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Abstract

Particle-size classes (7 fractions from 0.8 to 2000 um) were collected in the deep chlorophyll
maximum along a Mediterranean transect including the northern coastal zone (bays of Toulon and
Marseilles, France), the offshore zone (near the North Balearic Thermal Front), and the southern coastal
zone (Gulf of Gabés, Tunisia). Concentrations of biotic metals and metalloids (As, Cd, Cr, Cu, Fe, Mn,
Ni, Sb, V, Zn) bound to living or dead organisms and faecal pellets were assessed by phosphorus
normalisation. Biotic metals and metalloids concentrations (except Cr, Mn, and V) were higher in the
offshore zone than in the coastal zones. In addition, biotic Sb and V concentrations appeared to be
affected by atmospheric deposition, and biotic Cr concentrations appeared to be affected by local
anthropogenic inputs. Essential elements (Cd, Cu, Fe, Mn, Ni, V, Zn) were very likely controlled both
by the metabolic activity of certain organisms (nanoeukaryotes, copepods) and trophic structure. In the
northern coastal zone, biomagnification of essential elements was controlled by copepods activities. In
the offshore zone, metals and metalloids were not biomagnified probably due to homeostasis regulatory
processes in organisms. In the southern coastal zone, biomagnification of As, Cu, Cr, Sb could probably

induce specific effects within the planktonic network.

Keywords: Metals and metalloids, planktonic food webs, Mediterranean Sea, Biomagnification,

Contamination.
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Introduction

The fate of metals and metalloids bound to particles in marine ecosystems has been widely
studied since the 1950s, and research shows that these particle-bound metals and metalloids play an
essential role in regulatory processes (Goldberg, 1954; Redfield, 1958; Turekian, 1977). Some of these
particles come from natural sources due to soil alteration or volcanic emissions, while others come from
anthropogenic sources due to mining, industrial, and urban activities (Nriagu and Pacyna, 1988; Burton
and Statham, 1990; Donat and Bruland, 1995; Rauch, 2010). Over the past 30 years, several studies have
shown that the distribution of metals and metalloids bound to particles in marine ecosystems was
determined by complex biogeochemical cycles including both biotic and geochemical processes (Collier
and Edmond, 1984; Bruland and Lohan, 2003; Sunda, 2012). Basically, biotic metals and metalloids
(bM) in particles bind to organisms (living or dead) and faecal pellets via chemical mechanisms, whereas
geogenic metals and metalloids in particles are primarily due to in-situ geochemical transformations or
external lithogenic inputs.

Metals and metalloids can be classified as essential or non-essential elements for the marine
food webs according to their role in biogeochemical cycles. Essential elements are necessary for
physiological functioning and are used in various metabolic processes through energy or ion transfers
(Morel et al., 2003). Non-essential elements have no specific biological relevance and can be toxic even
at low concentrations. Although metals and metalloids can be passively introduced into marine food
webs through porous membranes (skin and gills), the dominant pathway remains planktonic grazing
(Whitfield, 2001; Chouvelon et al., 2019; Gao et al., 2021; Madgett et al., 2021). Depending on their
concentrations, essential and non-essential elements can trigger toxic effects in whole organisms by
altering respiration or digestion processes (\Wang, 2002; Pérez and Beiras, 2010).

To assess potential environmental and human health risks, it is important to understand how
planktonic species transfer metals and metalloids through marine food webs (Maxwell et al., 2013;
Hazem et al., 2019; Sanganyado et al., 2021). In the field, the separation of metals and metalloids in
particles bound to biotic (i.e., organic matter from living and dead organisms and their faecal pellets)
and geogenic (i.e., minerals from natural and anthropogenic sources) components remains an operational

challenge and requires ultra-clean techniques and environments to avoid contaminations (Cullen and
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Sherrell, 1999; Planquette and Sherrell, 2012). Furthermore, efforts to quantify the bM fraction using
modelling remain underdeveloped (Ho et al., 2007, 2010; Liao et al., 2017). Using in vitro experiments,
Ho et al. (2003) proposed an extended Redfield formula (P1,000 Fe7.53 MN3z.82 ZNg g0 Cug .38 C0g.19 Cdo 21) for
eukaryotic phytoplankton species, but metals and metalloids contents relative to the biomass varied
among species by a factor of about 20 (except for Cd, which varied by more than two orders of
magnitude), this limiting attempt to generalise this model to ecological studies.

The transfer of metals and metalloids in marine food webs can be described using several
metrics, such as the bioconcentration factor (BCF), bioaccumulation factor (BAF), biomagnification
factor (BMF), or trophic magnification factor (TMF). However, these metrics are controlled by
numerous parameters (species, size, metabolism, diet, community structure, environmental conditions,
geographical location, etc.), which make ecotoxicological analysis an as-yet-unresolved challenge
(Burkhard et al., 2011; Cossa et al., 2022).

The Mediterranean Sea is a semi-enclosed sea that represents ~ 0.7% of the total ocean surface
(~ 0.25% in volume) and hosts 4%—18% of the world’s marine biodiversity (Bianchi and Morri, 2000;
UNEP/MAP-RAC-SPA, 2008). Due to low nutrient concentrations and a phosphate deficit, the
Mediterranean Sea is considered as oligotrophic ocean with low primary production (Krom et al., 2010;
Pujo-Pay et al., 2011; Tanhua et al., 2013). In open waters, the concentration of chlorophyll a rarely
exceeds 2-3 pg/L (D’Ortenzio and d’Alcala, 2009; The Mermex group, 2011; Marafion et al., 2021).
Planktonic food webs are structured by phytoplanktonic communities and carbon fluxes are controlled
by a large microbial loop (Uitz et al., 2006; Hunt et al., 2017; Mayot et al., 2017; Leblanc et al., 2018;
Salhi et al., 2018; Ramirez-Romero et al., 2020). However, the Mediterranean Sea is under both natural
and anthropogenic pressure, because its waters are enriched by the deposition of atmospheric particles
from large plumes of Saharan dust (Guieu et al., 2002) and by the increasingly intensive anthropogenic
activities of its 22 bordering countries (Grousset et al., 1995; Radakovich et al., 2008; Heimburger et
al., 2010; Chifflet et al., 2019; Migon et al., 2020). In this context, plankton could be a key agent in the
transfer of metals and metalloids in marine food webs (Cossa and Coquery, 2005; Chouvelon et al.,
2019). To gain insight into this issue, the MERITE-HIPPOCAMPE campaign aims to evaluate the

