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Abstract:

Mercury (Hg) is a global threat for marine ecosystems, especially within the Mediterranean Sea. The
concern is higher for deep-sea organisms, as the Hg concentration in their tissues is commonly high.
To assess the influence of food supply at two trophic levels, total Hg concentrations and carbon and
nitrogen stable isotope ratios were determined in 7 species (4 teleosts, 2 sharks, and 1 crustacean)
sampled on the upper part of the continental slope of the Gulf of Lions (Northwestern Mediterranean
Sea), at depths between 284 and 816 m. Mean Hg concentrations ranged from 1.30 + 0.61 to
713+7.09ugg dry mass, with maximum values observed for small-spotted catshark Scyliorhinus
canicula. For all species except blue whiting Micromesistius poutassou, Hg concentrations were above
the health safety limits for human consumption defined by the European Commission, with a variable
proportion of the individuals exceeding limits (from 23% for the Norway lobster Nephrops norvegicus
to 82% for the blackbelly rosefish Helicolenus dactylopterus). Measured concentrations increased with
increasing trophic levels. Carbon isotopic ratios measured for these organisms demonstrated that
settling phytoplanktonic organic matter is not only the main source fueling trophic webs but also the
carrier of Hg to this habitat. Inter- and intraspecific variations of Hg concentrations revealed the
importance of feeding patterns in Hg bioaccumulation. In addition, biological parameters, such as
growth rate or bathymetric range explain the observed contamination trends.

Highlights
» Hg and stable isotope ratios were assessed in 7 species from Medlterranean slope. » Settling
phytoplankton was the main OM and Hg source, as confirmed by 5"3C values. » All species except

one exceeded Hg consumption limits. » Depth and diet were important factors explaining Hg content.
» Results confirmed the concern about Hg in the deep Mediterranean.
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1. Introduction

Anthropogenic inputs of chemicals is one of the main threats currently affecting the global ocean
(Halpern et al., 2008). Amongst other contaminants, mercury (Hg) is assessed as being of great
concern (UNEP, 2013), since it is a neurotoxic metal for mammals. It also affects fish and other
animals at levels below acute toxicity (Fitzgerald and Clarkson, 1991; Scheuhammer et al., 2007;
Tartu et al., 2013). The volatile metallic form of Hg (Hg®) is emitted in the environment from both
natural and anthropogenic sources, with an increase of anthropic releases in the last centuries
(Streets et al.,, 2011; UNEP, 2013). Its ~ 1 year atmospheric residence time allows Hg to be
transported over long distances (Streets et al., 2011; UNEP, 2013). However, Hg® is partly photo-
oxidized into its divalent form (Hg") in the atmosphere and dissolved in rain or dry deposited. Once
deposited, Hg" can be methylated by bacteria in soil, marine waters, and sediments (Fitzgerald &
Lamborg 2006). Methylation mainly occurs in low oxygen zones, and at the water/sediment
interface, where heterotrophic bacterial activity is at a maximum (Blum et al., 2013; Cossa, 2013;
Cossa et al., 2009; 2013; Heimburger et al., 2010). Methylmercury (MeHg) is the chemical form of
mercury of greatest concern, since it can easily be uptaken by phytoplankton and magnified along
trophic webs (Pickhardt and Fisher, 2007). Bioaccumulation (bioconcentration + biomagnification)
is determined by complex processes, linked with metabolic specificities of each organism and
physico-chemical properties of the contaminant (e.g. Harmelin-Vivien et al., 2012).
Bioconcentration factors of 10* to 10” were observed for Hg concentrations between marine waters
and organisms (Cossa et al., 2012). This process is responsible for the highest Hg concentrations
observed in high trophic level species, and for risks for humans when consuming high trophic level
marine organismes, like piscivorous fishes (Morel et al., 1998).

The fate of Hg is particularly important for the Mediterranean Sea. The anthropogenic pressure is
thus high, as most of the countries around the Mediterranean are highly populated and
industrialized (Durrieu de Madron et al., 2011). Since the 1970’s, several authors have described
high Hg concentrations in Mediterranean teleosts (ray-finned fishes), sharks, and marine mammals.
In addition, higher concentrations were observed for Mediterranean organisms when compared
with the same species in others oceans, despite rather similar concentrations in waters (Andre et
al., 1991; Cossa et al., 2012; Harmelin-Vivien et al., 2009; Thibaud, 1971). On the basis of these
observations, several early papers called this trend the “Mediterranean mercury anomaly” and
research was undertaken to look for the cause (Aston and Fowler, 1985; Cossa and Coquery,
2005). One hypothesis is that it may be linked to the biogeochemistry of Hg and the methylation
depth range. In the Mediterranean, the oxygen minimum zone is shallower than in other marine
environments. The methylation zone occurs thus at a lower depth, increasing the potential for
MeHg to be integrated in the trophic webs, which are shallow (Cossa et al., 2009; 2012). The
second hypothesis focuses on a lower primary productivity in the oligotrophic Mediterranean, and
thus a lower “biodilution” of contamination into less abundant biogenic particles at the base of
trophic webs (Heimburger et al., 2010). This lower productivity also reduces the growth rate of
higher organisms compared to more eutrophic settings. This has been observed for hake
(Merluccius merluccius), a predatory teleost (Mellon-Duval et al., 2010). At the same size, a
Mediterranean individual is older and shows higher Hg levels than its Atlantic counterpart, due to a
slower growth rate, and increased exposure time —hence, a higher potential for bioaccumulation
(Cossa et al., 2012).

Assessment of mercury concentrations was mainly performed in shallow Mediterranean species of
commercial or cultural interest. Numerous studies have investigated trophic position and Hg
concentration in species such as hake, mullet, tuna or marine mammals (Andre et al., 1991; Cossa
et al., 2012; Harmelin-Vivien et al., 2009; Storelli and Barone, 2013; Storelli et al., 2005; Thibaud,



1971). Fewer data are available regarding Hg concentrations for species living in deep
Mediterranean waters (e.g. Cossa and Coquery, 2005; Hornhung et al., 1993; Koenig et al., 2013).
However, there is considerable concern regarding Hg for these species. They are commonly
considered as long-lived and slow-growing, which increases potential exposure time to
contamination (Drazen and Haedrich, 2012; Koenig et al., 2013), given that deep-sea sediment with
high concentrations of Hg have been observed in the Mediterranean Sea (Heimbdurger et al., 2012).

