforce the hypothesis of YoY sole being attracted toward areas
under freshwater influence, where their growth is enhanced (Le Pape et al., 2003c).

4.2.2. A significant influence of intertidal production

This meta-analysis revealed the major role of benthic intertidal primary production in
sustaining YoY food webs and maintaining the nursery function of estuarine and coastal tidal
ecosystems. For the four tidal habitats studied, the contribution of intertidal benthic
production to YoY sole growth was shown to exceed 50%, in accordance with results on the
main organic food sources sustaining fish production in tropical estuaries (Melville and
Connolly, 2003). In temperate estuaries, the production of various species of commercial
interest had been suggested to be predominantly sustained by saltmarsh macrophytes
detritus, either through direct ingestion or via their incorporation in local benthic food webs
(Boesch and Turner, 1984). This is nuanced by the results from the present analysis, which
confirmed the contribution of organic matter from saltmarsh plants to fish production, notably
in the MSMB (Lafaille et al., 1998), but stressed the prime role of the microphytobenthos in
sustaining juvenile marine fish growth in tidal areas, as already suggested in the Tagus
estuary (Franca et al.,, 2012) and the MSMB (Kostecki et al., 2012). Our results suggest
however that the contribution of benthic primary production to YoY sole growth could be very
low in non-tidal nursery habitats. Indeed, in the Rhone river prodelta, the contribution of
autochtonous phytoplankton prevails because water turbidity, linked to the presence of a
particularly dense river plume, limits benthic primary production (Bodoy and Plante-Cuny,
1980). Supplementary analyses that include other types of Mediterranean nursery habitats
(coastal lagoons, estuaries, sheltered bays) are needed to confirm this observation and
further investigate organic matter sources for YoY sole in non-tidal systems.

Our conclusions echo previous calls for the preservation and even the restoration of the
quality of intertidal zones in tidal areas (Elliott et al., 2007). Indeed, our results stress that
juvenile growth in the common sole depend highly on intertidal food sources, as in other
coastal and estuarine dependent species (Franga et al., 2012; Kostecki et al., 2012).
Maintaining the productivity of habitats that sustain nursery function should be the primary
focus for such fish species, whose population size depends on trophic resources at the
juvenile stage (Lamberth et al.,, 2009; van de Wolfshaar et al. 2011; Le Pape and
Bonhommeau, sub.). Nevertheless, primary production in estuarine and coastal habitats is
highly dependent on freshwater loadings in inorganic nutrients (Mallin et al., 1993). Because
the latter enhance both micro- (Underwood and Provot, 2000) and macro-phytobenthic
productions (Valiela and Teal, 1974) in the intertidal zone, the maintenance of river inputs to
the coastal zone is also of primary importance for flatfish stock maintenance. Our results
confirm that future modifications of river inputs to the coastal zone in Western Europe, under
the combined influence of climate change and anthropogenic freshwater use, could alter
profoundly the nursery function of estuarine and coastal ecosystems (Dolbeth et al., 2008).
At least in the common sole, the consequences on fisheries production of such changes
could prove dramatic if both the direct (through benthos use of freshwater POM) and indirect
(through nutrients use by local primary producers) enrichments of YoY food webs by riverine
inputs were altered. Appropriate measures will have to be urgently taken to preserve the
nursery function and capacity of costal and estuarine systems and, as a consequence, the
exploited stocks and related fisheries.
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Tables

Table 1: Average annual river flow and percentage of intertidal area for the five estuarine

systems considered in this study (Nicolas et al., 2010).

Estuaries Average annual river flow Proportion of intertidal area
(ms™) (%)
Mont St Michel Bay 27 [60,80[
Vilaine 73 [20,40[
Charente 40 [40,60[
Rhone 1700 [0,20[
Tagus 300 [40,60[
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Table 2: Standardized stable isotopes data collected for the meta-analysis.

'FW, Freshwater POM, SW, Seawater POM, MPB, microphytobenthos, MPh, Macrophytes, Up, upstream, Dw, downstream of the estuary.
Surv: sources are sampled in the same survey period as YoY and data come from the same reference, TS: sources are taken from time series
indicated in reference, period (Month Year) and sample stations are indicated, No: the source was not considered as significant.