accumulation and transfer of metals and metalloids (and other inorganic and organic contaminants)
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within planktonic food webs (bacterioplankton, phytoplankton, and zooplankton) in several
geographical areas of the Mediterranean Sea. The objectives specifically addressed in this paper are: i)
to determine the concentrations of metals and metalloids in different plankton size-fractions (from
bacteria to zooplankton), ii) to assess the influence of plankton in the accumulation and transfer of metals
and metalloids, and iii) to establish links between geographical areas and metals and metalloids

concentrations in plankton.

1. Materials and methods
2.1 Study site

The MERITE-HIPPOCAMPE campaign was carried out in the spring of 2019 along a North-
South transect running between the French coast (Toulon and Marseilles, northwestern Mediterranean)
and the Tunisian coast (Gulf of Gabés, southeastern Mediterranean) in two legs (Leg 1: St2, St3, St4,
S10and St11; Leg 2: St1, St9, St15, St17, St19) (Tedetti et al., 2022) (Fig. 1a, b; Table S1). Ten stations
were chosen according to different criteria based on physical, biogeochemical and biological conditions
and anthropogenic influences. St1-2 and St3-4, located respectively in the bays of Toulon and
Marseilles, are strongly impacted by anthropogenic activities, and are ‘bloom’ or ‘intermittent bloom’
areas according to D’Ortenzio and d’Alcala (2009). St1 and St4 are the most ‘coastal’ stations whereas
St2-3 are the most ‘offshore’ stations. Furthermore, St2-3 are located at the limit of the Ligurian
ecoregion (Ayata et al., 2018). St9-10 are located near the northern zone of the North Balearic Front,
and are ‘bloom’ and ‘intermittent bloom’ areas, respectively. The station St11, located in the Algerian
ecoregion, is characterized by intense mesoscale eddies and is a ‘no bloom’ area according to the
D’Ortenzio and d’Alcala (2009) system. The station St15, located in the Gulf of Hammamet, is close to
the Sicily Channel and exposed to influence from the Tunisian Atlantic current. It is a ‘no bloom” area
with a high density of small pelagic. St17 and St19 are located in the northern and southern parts of the
Gulf of Gabeés, respectively. The Gabés ecoregion (Ayata et al., 2018) is a hotspot of anthropogenic
pressures and is characterized by shallow waters that are influenced by the Tunisian Atlantic current and

by nutrient inputs from Saharan dust deposition or from sediment resuspension (Béjaoui et al., 2019).
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2.2 Sampling and conditioning

Details of sampling procedures carried out as part of the MERITE-HIPPOCAMPE campaign
can be found infra (Tedetti et al., 2022). The sampling strategy proposed a comprehensive end-to-end
approach to study inorganic and organic contaminants in planktonic food webs (i.e. phyto-, zoo- and
bacterio-plankton). Samples collected during this campaign had to be shared to carry out the numerous
analyses planned. In order to collect enough plankton for all these analyses, we therefore focussed our
strategy only on the deep chlorophyll maximum (DCM), during spring bloom (April to May), when
maximum primary and secondary production occur (Lefevre et al., 1997; Marafon et al., 2021).

Briefly, at each station, various field operations were carried out at DCM to sample and sieve
suspended particles (both biotic and geogenic) divided into 7 fractions (F1-7) ranging from 0.8 to 2000
pm. The smallest fractions (F1: 0.8-3 um, and F2: 3-20 um) were sampled using a McLane pump
(WTS6-142LV, 4-8 L/min) with mixed cellulose ester filters (MCE, Millipore) according to
GEOTRACES recommendations (Cutter et al., 2017). The McLane pump was equipped with a 3-stage
filter-holder and pre-cleaned filters (0.8 um MCE, 3 um MCE, 20 pm nylon; @ 142 mm) (Bishop et al.,
2012; Planquette and Sherrell, 2012). Pumping in the DCM lasted ~ 50 min, thus filtering ~ 240 L of
seawater. On board, the residual seawater in the 3-stage filter holder was gently cleared by a peristaltic
pump to ‘dry’ filters before storing them at -20 °C. Three series of ‘blank filters’ were processed at the
beginning, middle, and end of the campaign to assess possible contamination. These ‘blank filters” were
handled like all other filters without running McLane pumps.

Larger fractions (> 60 um) were sampled using a plankton net (Multinet, Hydro-Bios). During
horizontal deployment of the Multinet in the DCM, ship speed was reduced to 2 knots for 30-100 min
to allow a ‘gentle’ collection of particles (both biotic and geogenic). Once on the ship’s deck, the
Multinet was rinsed with seawater and its contents (from five collectors) were transferred to pre-cleaned
(HCI, 10%) 10-L perfluoroalkoxy (PFA) bottles. Then, working in a clean lab container, the particles
(both biotic and geogenic) in the PFA bottle were fractionated using a nylon sieve column (60, 200, 500,
1000, and 2000-pum mesh sizes). The 5 fractions (F3: 60-200, F4: 200-500, F5: 500-1000, F6: 1000-

2000, and F7 > 2000 um) were sieved by ‘gentle’ filtration using a filtered seawater jet controlled by an
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ASTI Teflon pump (Saint Gobain, model PFDZ2). Each fraction was transferred to pre-cleaned

polycarbonate jars for storage (-20 °C) until analyses.