Recently, Canals et al. (2013) reported that a strong research effort had been undertaken to assess
the hydrological and climatic processes of the deep areas (mainly continental slopes and
submarines canyons) of the Gulf of Lions (Northwestern Mediterranean Sea), but little has been
done to connect physical trends to biological functioning. They stated that there is an urgent need
to “identify major issues and threats affecting deep-sea ecosystems, and to evaluate their potential
impacts”. Among the missing knowledge that is required for this assessment are the origin of
organic matter (OM) and the functioning of trophic webs in these zones. As diet is the main source
of contamination for fishes (Hall et al., 1997), understanding what food source fuels deep-sea
organisms is crucial to better understand their contamination patterns. Some early papers
performed extensive studies of the diet of some teleosts and shark species (eg Carrasson et al.,
1992; Macpherson, 1979; 1981; Morte et al., 2002) whereas more recent research characterized
the OM reaching deep zones (Canals et al., 2006; Heussner et al., 2006; Pasqual et al., 2013;
Sanchez-Vidal et al., 2013).

Although stable isotopes have been used to understand food webs in deep Mediterranean zones
(Fanelli et al., 2011; 2013; Papiol et al., 2013, Polunin et al., 2001), the connection between OM
and Hg at the base and consumers at the top of the trophic web has not been investigated. Stable
isotope analyses would be useful to determine the source of OM and also Hg in deep
Mediterranean trophic webs. Two OM and Hg sources could been considered, Rhéne river OM
inputs and sedimentation of phytoplanktonic OM. Stable isotope analyses are based on the link
between the isotopic ratio of a consumer and the ratio of its diet, with a known fractionation factor
between them. For carbon, this factor is rather low (theoretically + 1 %o at each trophic level), and
allows the use of carbon as a tracer of the origin of OM supporting the consumer. Fractionation
factor is more important for nitrogen (theoretically + 3.4 %o at each trophic level). Nitrogen is thus
commonly used as a proxy of trophic level. Nevertheless, recently published studies demonstrated
that these fractionation factors can vary with feeding behavior, trophic position, metabolism, body
size or temperature (Cresson et al., 2014; Hussey et al., 2014; Mill et al., 2007; Wyatt et al., 2010).
Using stable isotopes is appropriate for understanding trophic levels in deep-sea species in addition
with the gut content analyses, as this technique suffers drawbacks (Drazen et al., 2008; Fanelli et
al., 2011; Polunin et al., 2001). Due to rapid pressure change, deep-sea species commonly
regurgitate their stomach content when caught. Feeding is also sporadic for carnivorous species.
Extensive sampling is thus needed to avoid empty or regurgitated stomachs and to get reliable
data. Finally, combining stable isotope and contaminant analyses is a powerful approach, as both
techniques give integrated information on diet or contamination processes.

There is a paucity of data about the Hg concentration and trophic relationships of teleosts and
sharks of the Mediterranean continental slope (Canals et al., 2013). Furthermore, the existing data
have been collected in the Western part of the Gulf of Lions. It is generally considered that deep
sea species exhibit high Hg concentration, suggesting that biological features of deep-dwelling
species, trophic position, and nature of OM fueling deep zones can drive the high contamination
pattern. Consequently, the aim of this study was (1) to characterize the trophic position of seven
potentially high-trophic level species of sharks (Blackmouth catshark Galeus melastomus, Small-
spotted catshark Scyliorhinus canicula) teleosts (Blackbelly rosefish Helicolenus dactylopterus,
Four-spot megrim Lepidorhombus boscii, Blue whiting Micromesistius poutassou, and Greater
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forkbeard Phycis blennoides) and crustacean (Norway lobster Nephrops norvegicus) in the upper
continental slope of the French part of the Gulf of Lions (2) to gain knowledge on species Hg
concentrations, and (3) to explain the Hg concentrations in the trophic web using stable isotopes.

2. Material and methods

2.1. Study area, organism sampling and dissection

Sampling was performed during the 2012 MEDITS bottom trawl campaign in the Gulf of Lions (R/V
L’Europe) at 6 stations, located on the upper slope at depths between 284 and 816 m (Fig. 1). The
MEDITS annual bottom trawl surveys have applied a common standardized protocol since 1994 to
produce information on benthic and demersal species on the continental shelves and along the
upper slopes in the whole Mediterranean Sea (Bertrand et al., 2002). Sites were selected with
regard to the targeted species usually collected there. A total of seven species was chosen, due to
their repeated observation during video recorded in the canyons heads (Fabri et al., 2014), the high
trophic level of teleosts and sharks (Carrassén et al., 1992; Macpherson, 1978; 1979; 1981; Morte
et al., 2002; Papiol et al., 2013; Stergiou and Karpouzi, 2002; Tecchio et al., 2013) their importance
for the community composition and functioning (Papiol et al. 2013; Tecchio et al., 2013) and their
ability to feed on prey coming from the submarine canyons. As their have high trophic level, these
species were supposed to exhibit high Hg concentration. On the contrary, Norway lobster has a
lower trophic level, as it mainly consume small benthic invertebrates (Cristo and Cartes, 1998). In
addition, these species can have some commercial interest and can be caught by professional
fishermen (Fisheries Information System Ifremer, Patrick Lespagnol, pers. comm.). Individual
organisms were stored frozen on board and kept at -20°C until dissection.

In the lab, teleosts and sharks were thawed, measured (total length, to the nearest mm) and
weighed (total, mass, to the nearest 0.1 g) before dissection. For the decapod crustacean species
Nephrops norvegicus, the cephalothorax length was measured to the nearest millimeter. For all
species, two samples of muscle were taken from thawed individuals and prepared for analyses.
White dorsal muscle was taken for stable isotope analyses, as this tissue was demonstrated to be
the most appropriate (Pinnegar and Polunin, 1999). For Hg analysis, a sample of muscle was taken
from the caudal peduncle, between the anal pore and the tail. Muscle taken in this zone was
observed to be the most suitable for Hg analysis, according to international guidelines (Nakhlé et
al., 2007). All muscle samples were stored frozen, freeze-dried and ground in a non-contaminating
blender before analyses.

2.2 Carbon and nitrogen stable isotope and Hg concentration determination

Stable isotope ratio measurement was performed with a continuous flow mass spectrometer (Delta
V Advantage, Thermo Scientific, Bremen, Germany) coupled with an elemental analyzer (Flash EA
1112 Thermo Scientific, Milan, Italy). Results are expressed following the standard & notation,

Fsample

where 8X = — 1) x 102, (equation 1)

standard

with X is "*C or "N and R the ratio ">C/"C and "N/"N respectively. Standards used were Vienna
PeeDee Belemnite for C and N, for N. Measurement precision was < 0.1 %o for C and N, and was
checked by repeated measurement of an internal laboratory standard of acetanilide. One
determination of &"C and &'°N was performed for each individual, as previous results
demonstrated low variability of repeated analyses of the same sample (Cresson et al. 2014). C/N



ratios were determined with the elemental analyzer, and were used as a proxy of lipid content. High
lipid concentrations were previously observed in deep-sea teleosts, and could represent a bias for
the measurement of 8"C. C/N values lower than 4 indicates no lipid bias and no need for
correction (Hoffman and Sutton, 2010). In our dataset, all C/N values were below this threshold.
Consequently, no lipid bias correction was performed.