Nursery Young of the Year sole (YoY) Sources References
areas
Intrasite Date Number | Meansize | FW | SW | MPB™ | MPh
sample (mm)
Mont St Aug. 08 51 78 Surv. | TS" | Surv | Surv Kostecki et al. (2012)
Michel TS: Somlit, station ”Astan”, Jun-Sep 2009
Up 5 80
- July 04
Dw 5 65 )
Kostecki et al. (2010),
Up Tulv 05 5 82
. . u
Vilaine Dw Y 5 95 Surv Surv | Surv | Surv excepted for SW:
Up 5 76 Néro (2011), station “Est Hoedic*
July 07
Dw 17 68
Up 24 74
July 08
Dw 5 69
Up 17 97 x , ,
Charente Sept. 07 Surv | TS Surv | No Surv: Modéran (2010); Modéran et al. (2012)
Dw 7 94 TS: Riera (1995), station “Ré”, May-Sep 1998
Rhone June 01 13 79 Surv TS No Surv Surv: Darnaude et al. (2004)
TS: Somlit, station “Frioul”, Mar- Jun 2010
Tagus July 09 6 83 TS Surv | Surv | Surv Vinagre et al. (2011b)
TS: Vinagre et al. (2008b), May-Sept 2001
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Table 3: Trophic enrichment factors (TEF) from sources to YoY

Element | Setof TEF | Source-Prey | Prey-YoY | ¥ Source-Yoy

o TEF1 1 1 2
TEF2 3
N TEF1 34 5.6
6N TEF2 2.2 0.3 19

Table 4: Differences in source contributions for YoY (in %) between estimates realized with
the two tested enrichment factors, calculated on the 13 samples

SW FW Intertidal: MPB+Mph
mean o mean o mean G
TEF1 37.3 19.1 14.4 12.4 48.2 15.1
TEF2 22.7 16.7 22.1 11.8 55.2 18.6
TEF2-TEF1 -14.87 14.6 +7.7 8.6 +5.9 13.9
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Fig. 1. Location of the five study sites along the North East Atlantic coast considered in this study. In the two
upper panels, the upstream (U) and downstream (D) locations of juvenile sole data collection in the Vilaine

and Charente estuaries are presented.
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Fig. 2. First factorial plan of a Principal Component Analysis on the contributions (in %) of the 4 organic matter sources in YoY,
calculated on the 13 samples collected on the five nursery sectors (Table 2) with 2 different TEFs (Table 3). a) 26 individuals (13
samples * 2 TEFs) with their character code (First, cap. letter for the nursery sector, “M” MSMB, “V” Vilaine, “C” Charente, “R”
Rhone and “T” Tagus; second, when needed, min. letter for spatial subsamples “u” for upstream and “d” for downstream; third,
Vilaine only, number for the sampling year in 2000s). Symbols depend on the TEF, filled circle for TEF1 and filled squares for
TEF2. Sector barycentre is indicated as crossed squares. b) Variables (4 sources), dashed lines indicating the projection of
supplementary variables, not included in the analysis.
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Fig. 3. Differences in organic matter sources contribution (in %) for YoY between the outer and the inner parts of the estuaries

a) for the 4 studied years in the Vilaine, b) in average among years in the Vilaine, c) in the Charente.
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Fig. 4. a) Sources' contribution in the Vilaine estuary with relation to the river flow on the 4
studied years a) contributions (in %) of the 4 sources, b) mean river flow (m®.s™") before and
during YoY settlement, from February to June
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Fig. 5. Average contribution (in %) of organic matter sources to YoY trophic chain on the 5

studied nursery sectors
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Fig. 6. Contribution (in %) of the different organic matter sources to YoY trophic chain with
relation to log-transformed average river flow (m®.s™").
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Fig. 7. Contribution (in %) of the different organic matter sources to YoY trophic chain with
relation to the proportion of intertidal surface (in classes of percentage: 1 [0%, 20%], 2 [20%,
40%], 3 [40%, 60%], 4 [60%, 80%]).
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