2.3 Metals and metalloids analyses

Sample processing was carried out according to GEOTRACES protocols (Bishop et al., 2012;
Planguette and Sherrell, 2012; Cutter et al., 2017) in an ultra-clean trace metals laboratory (ISO 5), using
high-purity acids (Fisher, Optima® grade or VWR, Normapur double-distilled acids) and MilliQ water.
Before the MERITE-HIPPOCAMPE campaign, the MCE filters and their polyester sulfone storage
boxes were pre-cleaned in 10% HCI (40 °C, overnight) and thoroughly rinsed with MilliQ water. Each
MCE filter was slipped into a polyester sulfone box, dried under a laminar hood (ISO 1), labelled, pre-
weighed, and stored in double-bagged polyethylene zip-lock bags. Likewise, polycarbonate jars
equipped with screw caps (Nalgene) were pre-cleaned in 10% HCI (ultra-wave, 2 h) and thoroughly
rinsed with MilliQ water, then the jars and caps were dried under a laminar hood (I1SO 1), labelled, pre-
weighed, and stored in double-bagged polyethylene zip-lock bags.

Back in the ultra-clean laboratory, the MCE filters (@142 mm) of the McLane pumps were
freeze-dried, weighed, and sub-sampled using a stainless-steel cutter (@47 mm). Sub-samples were
leached in PFA vials (Savillex) with 5 mL of a mixture of diluted acids (HF, 10%; HNOs, 50%), heated
on a hot-block (120 °C, 5 h), evaporated to near-dryness, then re-dissolved in 3 mL HNOs; (10%).
Likewise, in-jar samples were freeze-dried and sub-samples (~200 mg dw) were leached in PFA vials
(Savillex) with 5 mL of a mixture of pure acids (HF, 0.5 mL; HNOgs, 4.5 mL), heated on a hot-block
(120 °C, 24 h), evaporated to near-dryness, then re-dissolved in 3 mL HNOj3; (10%). Digested samples
were then diluted using HNO; (2%) before running the metals and metalloids analyses. Metals and
metalloids (As, Cd, Cr, Cu, Fe, Mn, Ni, Sb, Ti, V, Zn) were measured by inductively-coupled plasma
mass spectrometry (Q-ICP-MS, Thermo-Scientific, iCAP-Q) using indium as an internal standard to
correct for instrumental mass bias. The digestion procedure was assessed using a certified material for
marine plankton (BCR 414, Commission of the European Communities). All elements were within the
satisfactory recovery target of 100 = 10% except for As (118%). Metals and metalloids concentrations

in blank filters (0.8 and 3 um MCE) were less than 1% of the mean metals and metalloids concentrations
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measured in samples. The analytical detection limits were well below the sample concentrations. Further

details are reported as supplementary information in Tables S2 and S3.

2.4 Particulate organic phosphorus analyses

The particulate organic phosphorus (POP) samples were oxidised by wet oxidation according to
the procedure of Raimbault et al. (1999). Briefly, the oxidation of POP was carried out by the action of
an oxidising reagent at 120 °C under alkaline buffered conditions. All chemicals used were of analytical
grade quality. The oxidising reagent consisted of 30 g of borax (Naz[BsOs(OH).4]-8H.0) and 15 g of
potassium peroxydisulfate (K2S20s) dissolved in 250 mL of MilliQ water. The digestion procedure was
carried out in 50 mL pre-cleaned Pyrex bottles (Duran Schott). POP samples were placed in Pyrex
bottles with 50 mL of MilliQ water and 5 mL of oxidising reagent and autoclaved at 120 °C for 30 min.
Initial pH was 9.3 and pH remained alkaline (8.2) after digestion. After cooling at room temperature,
the digestion mixture was directly pumped from the Pyrex bottle for colorimetric analysis using a

Technicon AutoAnalyzer (Bran+Luebbe I11) as described by Aminot et al. (2009).

2.5 Metals and metalloids in biotic component

According to our sampling strategy, metals and metalloids concentrations measured in samples
can be composed of both biotic and geogenic components. Geochemical studies often use elemental
ratios as proxies to assess the origin or type of particles sampled. Since Redfield’s (1958) pioneering
studies dealing with phytoplanktonic communities, normalised ratios of particulate organic phosphorus
(P-normalisation) have been widely used to assess biotic metals and metalloids bound to particles.
Likewise, Ti is known to be a lithogenic element (Ohnemus and Lam, 2015) that is unaffected by
scavenging, biological uptake or particulate recycling (Dammshéuser et al., 2013) and can thus be used
in normalisation ratios to assess geogenic metals and metalloids bound to particles (Lemaitre et al.,
2020). Metals and metalloids concentrations in samples can therefore be expressed using the mass
balance formula (Ho et al., 2007; Liao et al., 2017):

[M]sample = a.[Ti], + b.[POP], 1)
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where a is the Ti-normalised elemental ratio in the geogenic component, b is the P-normalised elemental
ratio in the biotic component, [M]sample i the concentration of the element in the sample, [Ti]a is the
concentration of Ti in the geogenic component, and [POP], is the concentration of particulate organic
phosphorus (POP) in the biotic component. Assuming that POP and Ti in samples are mainly due to the
biotic and geogenic components, respectively ([POP]sampie = [POP]y; [Ti]sampie = [Ti]a), we can turn the

mass balance formula into first-order equation 2:

[M]sample

S [POP]sample
[Ti]sample . [Ti]sample

+C (2

where S is the slope of the regression line between M/Ti and POP/Ti in the sample, and C is a constant
value. Following this basic model, metals and metalloids concentrations in the biotic component (bM
concentrations) were evaluated from the slopes of the regression lines between M/Ti and POP/Ti in the
sample. The slope S was calculated for each station and for each element using the 7 particle-size classes
from F1 to F7 (see Appendix 1 for supplementary information). Since the purpose of this study was to
evaluate transfers and accumulations of metals and metalloids in planktonic food webs

(bacterioplankton, phytoplankton and zooplankton), we focus here only on the bM component, as the

geogenic component is not directly involved in these mechanisms.