Total Hg concentration was determined using a semi-automated atomic absorption
spectrophotometer (AMA-254, Altec Ltd., Praha, Czech Republic) in three steps: (1) combustion of
the sample and volatilization of Hg, (2) amalgamation of elemental Hg on a gold trap, and (3)
spectrophotometric atomic absorption measurement of the Hg swept into the flow cell following
heating (800°C) of the gold trap. Precision of the technique was assessed using certified reference
materials from the National Research Council of Canada (DORM-2 and -4), chosen in accordance
with the Hg concentration of the sample. Measured values were always within the confidence limits
of the certified materials (certified values: 4.64 + 0.26 and 0.410 + 0.055 ug g”'; measured values:
4.73 + 0.27 and 0.392 + 0.007 ug g™ for DORM-2 and DORM-4 respectively). Reproducibility of the
measurements were usually better than 5 %. This technique allows determination of the total Hg
but not the methylmercury (MeHg). However, previous results demonstrated that total Hg is a good
proxy of MeHg, as MeHg represent 80 to 100 % of Hg in teleosts and sharks (Bloom, 1992;
Magalhées et al., 2007; Pethybridge et al., 2010). Concentrations are expressed relatively to the
dry mass of individuals. If needed, wet masses (wm) were converted into dry masses (dm),
considering that dm = 5 wm (Magalh&es et al., 2007). One determination of Hg concentration was
performed for each individual, as previous results demonstrated low variability of Hg concentrations
for repeated analyses of the same sample (F. Miralles, unpubl. data)

To determine what OM source potentially fuels slope trophic webs, no specific sampling was
performed, but bibliographical data were gathered. The Rhéne river OM inputs exhibit 5'°C values
lower than -25 %o, consistent with other reported terrestrial OM inputs in the Gulf of Lions (e.g.
Cresson et al., 2012; Darnaude et al., 2004; Harmelin-Vivien et al., 2010; Sanchez-Vidal et al.,
2013; Tesi et al., 2007). These values are explained by the predominance of C; plants remains in
riverine OM. Regarding phytoplankton, most of the studies so far in the Mediterranean considered
isotopic ratio of POM, i.e. the heterogeneous mixture of living and detrital particles (e.g. Cresson et
al.,, 2012; Darnaude et al., 2004; Tesi et al., 2007). POM isotopic ratios can be considered as a
proxy of phytoplankton isotopic ratios only under particular conditions, like the absence of
terrigeneous influences. To our knowledge, isotopic ratios of “pure” phytoplankton from the Gulf of
Lions was only reported once (Harmelin-Vivien et al., 2008). Briefly, these authors specifically
sampled phytoplankton by pumping large volume of water at the fluorescence maximum depth,
filtering, and considering only the 63 — 200 ym fraction. This size class was considered the best
proxy of phytoplankton as it was composed mainly of diatoms and dinobionts, as confirmed by
species identification. They measure 5'°C values between -21 %o, and — 19 %o for phytoplankton.
Their results were previously used to confirm the contribution of phytoplanktonic OM to deep
Mediterranean environments (Fanelli et al., 2013; Sanchez-Vidal et al., 2008). Marked differences
between riverine and phytoplanktonic 5'*C allowed the use of these values to discriminate what OM
source fuels slope trophic webs.

2.3 Statistical analyses

Interspecific variations of 5°C, 5'°N and spatial variation of total length were tested. In both cases,
normality and homogeneity of variance were first checked. If those assumptions were reached,
comparisons were performed with one-way ANOVAs. If not, non-parametric tests (Mann-Whitney or
Kruskall Wallis) were used.



As length can affect isotopic ratio or Hg concentration, correlations between parameters were
assessed using linear or exponential regression models, using Generalized Linear Models (GLM).
After checking the significance of the regression (p-value < 0.05), the model minimizing the Aikake
Information Criterion (AIC) was considered the best fit. When linear correlation was the best fit,
spatial variations were tested on untransformed data with ANCOVA, using length as a covariate.
When exponential regression best fit the data, ANCOVA was performed on log-transformed data.
Spatial variation was not tested for Nephrops norvegicus (sampled in one site only n= 13). Data
discussed as significant is for p < 0.05.

3. Results

3.1. Isotopic and biometrical features.

A total of 153 individuals were included in this work (Tab. 1). Mean 3'*C values displayed a range
lower than 1 %o (Tab.1, Fig.2) between the maximum value measured for Scyliorhinus canicula (-
18.32 + 0.45 %o) and the minimum for Micromesistius poutassou (-19.11 = 0.59 %.). Values
measured on each sampling point are detailed in Table S1.0ne large (611 mm) L. piscatorius
individual was also collected and displayed high isotopic ratios (5"°C = -17.39 %o, 5'°N = 9.91 %)
and Hg burden (6.55 pg g”' dm). This individual was not included in the statistical analyses, as its
representativeness in the data set was low.

Nitrogen isotopic ratios were rather similar between teleosts and sharks, as a difference of nearly
1 %o is observed between 8N values measured for Lepidorhombus boscii (7.89 % 0.53 %o) and
Phycis blennoides (9.06 + 0.70 %o). N. norvegicus 8N value (6.62 + 0.55 %o) was significantly
lower than values measured for teleosts and sharks (Fig. 2).

Assuming a ~1 % enrichment factor for carbon per trophic level, and considering that
phytoplankton 5'C values range between -21 and -19 %o , isotopic ratios measured for all teleosts,
sharks, and decapod crustaceans in this work were consistent with the predominance of
phytoplankton as the main OM source fueling the slope trophic webs. This idea is supported by the
position of all species in the 5'°C — "N biplot (Fig. 2). All species are in the blue (light gray) area
representing the limits of the range of isotopic ratios expected if the trophic web they belong to is
mainly fueled by phytoplanktonic OM. On the contrary, all available data about riverine inputs’ 3'°C
were markedly lower and suggests that this food source is not available to the slope trophic webs.

For all species, significant correlations were observed between length and isotopic ratios (Tab S3
and S4). Mean lengths were similar between sites, revealing rather homogeneous sampling (Fig.
3). Nevertheless, some spatial variation of isotopic ratios were observed when length was used as
a covariate (Tab. 2). Generally, differences seemed to appear between shallower and deeper
individuals. As an example, H. dactylopterus captured at 679 m depth exhibited the higher average
5N and 5'C values (9.74 % 0.36 %o and -17.81 = 0.30 %o respectively), whereas lowest values
were recorded for individuals captured shallower.