2.6 Trophic magnification factor

The trophic magnification factor (TMF) represents the diet-weighted mean transfer of an
element throughout food webs (Burkhard et al., 2011). In practice, TMF is most often derived from the
slope of the regression of a log-transformed elemental against its corresponding trophic level (TL), and
the N isotope (8°N) is used as a proxy to assess the relative trophic position of an organism in food
webs (Borga et al., 2012; Kidd et al., 2018; Tesan-Onrubia et al., 2022).

Logio(bM) =S.(TL) + C (3)
TMF =105 (4)

where bM is biotic elemental concentration, S is the slope of the linear equation 3, and TL is the trophic
level corresponding to the sample. Specific TMFs (equation 4) were calculated for each geographical

area from their respective data (see Appendix 2 for supplementary information). A TMF > 1 indicates
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accumulation of an elemental in food webs, while a TMF < 1 suggests dilution of an elemental in high
trophic levels. TMF can be influenced by many factors, such as physiology, migration and lifetime of

the species, spatio-temporal variability of the elements, metabolic functioning, etc.

2.7 Statistical analyses
All statistical analyses were performed using Xlstat software package version 2019.1.1

(Addinsoft 2020, Boston, USA, https://www.xlIstat.com). First, Shapiro-Wilks tests were used to check

the normality of variances. Next, parametric tests (ANOVA test) or non-parametric tests (Kruskal-
Wallis test) were used to examine potential differences between data. Box plot were used to show
variations of bM concentrations in size fractions per geographical areas. Parametric tests (Student t-test)
or non-parametric tests (Mann-Whitney-Wilcoxon test) were used to examine the effect of geography

on bM concentrations.

2. Results and discussion
3.1 Spatial variability and stoichiometry of metals and metalloids in the biotic compartment

Due to the high spatio-temporal variability between stations (Tedetti et al., 2022), bM
concentrations were grouped by broad geographical areas, i.e. the northern coastal zone (4 stations, Stl
to St4), the offshore zone (3 stations, St9 to St11) and the southern coastal zone (3 stations, St15, St17,
and St19) based on the hydrological context (Boudriga et al., 2022). Table 1 summarises bM
concentration ranges (mean + standard deviation, min and max) in all fractions (F1-7) per element and
geographical area, and Table S4 details the results per element, station, and fraction. Variations in bM
concentrations were examined according to geographical areas and statistical tests (ANOVA or KW
tests, p < 0.05) (Table S5). Most metals and metalloids were significantly found at higher mean bM
concentrations in the offshore zone, except for Cr and V that had significantly higher mean bM
concentrations in the northern coastal zone and Mn that displayed significantly higher mean bM
concentration in the southern coastal zone. Large fluctuations were observed in bM concentrations, as
indicated by the high coefficients of variation (CV), with no clear trends emerging, either by element or

by geographical area (Table 1). For example, highest bM variations were found for V in the northern
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coastal zone (CV = 183%), for Sb in the offshore zone (CV = 166%) and for Mn in the southern coastal
zone (CV = 159%). Conversely, lowest CV were found for Ni in the northern coastal zone (CV = 45%),
for Cu in the offshore zone (CV = 40%) and for Cd in the southern coastal zone (CV = 48%). In the
Mediterranean Sea, data of bM were sparse or incomplete and varied according to sampling strategy
(sampling depth, spatio-temporal characteristics and, plankton size fractions), making comparisons a
risky exercise. However, our results shared strong overlaps with metals and metalloids concentrations
measured in zooplankton collected offshore of the Italian coasts in the cyclonic current of the Ligurian
Sea (Battuello et al., 2016), and were less than or equal to the metals and metalloids concentrations of
suspended particles collected at the DCM in the Gulf of Lions (Chouvelon et al., 2019).

Mean bM/POP ratios were calculated to present metals and metalloids stoichiometry per
fractions (F1-7) and per geographical area (Table 2; Table S6 for bM/POP ratios detailed per station).
Differences between geographical areas were tested using statistical analyses (ANOVA or KW tests, p
< 0.05). Significant differences in bM/POP ratios were found for all metals and metalloids except Fe, V
and Zn (Table S7). These results suggest that metals and metalloids (except Fe, V and Zn) influence the
physiology and ecology of planktonic food webs (0.8-2000 pm) in the Mediterranean Sea. Indeed,
metals and metalloids concentrations in marine food webs depend on the physiological accumulation
strategies of pelagic species and may vary between different taxonomic groups in the same ecosystem
(Ho et al., 2003; Quigg et al., 2003; Twining and Fisher, 2004; Morel, 2008). For example, in small
planktonic food webs, metals and metalloids accumulation is particularly efficient when copepods feed
on protozoa rather than phytoplankton (Twining and Fisher, 2004). By effectively controlling the efflux
of metals and metalloids, copepods play a key role in metals and metalloids distribution within
planktonic food webs (\Wang et al., 2002; Battuello et al., 2017). Our results showed that mean bM/POP
ratios varied in the same decreasing order Fe > Zn > As ~ Cr ~ Cu~ Mn ~ V > Ni ~ Sb > Cd in the three
geographical areas. These findings are in good agreement with Twining and Baines (2013) who
generalised phytoplanktonic M/P ratios from geochemical data as follows: Fe ~ Zn > Mn ~ Ni ~ Cu >>

Cd.

3.2 Biotic metals and metalloids distribution in planktonic food webs
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Fig. 2 and 3 show boxplots representing the distribution of 7 major essential elements (Cd, Cu,
Fe, Mn, Ni, V, Zn) and 3 non-essential elements (As, Cr, Sb) per fractions (F1-7) and geographical area
(northern coastal zone, offshore zone, and southern coastal zone), respectively. Essential elements are
known to control plankton physiology (Whitfield, 2001; Morel et al., 2003; Twining and Baines, 2013)
but trophic relationships are extremely complex, and the distribution of bM in planktonic food webs can
be influenced by many factors, such as community structure, environmental conditions, and spatio-
temporal sampling plan (Battuello et al., 2016). Differences in bM concentrations between geographical
areas were assessed using statistical tests (Student or Mann-Withney-Wilcoxon tests, p < 0.05) (Table
S8).

The planktonic community related to the MERITE-HIPPOCAMPE campaign is extensively
described in Boudriga et al. (2022) and Fierro-Gonzalez et al. (2022) as companion papers. Briefly, the
smallest phytoplanktonic fractions were mainly composed of picoeukaryotes for F1 and nanoeukaryotes
for F2, while the largest zooplanktonic fractions were composed of nauplii and copepods for F3,
copepods of increasing size for F4 and F5, large copepods and small crustaceans for F6, and crustaceans

and gelatinous organisms for F7.

3.21 Essential elements

The concentration of essential elements followed three different patterns of distribution
depending on the geographical area (Fig. 2). In the northern coastal zone, bM concentrations showed a
bell-shaped distribution with a maximum in the F4-5 range (mainly composed of copepods). In the
offshore zone, bM concentrations showed a flat-shaped distribution with a maximum in the F2-5 range
(from nanoeukaryotes to copepods). In contrast, in the southern coastal zone, the bM concentrations
showed increase from F1 to F5 (F6 and F7 were not available due to a lack of particles > 1000 pum).

Biotic Cd concentrations presented two-modal distributions in the three geographical areas, with
two maxima (~ 1 pg/g) in the F1 and F4 fractions composed of picoeukaryotes and small copepods,
respectively. No significant differences were found between the three geographical areas and bCd
concentrations. Cd is considered an essential element as it influences both growth and structure of

communities (Lee et al., 1995; Lane and Morel, 2000; Xu et al., 2008). The biochemical activity of Cd
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could be due to a strong reactivity with polyphosphate sites together with a rapid uptake into the cell via
the Zn transport system (\Whitfield, 2001). Cd speciation is planktonic species-dependent. For example,
in small plankton sizes, Cd assimilation is particularly efficient when copepods feed on protozoa rather
than phytoplankton (Twining and Fisher, 2004). In higher plankton sizes, cephalopods and crustaceans
accumulate more Cd than other planktonic species (Liu et al., 2019). Therefore, the two-modal
distribution of bCd in planktonic food webs might reveal prey-predator relationship between
picoeukaryotes and small copepods in the three geographical areas. Unfortunately, due to the relatively
small dataset, this suggestion needs further investigation.

Maximum bCu concentrations (~ 7 pg/g) were found in the F5 fractions in the three
geographical areas. No significant differences in bCu concentrations were found between the northern
and southern coastal zones, but significant differences in bCu concentrations were found between the
northern coastal zone and offshore zone and between the offshore zone and the southern coastal zone.
The Mediterranean Sea is under strong anthropogenic pressure, both on a large scale by atmospheric
deposition and more locally near coastal zones by urban/industrial inputs (Guieu et al., 2010;
Heimbdrger et al., 2010; Chifflet et al., 2019; Gargouri et al., 2021). Surface waters can either be
depleted or enriched in Cu according to the seasonal intensity of phytoplankton activity (Heimburger et
al., 2011. Migon et al., 2020). In the western Mediterranean Sea, the high Cu concentrations in
atmospheric deposition, are known to decrease the phytoplanktonic biomass (Jordi et al., 2012). Cu is
an essential element for organisms but can have a negative effect in eukaryote communities when free
Cu exceeds 10 pM (Sunda and Huntsman, 1995). Above this threshold, primary producers (bacteria,
prokaryotes and eukaryotes) exude organic ligands that strongly complex free Cu, rending it non-
bioavailable (Moffett and Brand, 1996; Croot et al., 2000; Muller et al., 2005). The two-modal curve in
the offshore and northern coastal zones could indicate an active homeostasis regulation of Cu within the
smallest size fractions (F1-2). Furthermore, copepods (abundant in F5) have a high requirement for Cu
because they used this metal in complexation reactions with amino acids or proteins such as glutathione
or metallothionein, respectively (Roesijadi and Robinson, 1994; Rainbow, 2007; Barka et al., 2010; Tlili
et al., 2016). Isotopes can also be used as proxies of biogeochemical processes (Takano et al., 2014;

Moynier et al., 2017). In a companion study (Chifflet et al., 2022), statistical analyses (non-parametric
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Spearman tests) were used to assess relationships between Cu isotopic compositions and copepods. In
the northern coastal zone and offshore zone, Spearman’s correlation coefficients were weak (r = 0.14
and -0.10, respectively) whereas in the southern coastal zone, the Spearman’s correlation coefficient
was significantly higher (r = -0.94, p < 0.05). This result suggests that Cu negatively impact copepods’
activities in the southern coastal zone. Due to the large anthropogenic inputs in this area, effects of Cu
on planktonic food webs should be further investigated.