3.2. Hg concentrations

Hg displayed a wide range of values, with major and significant (KW Hg 153 =68.55, p < 0.0001)
differences between species (Tab.1, Fig. 4). Three species exhibited low and similar values:
Micromesistius poutassou (1.30 + 0.61 pg g™ dry mass), N. norvegicus (1.80 + 0.97 ug g~ dm) and
P. blennoides (1.89 = 1.10 pygg” dm). M. poutassou was the only species with all individual
displaying concentrations below the European maximal levels in foodstuffs of 2.5 pug g™ dm for this
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species (EC, 2006). Maximum average values were recorded for Scyliorhinus canicula (7.13 £ 7.09
ug g~ dm), Helicolenus dactylopterus (5.80 + 3.24 ug g’ dm) and Galeus melastomus (4.92 + 3.66
ug g dm). Maximum concentrations were recorded in muscle of three large S. canicula individuals
(27.01, 18.08 and 17.11 pg g dm respectively). Intraspecific variation was also high and explained
the large standard deviation calculated (Fig. 4). Significant correlations were observed between
length or 3'°N and total Hg concentration, whatever the species (Fig. 5, Tab. S3). In most cases,
the exponential model best fitted the data (Fig. 5). Largest individuals exhibited high 5'°N and high
Hg concentrations, most of them above the limits (2.5 or 5 pugg' dm) defined by European
Commission (EC, 2006). Furthermore, with the exception of M. poutassou, several individuals from
all species exhibited Hg concentrations above the human consumption safety limit, with different
proportions of individuals above the limits for each species (Fig. 4). Spatial differences of Hg
concentrations were only observed for H. dactylopterus and P. blennoides, with individuals
collected deeper displaying higher concentrations (Tab. 2). Hg concentration is higher (9.61 + 2.69
ug g”' dm) for H dactylopterus captured at 679 m than at all other shallower sites. Similar trend is
observed for P. blennoides, as individuals sampled at 665, 679 and 816 m depth were Hg-enriched
compared with individuals sampled at 284 and 426 m.

4. Discussion

Fish and shellfish assimilate Hg, mainly from their food via the biomagnification process (e. g.,
Magalhdes et al., 2007). Their diet (and thus trophic level) is the main factor governing the
amplitude of Hg accumulation in marine organisms. In addition, Hg concentrations tend to increase
with animal age that depends on their growth rate, which in turn, change in function of the habitat,
physiology, and reproductive cycle (Cossa et al., 2012).

4.1. Marine vs terrestrial OM fueling trophic webs

Organisms analyzed here displayed isotopic ratios consistent with trophic webs supported by
phytoplanktonic OM (Fig. 2). The importance of sinking phytoplankton, as the main source fueling
deep trophic webs was previously determined at other Mediterranean sites (Fanelli et al., 2013;
Polunin et al., 2001) and in abyssal zones in the Pacific (Drazen et al., 2008). Fanelli et al (2013)
calculated that falling phytoplankton was the major (67 to 85 %) contributor to deep water and
sediment OM. The Gulf of Lions is commonly considered as a mesotrophic environment, more
productive than other zones of the northwestern Mediterranean (Bosc et al., 2004). Phytoplanktonic
OM can be then exported to the continental slope ecosystem, as confirmed by the presence of
biogenic remains (diatoms and coccoliths) in particle traps (Heussner et al., 2006) and by the
isotopic ratios and biochemical composition of these particles (Lopez-Fernandez et al., 2013;
Sanchez-Vidal et al., 2008). Heussner et al. (2006) estimated that, at the scale of the Gulf of Lions,
inputs of phytoplankton to deep-sea ecosystem represent nearly 9 x 10°ta™, with a decreasing
amount and quality of OM with depth, by example due to the fast consumption of labile OM.
Alteration of OM, with a potential effect of bacterial processes, can also alter its isotopic ratios, and
was proposed as an explanation of the effect of depth on isotopic ratio previously observed (Fanelli
et al., 2013; Polunin et al., 2001). This could similarly explain the few but occurring 5"*C differences
observed for H. dactylopterus and P. blennoides sampled at different depths.

The lack of influence of terrestrial inputs on the trophic web of the continental slope may seem
unexpected. The Rhéne River is the main input of OM in the Gulf of Lions. Several papers have
previously documented a strong influence of this river as a source of OM and contaminants for
coastal teleosts populations, even far from its mouth (Carlier et al., 2007; Darnaude et al., 2004;
Dierking et al., 2009; Morat et al., 2014). Some others smaller rivers may also carry OM to the sea,
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for example during flash flooding events (Sanchez-Vidal et al., 2013). These inputs can then be
exported beyond the shelf break during downwellings or cascading events that occur under specific
atmospheric forcings (Canals et al.,, 2013; Sanchez-Vidal et al., 2008). Nevertheless, fluxes of
riverine OM appeared too limited in time and space to have a strong influence on the trophic webs
leading to the organisms considered in this work. They occur sporadically during short periods of
time, when atmospheric forcing is favorable and concomitant with winter flooding. Additionally,
large OM inputs of the Rhéne River are commonly exported to the West of the Gulf of Lions by the
Northern Mediterranean Current, and influence mainly the western part of the Gulf of Lions, far from
the sampling zone. Consequently, it can be hypothesized that terrestrial OM is of minor importance
as a source for trophic webs in the upper part of the continental slope.

4.2 High Hg concentration in the slope’s organisms

Results obtained here confirm the previously raised Hg concern for Mediterranean organisms
(Andre et al., 1991; Cossa and Coquery, 2005; Cossa et al., 2012; Harmelin-Vivien et al., 2009;
2012; Koenig et al., 2013; Storelli and Barone, 2013; Storelli et al., 2007). Individuals with Hg
concentrations above the European Commission quality standards (EC, 2006) were observed for
all species except M. poutassou. Mean values observed for teleosts and sharks considered in this
work are even higher than values previously reported for these species (Table 3) and also for
species at similar trophic level in the Mediterranean. Previous values reported for piscivorous
species show mean Hg concentrations between 0.5 to 1 ug g dm, and maximum values generally
lower than 2.5 ug g'1 dm (Cossa et al.,, 2012; Harmelin-Vivien et al., 2012; Koenig et al., 2013;
Storelli and Barone, 2013; Storelli et al., 2005). Mean values observed in this work were at least
similar or higher than these maximum values. For example, Storelli et al. (2005) reported a
maximum value of 2.02 ug g™ dm for S. canicula, which is well below the average (7.13 £ 7.09 ug g
' dm) and maximum (27.01 ug g”' dm) values observed here.