Biotic Fe presented the same distribution patterns as bCu in the three geographic areas with the
highest bFe concentrations for F5 (~ 250 pug/g) in the northern coastal zone, for F2 and F6 (~ 550 pg/g)
in the offshore zone, and for F5 (~ 350 pg/g) in the southern coastal zone. No significant differences in
bFe concentrations were found between the northern and southern coastal zones, but significant
differences in bFe concentrations were found between the northern coastal zone and offshore zone and
between the offshore zone and the southern coastal zone. This essential element is well-known to play
a key role in biochemical electron transfer processes by increasing the amount of Fe in phytoplankton
and heterotrophic bacteria (Whitfield, 2001). The Mediterranean Sea is subject to recurrent natural and
anthropogenic dust deposition events leading to surface waters generally enriched in Fe so that the
phytoplankton growth is not limited by Fe (Chester et al., 1996; Guieu et al., 1997; Heimblrger et al.,
2011; Migon et al., 2020). Based on these considerations, our results suggest the absence of Fe limitation
in Mediterranean Sea.

Biotic Mn was the only essential element that showed a bell-shaped distribution in the southern
coastal zone, with a maximum bMn concentration in F2 (~ 30 pg/g). No significant differences were
found between the three geographical areas and bMn concentrations. In a previous study, Mn was found
to bioaccumulate significantly in the smallest marine species (Srichandan et al., 2016) and same Mn
concentrations were found in plankton (0.7-20 pum) from the Gulf of Guinea (Chevrollier et al., 2022).
Furthermore, feeding behaviour could influence the Mn concentrations in larger plankton (> 300 pm)
(Battuello et al., 2017). High bMn concentrations in F2 (nanoeukaryotes) might be easily assimilated by
larger plankton (F3-7) and partially excreted via dietary pathway. The decrease of bMn concentrations

in larger plankton size might be also explained by a ‘bio-dilution’ effect due to variations in the size of
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organisms. Due to numerous mechanisms impacting Mn transfer, controlled laboratory experiments are
needed to elucidate the role of plankton and environmental conditions in the bM distribution.

Biotic Ni concentrations showed higher variabilities in the offshore and the southern coastal
zones (from ~ 1.5 to 3.5 pg/g and from ~ 1 to 3.5 pg/g, respectively) than in the northern coastal zone
(from ~ 1 to 1.5 pg/g). No significant differences in bNi concentrations were found between the northern
and southern coastal zones, but significant differences in bNi concentrations were found between the
northern coastal zone and offshore zone and between the offshore zone and the southern coastal zone.
Ni is an essential element for the assimilation of urea, which can be a significant source of nitrogen in
biological processes (Whitfield, 2001; Morel et al., 2003). An increase in Ni uptake rates can be
observed when phytoplankton (Synechococcus, Prochlorococcus) consume nitrate rather than
ammonium (Dupont et al., 2008). Ni uptake by copepods depends on the exposure routes, and
homeostasis regulation are species dependent (Kadiene et al., 2009). These authors showed that in
copepods (Pseudodiaptomus annandalei and Eurytemora affinis), Ni uptake is substantially higher when
this metal is absorbed directly from dissolved forms rather than from the diet. Furthermore, they showed
that P. annandalei had a higher Ni excretion rate than E. affinis when copepods were exposed to
dissolved forms and similar Ni excretion rates when copepods were exposed to the diet. According to
these considerations, we might suggest that the low bNi concentrations in the northern coastal zone
could be due to a better homeostasis regulation by planktonic species preferentially feeding on dissolved
Ni. Further investigations are necessary to better understand how Ni impacts planktonic food webs in
anthropized ecosystems.

Biotic V concentrations showed a two-modal distribution profiles in the three geographical areas
with maxima values for F4 (~ 12 pg/g) in the northern coastal zone, for F2 and F6 (~ 2.5 pg/g) in the
offshore zone, and for F2 (~ 7.5 pg/g) in the southern coastal zone. No significant differences in bV
concentrations were found between the three geographical areas. V is an anthropogenic element that
comes mainly from fossil fuel combustion, increasing globally by ~ 9% per year (Schlesinger et al.,
2017). V enters the oceans through atmospheric deposition and is rapidly solubilised (Desboeufs et al.,

2005). In oceans, V presents vertical profiles implying vertical transport by biological cycling (Jeandel
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et al., 1987, Sherrel and Boyle, 1988). Therefore, our results suggest that bV concentrations could be
due to the atmospheric regional deposition of V in the Mediterranean Sea.

Biotic Zn concentrations followed the typical variations already observed for bCd, bCu, bFe and
bNi (a bell-shaped distribution in the northern coastal zone, a flat-shaped in the offshore zone and an
increasing gradient in the southern coastal zone) with the highest values for F5 at ~ 125 pg/g in the
northern coastal zone, ~ 150 pg/g in the offshore zone, and ~ 110 pg/g in the southern coastal zone. No
significant differences in bZn concentrations were found between the northern and southern coastal
zones, but significant differences in bZn concentrations were found between the northern coastal zone
and offshore zone and between the offshore zone and the southern coastal zone. Zn is an essential
element, particularly for eukaryotes, but can readily be replaced by Cd or Co depending on the resident
phytoplanktonic communities (Morel, 2008). The primary role of Zn (and Co, Cd) is to uptake inorganic
carbon and fix it in the cells (Hudson et al., 1993). Since phytoplankton can adapt their Zn requirements
to environmental conditions, even at low concentrations, the limitation of primary production by Zn is
anecdotal (Fritzwater et al., 2000; Whitfield, 2001). No specific behaviour of Zn could be observed in

the three geographical areas. Our results suggest the absence of Zn limitation in Mediterranean Sea.

3.22 Non-essential elements

Non-essential elements showed very different distribution patterns within the geographical areas
(Fig. 3). Biotic As presented a bell-shaped distribution in the northern coastal zone and an increasing
gradient in the southern coastal zone with a maximum in F5 (~ 10 pg/g). In the offshore zone, bAs
concentrations showed the highest variability with two high values in F2 and F5 fractions (~ 20 pg/g).
No significant differences were found between the northern coastal zone and the offshore zone, but
significant differences were found between the northern and southern coastal zones and between the
offshore zone and the southern coastal zone. Arsenic is a metalloid biochemically similar to P and
accumulates in planktonic food webs during adenotriphosphate cycle (Wurl et al., 2013). The
distribution and concentration of chemical forms of As vary according to the trophic position or the
ability of marine organisms to biotransform As (\Wrench et al., 1979; Fattorini et al., 2006). In marine

ecosystems, As inputs are mainly from rivers affected by mine drainage and the phosphate fertiliser



433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

industry (Elbaz-Poulichet, 2005). Since 1972, several phosphate fertiliser plants have been set up in
coastal industrial cities (Sfax, Skhira and Gabés) of the Gulf of Gabes (EI Zrelli et al., 2018; Feki-
Sahnoun et al., 2019; Gargouri et al., 2021). Moreover, As is also present in a many compound such as
pesticides, fertilizers, piles, paints, etc. (Warnau et al., 2006). According to these considerations, in the
northern and southern coastal zones, we can speculate that lower bAs concentrations could be due to a
better homeostasis regulation of As by planktonic food webs. Conversely, offshore, the Mediterranean
Sea are nutrient-limited, which is less common in the western basin but is generally due to a lack of
phosphate rather than nitrate (Krom et al., 2010; Pujo-Pay et al., 2011; Lazzari et al., 2016). In response
to phosphate limitation, Arsenic can be converted to organic forms and excreted via methionine
metabolism (Maher and Butler, 1988; Uthus, 2003; Du et al., 2021). In this context, we can speculate
that high bAs concentrations in the offshore zone could be due to P-substitution, the two-modal
distribution showing competition between metabolic processes of nanoeukaryotes (F2) and copepods
(F5).

Biotic Cr presented contrasted distribution in the three geographical areas. In the northern
coastal zone, bCr concentrations showed two high values in F3 (~ 7.5 pg/g) and in F6 (~ 15 pg/g). In
the offshore zone, bCr concentrations decreased with increasing size fractions (from ~ 5 to 0.3 ug/g).
Conversely, in the southern coastal zone, bCr concentrations increased with increasing size fractions
(from ~ 2.5 to 10 pg/g). No significant differences were found between the northern and southern coastal
zones, but significant differences were found between the northern coastal zone and offshore zone and
between the offshore zone and the southern coastal zone. In marine environments, Cr mainly exists in
trivalent (Cr'") and hexavalent (CrV") forms. Cr''' can be adsorbed on plankton but hardly transferred to
planktonic food webs (Pettine, 2000). In contrast, Cr¥' is highly soluble and readily incorporated into
planktonic cells through strong oxidative pathways by reacting with nucleic acids and proteins (Levina
and Lay, 2008). In the offshore zone, the decrease of bCr might be partly explained by Cr excretion via
dietary pathway and a possible ‘bio-dilution’ effect due to the decrease surface/volume ratio in higher
trophic level organisms. According to previous studies (Dumas et al., 2015; Chifflet et al., 2019), the

increase of bCr in the northern and southern coastal zones could be linked to local Cr anthropogenic
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inputs. Differences between bCr distribution profiles in offshore and coastal zones would require
additional study due to their impact on organisms.

Biotic Sb presented a bell-shaped distribution with high values in F5 (~ 10 pg/g) for the offshore
zone and in F4 (~ 8 ug/g) for the southern coastal zone. Conversely, bSb concentrations were < 1 ug/g
in the northern coastal zone. No significant differences were found between the offshore zone and
southern coastal zones, but significant differences were found between the northern coastal zone and
offshore zone and between the northern and southern coastal zones. Sb showed conservative profiles in
the northernmost western Mediterranean Sea and, enriched surface profiles around the Strait of Sicily
probably related to atmospheric deposition (Takayanagi et al., 1996). Sb is present in oxic seawaters as
inorganic Sh'""*V and methylated species especially in surface waters (Andrea and Froelich, 1984; Cutter
and Cutter, 2006). According to the same authors, it biogeochemical cycle is controlled by biogenic
uptake, particle scavenging, and regeneration processes. Thus, we can be assumed that geographical

differences in bSb arise from differences in Sh atmospheric deposition and/or Sb speciation.

3.3 Biomagnification of metals and metalloids

Various concepts have been mobilised to assess the transfer of metals and metalloids in trophic
food webs. Bioconcentration is the absorption of an element into an organism directly from the water
through cell membranes. Bioaccumulation refers to the increase of an element in an organism over its
lifetime from both the environment and food consumption. To complete these metrics, biomagnification
is the increase in the concentration of an element in organisms from prey to predators. While
bioconcentration and bioaccumulation describe the increase in concentration of an element in an
organism exposed to its environment, biomagnification can be viewed as the increase in the
concentration of an element throughout food webs (US EPA 2007; OECD, 2012).