Food supply is considered as the main source of Hg contamination in fishes (Hall et al., 1997), and
the patterns observed in this work are consistent with this idea. First, all teleosts and shark species
sampled in this work were at similar high trophic levels. Previous results on their diet demonstrated
that they feed mainly on teleosts, cephalopods and crustaceans (Carrassén et al., 1992;
Macpherson, 1978; 1979; 1981; Morte et al., 2002; Papiol et al., 2013; Stergiou and Karpouzi,
2002; Tecchio et al., 2013). Due to magnification processes, high concentrations of Hg are
observed in high trophic level species. Conversely, 5'°N values were significantly lower for
N. norvegicus. As the majority of the crustaceans, Norway lobsters displayed a diverse diet mainly
based on benthic invertebrates, such as other crustaceans, polychaetes or echinoderms (Cristo
and Cartes, 1998). Their 8'"°N ratio, nearly 2 %o lower than the ratios measured for teleosts and
sharks, is consistent with this diet. The lower Hg concentration in N. norvegicus is thus consistent
with its trophic position nearly one trophic level below teleosts and sharks.

The importance of food source as a key to explaining contamination patterns is also evidenced by
the exponential increase of concentrations observed in almost all species coincidently with
increasing 5'°N and length. While ageing and growing, individuals alter their diet, and feed on prey
that are at a higher trophic level. For example juvenile sharks Galeus melastomus or Scyliorhinus
canicula mainly consume crustaceans while adults eat fish and cephalopods (Carrasson et al.,
1992; Fanelli et al., 2009; Macpherson, 1979). Thus, 5N and Hg concentration increase with
length increase and consumption of more contaminated prey. Thus alteration of the diet could be
an explanation for the rather low average Hg concentrations measured for the teleost species
Phycis blennoides. Small individuals (< 150 mm) are commonly thought to eat benthic crustaceans
such as Alpheus glaber or Calocaris macandrae whereas individuals larger than 250 mm prey on
teleosts (Macpherson, 1978). In our study, small individuals have low 8"°N values (~8 %o) and Hg



concentrations (< 0.5 ug g”' dm), whereas large individuals exhibited high 3'°N values (> 9.5 %)
and Hg concentrations (between 3.5 and 4.2 pg g~ dm) similar to values measured for other
piscivores in our work. Furthermore, Hg concentration was best fitted most of the time by an
exponential model, considering either the effect of trophic level or length. An exponential regression
between Hg and length, weight or isotopic parameters was previously observed for numerous
teleosts species (Harmelin-Vivien et al., 2009, 2012; Hornhung et al., 1993; Magalhaes et al., 2007;
Storelli et al., 2005). This exponential-shaped bioaccumulation was explained by a change in the
metabolism with age, in addition to the switch in the diet previously explained. Young individuals
are sexually immature, and have a high growth rate. Contamination is thus diluted with rapid
synthesis of new tissues. Consequently, accumulation in the first stages of life follows a pseudo-
linear pattern also observed for short-lived species (Magalhdes et al., 2007). When acquiring
sexual maturity, the somatic growth of individuals is slowed down, as individuals invest part of their
energy in gonad synthesis, and bioaccumulation increases exponentially (Cossa et al., 2012). As
Hg has an affinity for proteins, little decontamination occurs via the release of gametes (in contrast
to the decontamination during reproduction observed for lipophilic contaminants) and larger
individuals exhibit high Hg concentrations. Thus, Hg concentration changes with age depending on
food supply, ontogenetic evolution, and growth rate.

4.3. Effect of depth on Hg concentration

The high Hg concentrations measured for organisms sampled on the continental slope were
consistent with the high Hg content in deep-sea organisms (Blum et al., 2013; Chouvelon et al.,
2012; Choy et al.,, 2009; Hornhung et al., 1993; Koenig et al., 2013). When compared with
bibliographical data (Table 3), values measured in deeper-dwelling organisms are higher than
values for individuals of the same species captured at shallower sites. We propose some
hypotheses to explain this trend, on the basis of biotic and abiotic factors.

From a biological point of view, an effect of depth on growth rate and longevity of organisms was
demonstrated (Drazen and Haedrich, 2012). Due to decreasing amount and nutritive quality of OM
with depth (Heussner et al., 2006), food supply to deep trophic webs decreases, which affects all
organisms in the trophic web by slowing their growth. For a given similar size, deeper organisms
would appear to be older than shallow ones and to have been exposed to contamination during a
longer time. It would be analogous to what was observed for hake between the oligotrophic
Mediterranean and the eutrophic Bay of Biscay (Cossa et al., 2012).

Some recently described features of the biogeochemical cycle of Hg in marine waters can also be
proposed to explain the high concentrations observed in teleosts and sharks considered in this
work (Blum et al., 2013; Cossa, 2013; Cossa et al., 2009). Using stable Hg isotopes ('**Hg, *'Hg
and ?®Hg), Blum et al (2013) confirmed that the main source of MeHg in the open ocean is the
bacterial methylation in minimum oxygen zones (Fig. 6). Even if methylation can occur in shallow
waters or at the sediment water interface, the majority of the MeHg (60 to 80 %) is formed in low
oxygen water, where heterotrophic bacterial activity is at a maximum (Cossa et al., 2009). On the
contrary, bacterial demethylation is low in deep marine zones (Blum et al., 2013). MeHg can then
be adsorbed on sinking particles and be integrated in the deep trophic webs. These particles
represent the main source of OM for organisms considered in this work, as confirmed by their 5°C
values. These particles are also the main carrier of MeHg, and contaminated the trophic web
leading to teleosts and sharks. In addition, part of this OM (and the MeHg adsorbed upon it) can
also be buried, as confirmed by the high Hg concentrations observed in sediments (Heimblrger et
al., 2012). Several benthic or burrowing species, such as crustaceans (e.g. Alpheus spp., Calocaris
macandrae) or teleosts (e.g. Lesuerigobius spp.) were important prey for the teleosts and sharks
considered in this work (Macpherson, 1981; Morte et al., 2002). Consequently, the Hg pool in



sediment would represent a second source of contamination, increasing the exposure for benthic
fish species.

This hypothesis can also explain the discrepancy between M. poutassou trophic level, diet and low
Hg concentration. This species is considered to have a similar trophic level to other teleosts and
sharks sampled in this work (Fanelli et al. 2013; Macpherson, 1981; Papiol et al. 2013; Stergiou
and Karpouzi, 2002;), as confirmed by its 5'°N values. However, M. poutassou exhibited the lowest
Hg concentrations, with no individuals observed above health safety level. M. poutassou is
generally considered as a bathypelagic species, whereas others are demersal or bathydemersal
(Froese and Pauly, 2013). The main preys of M. poutassou belong to the pelagic food chain, such
as krill Meganyctiphanes norvegica or lampfish Notoscopelus elongatus (Macpherson, 1981). It
could thus be considered that M. poutassou is able to feed on the pelagic trophic web and is less
influenced by the Hg methylated in the thermohalocline zone. As all species depend on the same
OM source (phytoplanktonic production in the euphotic zone) and occupy a similar trophic level,
they exhibited similar 3'*C and &'°N ratios regardless of their depth range. But, as M. poutassou
would appear to feed above the methylation zone, it would be less contaminated than other
species. Those results would be consistent with the findings of Choy et al (2009) who observed an
effect of the depth of foraging on the Hg concentration in some pelagic species. Such a trend
(similar trophic position but lower Hg content) was observed for M. poutassou in the Bay of Biscay,
suggesting that this discrepancy is not specific to the Mediterranean Sea (Chouvelon et al., 2012).
Like all pelagic or bathypelagic species, M. poutassou is a fast-growing species, as confirmed by its
growth parameters (Froese and Pauly, 2013). The effect of a lower foraging depth would thus be
amplified by a dilution of Hg contamination with a faster growth.

5. Conclusions

Our results confirmed that high Hg concentrations occur in deep Mediterranean organisms and that
feeding is the main source of Hg contamination for teleosts and sharks. By elucidating the main
source of OM at the base of the trophic webs of the continental slope, this work determined that
falling OM of phytoplanktonic origin is the main source of organic matter and also of Hg to the
trophic webs of the continental slope.. Since the teleost and shark species considered in this work
are top predators, the biomagnification of MeHg through the food webs greatly impacted their Hg
concentrations. Finally, several specificities of those ecosystems, such as food scarcity or the
influence of depth on several biological parameters, call for a better assessment of these
parameters, such as growth or age, to better assess the risks of Hg contamination.
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Tables

Table 1: Number of individuals, total length (mean, standard deviation, minimum and maximum values), stable isotope ratios (mean
and standard deviation), mean C/N ratio (mean and standard deviation), and Hg concentration (mean, standard deviation and
maximum value). For Nephrops norvegicus, length refers to cephalothorax length. Detailed results obtained on each site for all

species are presented inTable S1.

Depth range Total length (mm) 8C (%) 8N (%o) C/N Hg (pg g dm)
(m) Mean sd Min Max Mean sd Mean sd Mean sd Mean sd Max
Helicolenus dactylopterus Delaroche, 1809 284 - 679 28 212 54 133 309 -18.56 0.71 9.00 0.69 32 0.1 580 324 12.92
Lepidorhombus boscii Risso, 1810 284 - 426 11 206 74 117 326 -18.72 049 7.89 053 3.2 0.1 288 2.62 9.30
Micromesistius poutassou (Risso, 1827) 284 - 426 16 229 61 104 311 -19.11 0.59 8.55 038 3.2 0.2 130 0.61 241
Phycis blennoides (Briinnich, 1768) 284 - 816 32 222 66 112 377 -19.03 0.57 9.06 0.70 3.1 0.1 1.89 1.10 4.21
Galeus melastomus Rafinesque, 1810 284-816 36 349 128 132 558 -18.33 0.47 836 0.74 2.7 04 492 3.66 16.72
Scyliorhinus canicula (Linnaeus, 1758 284 - 665 17 382 127 164 569 -1832 045 844 058 2.7 0.1 7.13 7.09 27.01
Nephrops norvegicus (Linnaeus, 1758) 426 13 31 11 16 50 -19.08 0.64 6.62 0.54 33 02 1.80 0.97 4.14
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Table 2: Spatial variability of isotopic ratios and Hg concentrations for each species. Comparisons
were performed with ANCOVA when a significant correlation between the studied parameter and
length was observed. Test was run on log-transformed data if the best fit was observed with
exponential regression or on untransformed data when linear regression was the best fit. If no
significant correlation was observed, test was run with Kruskal-Wallis test, as normality prerequisite
was not reached. See Tables S1 and S2 for detailed parameters of the regressions. Post hoc
column presents significant differences between sampling depths. Signif: significance level of the
test (***: p-value < 0.001; **: p-value < 0.01 *: p-value< 0.05; ns: non-significant, p-value>0.05).
Species names are abbreviated with the initial letter of their genus and species (Gm: Galeus
melastomus; Hd: Helicolenus dactylopterus; Lb: Lepidorhombus boscii; Mp: Micromesistius
poutassou; Pb: Phycis blennoides; Sc: Scyliorhinus canicula)

Parameter Species  Test dataset Statistics Signif.  post hoc (sampling depths)
8"C (%o) Gm ANCOVA  untransf.  Fy3,,=0.48 ns
Hd ANCOVA  untransf. Fi23)=7.66  *** 426 m =284 m< 369 m< 679 m
Lb ANCOVA  untransf. F18=0.04 ns
Mp ANCOVA  untransf. Fi13=140 ns
Pb ANCOVA  untransf. Fu6=4.78 ** 284 m =426 m< 816 m= 679 m= 665 m
Sc ANCOVA  untransf. Fp13=2.67 ns
3"N (%o) Gm ANCOVA  log-transf. Fusp=144 ns
Hd KW untransf Hpog=11.58  * 284 m =426 m= 369 m< 679 m
Lb ANCOVA  untransf Fi$=233 ns
Mp ANCOVA log-transf. Fu13=0.48 ns
Pb ANCOVA untransf F(4,26) =0.66 ns
Sc ANCOVA  untransf  Fpgu3=041  ns
Hg Gm ANCOVA  log-transf. Fuzp=151  ns
(ugg'dm) Hd ANCOVA  untransf  Fioy=10.44 %% 284 m =426 m= 369 m< 679 m
Lb ANCOVA  log-transf. F( 5=2,33 ns
Mp ANCOVA  log-transf. Fu13=229  ns
Pb ANCOVA  untransf Fuz=390  * 284 m= 426 m< 816 m= 679 m= 665 m
Sc ANCOVA 10g—transf. F(2,13)= 1.28 ns
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Table 3: Mean Hg concentrations recorded in bibliographical references in the Mediterranean Sea. When available, data on depth or length
were collected from the paper or from the authors (as denoted by an asterisk after the data). If needed, wet mass were converted to dry mass
using the equation dry mass = 5 wet mass. For Nephrops norvegicus, length refers to cephalothorax length.

Hg concentration

Species Sampling location Depth (m) (ng g dm) Length (mm) Reference
Mean + sd
Mean + sd Max
Helicolenus Gulf of Lions 284—-679 5.80+3.24 12.92 28 214+ 54 present study
dactylopterus Adriatic Sea nd 1.04 +0.56 1.90 243 180+ 50 Storelli and Barone (2013)
Adriatic Sea® 200 —300 2.23+0.22 nd 20 311+£38 Della Tore et al (2010)
Adriatic Sea nd 3.10+1.00 9.2 40 nd Storelli (2009)
Lepidorhombus Gulf of Lions 284 —426 2.88+2.62 9.30 11 206+ 74 present study
boscii Adriatic Sea nd 1.85+0.95 2.7 40 nd Storelli (2009)
Micromesistius Gulf of Lions 284 -426 1.30+£0.61 2.41 16 207 £ 67 present study
poutassou Gulf of Lions 60 — 100* 0.27+0.31 0.49%* 3 > 120 mm Harmelin-Vivien et al (2012)
Balearic sea nd 0.10 0.13 34 142+ 7 Arcos et al. (2002)
Adriatic Sea 200%* 0.38+0.09 1.42 14 213 +30 Perrugini et al. (2013)
Phycis blennoides Gulf of Lions 284 -816 1.89+1.10 4.21 32 220.7+70 present study
Adriatic Sea nd 0.67+0.35 1.41 224 265 Storelli et al. (2007)
Gulf of Lions 284 —-816 4.92+3.66 16.71 36 349+ 128 present study
Galeus melastomus ;¢ tic Sea (Italy) nd 266114 503 164 456%86 Storelli et al. (2002)
Adriatic Sea (Albania) nd 1.01 £0.62 2.06 164 392 +98 Storelli et al. (2002)
Ionian Sea nd 0.82+0.62 2.84 273 333+ 127 Storelli et al. (2002)
Levantine Sea (Israel) 1300 — 1420 0.99 8.76 63 nd Hornung et al. (1993)
Scyliorhinus Gulf of Lions 284 — 665 7.13+7.09 27.01 17 382+ 127 present study
canicula Adriatic Sea nd 1.10+0.62 2.06 12 nd Storelli et al. (2005)
Nephrops Gulf of Lions 426 1.80 £0.97 4.14 13 31+ 11 present study
norvegicus Adriatic Sea 200* 0.97+0.24 3.27 13 42.6+ 1.8 Perrugini et al. (2009)

a: Site impacted by the dumping of chemical weapons; *: data provided by the authors, in addition with the data available in the paper cited
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Figures

Fig. 1: Position and depth of the sampling points on the French Mediterranean continental slope.
The names refer to the submarine canyons. GoL: Gulf of Lions
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Fig. 2: Trophic positions of organisms based on their mean &'°C and 5N values. Range of
isotopic ratios measured for the organism is presented by the large hatched zone around mean
values. Range of isotopic ratios measured for the two potential OM sources is represented by
small hatched squares, and is based on bibliographical data for river OM inputs (Cresson et al.,
2012; Darnaude et al., 2004; Harmelin-Vivien et al., 2010; Sanchez-Vidal et al., 2013; Tesi et al.,
2007) or phytoplanktonic production (Harmelin-Vivien et al., 2008). Brown and blue zones
represent the zone influenced by one or the other OM source, following the relationship between
diet and consumer isotopic ratios presented in the upper left corner of the figure. Names of the
species are abbreviated for graphic purposes (Gal mel: Galeus melastomus; Hel dac:
Helicolenus dactylopterus; Lep bos: Lepidorhombus boscii; Mic pou: Micromesistius poutassou;
Nep nor: Nephrops norvegicus; Phy ble: Phycis blennoides, Scy can: Scylorhinus canicula).
Results of the ANOVA mean comparison tests for the 3'°C and 8'°N values are displayed on the
graph and in Table S2. Please refer to the electronic version of the article for color indications.
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Fig. 3: Spatial comparisons of teleosts and sharks total length. Letters refer to the statistical test

used (H: Kruskal-Wallis; F: ANOVA; Z: Mann Whitney). Box hinges are the 1°' and 3™ quartiles,

line is the median value, whiskers extends from the hinge to the highest or lowest value that is
within 1.5 x interquartile range. Points are outlier values.
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Fig. 4: Boxplots of Hg concentration (ug g™ dry mass). Box hinges are the 1% and 3™ quartiles,
line is the median value, whiskers extends from the hinge to the highest or lowest value that is
within 1.5 x interquartile range. Horizontal hatched lines represent the maximum levels in food
stuffs established by European Commission (EC, 2006) at 2.5 ug g™ dm for most teleosts, and 5
ug g dm for sharks, and Lepidorhombus species (considering a conversion factor of 5 between
dry and wet mass). Percentage values are the proportion of individuals whose concentration is
above this value. Species with different letters exhibit significantly different Hg concentration.
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Fig. 5: Regression curves between Hg concentration (ug g™ dry mass) and total length or 3'"°N.
Shape of the curves (linear or exponential) represents the best fitting model, see table S1 for
details and parameters of the regressions. Non-significant regressions are not drawn. Colors are
representatives of species: black, Scyliorhinus canicula, orange: Galeus melastomus, green:
Lepidorhombus boscii, yellow: Helicolenus dactylopterus, light blue: Phycis blennoides, red:
Micromesistius poutassou, dark blue: Nephrops norvegicus. For color indications, refer to the

electronic version of the article.
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Fig 6: Schematic representation of the OM and Hg flux to trophic webs of continental slope of
the Gulf of Lions, from atmospheric deposition to burial in deep sea sediments and
resuspension of the sedimentary OM and Hg pool. The majority of the MeHg is formed in the
thermohalocline zone, and is then fixed on sinking particles. Benthic organisms are
dependent on sinking particles whereas M. poutassou is more pelagic and is able to feed on
pelagic trophic webs. This representation was adapted from the work of Blum et al (2013),
and was drawn with symbols courtesy of the Integration and Application Network
(ian.umces.edu/symbols/).

HgO
T Hgll Atmosphere
Depth (m)
0| Hgo Phytopk

Zoopk  pajagic trophic networks

Y b
Hg" vy — o> —> Y &

Euphotic
layer

250

Thermohalocline

i
:

:
’l
s
‘.b’
o

Slope trophic
networks

Sediment

25



Supplementary material

Table S1: Number of individuals, total length (mean, standard deviation, minimum and maximum values), stable isotope ratios (mean
and standard deviation), mean C/N ratio (mean and standard deviation), and Hg concentration (mean, standard deviation and
maximum value). For Nephrops norvegicus, length refers to cephalothorax length. For each species, the “mean” line presents the
averaged data for this species when sampled in several points.

point  DePth Total length (mm) 5C (%) "N (%o) CIN Hg (ug g dm)
(m) Mean sd Min Max Mean sd Mean sd Mean sd Mean sd Max
G404 369 6 206 29 179 246 -18.37 0.80 9.06 0.79 3.2 0.1 579 227 955
Helicolenus dactylopterus G405 426 10 191 55 133 286 -18.97 0.61 8.86 053 3.2 0.1 4.04 240 9.60
Delaroche, 1809 G406 284 6 238 76 139 309 -18.84 0.44 841 040 3.1 0.1 494 3.06 8.76
G503 679 6 227 40 164 274 -17.81 0.30 9.74 0.36 32 0.0 961 269 12.92
Lepidorhombus boscii Risso, 1810 G405 426 6 206 74 117 300 -18.70 0.55 7.91 066 3.2 0.1 225 1.89 537
G406 284 5 206 83 123 326 -18.75 0.48 7.88 040 3.1 0.1 364 3.37 9.30
Micromesistius poutassou (Risso, G405 426 10 244 53 122 311 -18.91 0.35 8.64 028 32 00 141 061 241
1827) G406 284 6 203 70 104 274 -19.43 0.78 840 050 3.1 0.2 1.13 062 1.79
G405 426 13 186 57 112 279 -19.30 049 8.85 057 3.1 0.0 1.38 0.89 3.02
Phycis blennoides (Brinnich G406 284 5 208 62 114 273 -1957 046 8.88 048 3.1 0.1 1.00 0.38 1.37
y 1768) ’ G502 665 6 264 54 203 341 -1861 0.18 9.31 061 3.1 0.1 236 049 284
G503 679 6 272 67 193 377 -1842 0.33 9.16 1.11 3.1 0.3 3.08 1.28 4.21
G504 816 2 221 2 219 222 -19.02 0.11 973 0.35 32 0.0 257 0.15 268
G404 369 7 348 48 275 403 -1829 028 7.95 0.17 25 0.1 3.13 0.99 4.83
Galeus melastomus Rafinesque. 5405 426 12 321 149 132 526 -1841 037 830 078 28 03 503 3.50 12.06
1810 9 Gaoe 284 6 333 135 182 505 -18.50 0.73 842 1.03 2.8 04 564 573 16.72
G503 679 5 409 74 321 484 -18.05 0.39 882 064 27 0.1 532 3.86 11.86
G504 816 6 370 185 136 558 -18.25 0.59 849 0.79 26 0.1 575 3.82 11.58
Seyliorhinus canicula (Linnaeus G404 369 5 447 76 333 507 -18.27 029 875 045 26 0.0 10.50 6.59 18.08
4 1758) ' G406 284 6 280 116 164 439 -18.69 0.51 804 057 27 0.1 260 147 4.51
G502 665 6 431 119 279 569 -17.99 0.19 859 054 26 0.0 886 9.19 27.01

Nephrops norvegicus (Linnaeus,
1758) G405 426 13 31 11 16 50 -19.08 064 6.62 054 33 0.2 180 097 4.14
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Tab. S2: Interspecific variations of isotopic ratios, compared with ANOVA. Post-hoc: results of the post-hoc comparison tests (Gm:
Galeus melastomus, Hd: Helicolenus dactylopterus, Lb: Lepidorhombus boscii, Mp: Micromesistius poutassou, Nn: Nephrops
norvegicus, Pb: Phycis blennoides, Sc: Scyliorhinus canicula)

Parameter Statistics p-value | Post hoc
8°C Fe.146= 8.17 <0.001 |Mp=Nn=Pb<Lb=Hd<Gm=Sc
N Fs.146=29.90 | <0.001 | Nn<Lb<Gm=Sc=Mp<Hd=Pb
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Tab. S3: Parameters of the regressions between total length (TL), >N and Hg concentrations (Hg), using linear or exponential

regressions models. The chosen model was the one with a significant correlation (“sig” column;

*kk.

: p-value < 0.001; **: p-value <

0.01 ,*: p-value< 0.05; ns: non-significant, p-value>0.005) and with the minimal AIC (Aikake Information Criterion) .Model chosen is
highlighted in grey

3°N=aTL+b 3N =ac"" Hg=aTL+Db Hg=ac"™" Hg=ad"N+b Hg=a "N
Coeff. AIC |Sig. | Coeff. AIC |Sig. | Coeff. AIC Sig. | Coeff. AIC Sig. | Coeff. AIC Sig. | Coeff. AIC Sig.

Gm | a=4.7610" [36.95 |[*** |a=59110" [35.12 |*** |a=0.02 170.92 |*** |a=59210" | 15548 | *** | a=4.28 153.3 | **¥* | a=0.70 | 149.89 | ***
b=6.63 b=191 =-2.20 =-0.75 b=-30.62 =-434

Hd |a=3.8910" |60.52 |ns |a=42110"|60.59 [ns |a=0.04 134.54 | *** |a=56410" | 137.29 | ** |a=284 137.6 |*** | a=0.58 | 133.7 |***
b=8.17 b=2.11 b=-2.54 b=0.53 b=-19.79 b=-3.56

Lb | a=44110° [1439 |* |a=5.4610" [14.57 |* |a=0.03 4380 |* a=0.01 3477 | *** | a=145 5176 | ns |a=047 |51.93 |ns
b=6.95 b=1.95 b=-2.94 b=-2.00 b=-8.75 b=-2.74

Mp |a=32710" |1427 |* |a=3.9210" |14.12 [* |a=9.2410° [2.72 #xk 19 =8.6710" | -1.31 #xk | =095 2744 | * | a=0.65 |27.70 |*
b=17.80 b=2.06 b=-0.81 b=-1.82 b=-6.84 b=-534

Nn |a=0.03 2035 |*  |a=4.3110" {2038 |* |a=0.05 3480 |* a=0.02 3573 |ns |a=0.66 39.10 | ns |a=035 |39.10 |ns
b=572 b=1.75 b=0.14 b=-0.20 b=-2.60 b=-1.75

Pb |[a=83110" |25.42 [*** [a=9.0010" |26.47 [*** |a=0.01 61.04 |*** |a=6.5910" | 66.96 | *** | a=148 51.40 | *** | a=0.85 | 50.19 | ***
b=7.32 b=2.01 =-1.20 =-0.90 b=-11.69 =727

Sc | a=429107 [-1.60 [*** |a=5.1110" [-1.20 |*** |a=0.04 106.03 |*** |a=0.01 94.14 | *** | 3=8.07 110.06| ** |a=1.45 | 108.39 | *
b=6.80 b=1.94 b=-8.74 b=-2.72 b =-60.45 b=-10.63

28




Table S4: Parameters of the regression between total length and 5'°C (***: p-value < 0.001; **: p-value < 0.01 ,*: p-value< 0.05; ns:

non-significant, p-value>0.05)

3°C=aLT+b
coeff r? sig

G. melastomus | a=2.910" | 0.63 | ***
b=-19.36

H. dactylopterus | a=0.0007 | 0.30 | **
b =-20.09

L. boscii a=0.005 040 |*
b=-19.73

M. poutassou a=0.005 035 | *
b=-20.39

N. norvegicus a=0.02 0.08 | ns
b=-19.60

P. blennoides a=0.007 0.56 | ***
b=-20.58

S. canicula a=0.003 057 | *
b=-19.36
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