To focus on the objectives of the MERITE-HIPPOCAMPE campaign (contaminant transfer in
planktonic food webs), we used the TMF (trophic magnification factor) model to explore the
biomagnification of metals and metalloids in the Mediterranean Sea. TMF values were presented per
geographical area and element, and statistical measures (r) indicated how the TMF model fit with values

(Table 3).
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3.31 Essential elements

TMF values for Cd were 3.9, 1.1 and 7.5 for the northern coastal, offshore and southern coastal
zones, respectively. Due to multiple factors such as diet, excretion and biodilution, Cd does not
biomagnify in high TL, but an opposite trend can be observed with lower TL under certain conditions
(Liu et al., 2019; Annabi-Trabelsi et al., 2021). For example, Cyanophyceae, copepods, cephalopods,
and crustaceans are the most Cd-sensitive species, and can accumulate Cd when nutrient inputs increase
(Bai et al., 2022). The northern and southern coastal waters are influenced by both nutrients and Cd
inputs from urban/industrial activities (Grousset et al., 1995; Teissier et al., 2011; Pasqueron de
Fommervault et al., 2015; Heimbdlrger et al., 2013; El Zrelli et al., 2018; Feki-Sahnoun et al., 2019;
Annabi-Trabelsi et al., 2022). According to these considerations, high TMF in the northern and southern
coastal zones could possibly be sustained by local nutrients inputs.

TMF values for Cu were 2.2, 1.1 and 6.6 for the northern coastal, offshore and southern coastal
zones, respectively. Cu is a micronutrient that plays a key role in primary production but it can also have
a negative effect in planktonic species when dissolved Cu exceeds 10 pM (Brand et al., 1986; Peers et
al., 2005). To prevent the negative effects, metallothionein and metallothionein-like proteins regulate
the uptake, accumulation and excretion rates of certain elements in species (Nfon et al., 2009).
Therefore, the low TMF (1.1) in the offshore zone could be explained by better homeostasis regulation
of Cu in the species, thus indicating healthy planktonic webs. Conversely, high TMF values in northern
and southern coastal zones can probably be due to high organic and mineral inputs to these waters due
to the proximity to land.

TMF values for Fe were found at 1.4, 2.0 and 9.6 in the northern coastal, offshore and southern
coastal zones, respectively. Due to its implication in nitrite reductase, Fe uptake is high when
phytoplankton feed on nitrate rather than on ammonium (Milligan and Harrison, 2000). The high TMF
in the southern coastal zone could possibly be influenced by the nitrogen forms originating from the
Saharan dust (Khammeri et al., 2018) and local anthropogenic activities (El Zrelli et al., 2018; Chifflet
et al., 2019; Feki-Sahnoun et al., 2019; Gargouri et al., 2021). Indeed, in the Gulf of Gabes, both

diazotrophic cyanobacteria (Anabaena sp., Chlorococcus sp., Trichodesmium erythraeum, Spirulina sp.
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and Spirulina subsalsa) and non-diazotrophic cyanobacteria (Pseudoanabaena sp. and Microcystis sp.)
showed great flexibility in nitrogen assimilation, allowing algal blooms (Drira et al., 2017). The Gulf of
Gabes is considered a highly productive area (D'Ortenzio and d’Alcala, 2009; Ben Brahim et al., 2010).
Conversely, the northern coastal zone does not have a high TMF value (1.4) despite atmospheric inputs
(Guieu et al., 1997) and the influence of Rhéne river inputs (Ollivier et al., 2011). As suggested in the
previous section, Fe could appear as a co-factor of planktonic activity and its transfer in planktonic food
webs might be species-dependent.

Mn presented few differences in TMF values with respect to geographical areas: 2.7 in the
northern coastal zone, 2.0 in the offshore and, 1.2 in the southern coastal zones. Like Fe, Mn is an
essential element involved in oxygen transport during photosynthesis (Bruland and Lohan, 2003). Mn
biomagnification is poorly documented but is likely depend on both size and species composition
(Battuello et al., 2016). In coastal ecosystems where concentrations of dissolved metals can be higher
than in the offshore zone, there is a homeostasis regulation in cells with decreasing affinity for Mn and
increasing affinity for Cu and Zn via metalloproteins (especially the metallothionein group) activity,
thereby limiting Mn biomagnification (\Whitfield, 2001). The few differences in Mn biomagnification
could possibly be explained by the rate of Mn intake and the rate of Mn utilisation in the biochemical
processes

TMF values for Ni were found at 1.6, 0.9 and 3.8 for the northern coastal, offshore and southern
coastal zones, respectively. Same trends were also observed for Zn (2.5, 1.2 and 4.7 for the northern
coastal, offshore and southern coastal zones, respectively). Metals transfers in planktonic food webs
result from passive (adsorption and diffusion) and active uptake mechanisms controlled by the
bioavailability of elements (Morel et al., 2003; Sunda, 2012). As previously observed, copepods (mainly
in F5) play a key role in bM distribution. Indeed, the feeding of copepods can be based both on the
absorption of dissolved substances and on the consumption of prey (Wang et al., 2002; Battuello et al.,
2017). Coastal ecosystems are particularly sensitive to environmental variations (temperature, pH,
salinity, nutrients, dissolved organic matter, light) that also influence the bioavailability of metals and
metalloids (Sunda, 2012). Therefore, the biomagnification of Ni and Zn could depend on different

environmental conditions between the three geographical areas, and the high TMF values in the southern
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coastal zone could indicate active biological uptake in this area. The findings agree with Madgett et al.
(2021) who suggested a species-specific accumulation of Ni and Zn rather than biomagnification in
trophic food webs (zooplankton, invertebrate, fish).

TMF values for V in the offshore and southern coastal zones (0.9 and 1.3, respectively) showed
no biomagnification. However, in the northern coastal zone, we observed abnormally high bV
concentrations at St4 (Table S3) possibly showing local contamination associated with fossil fuel
combustion (Pacyna and Pacyna, 2001; Schlesinger et al., 2017). We therefore assessed the TMF of V
using only data from St1-3 (2.2), which was more representative of this geographical area.
Biomagnification of V is poorly documented in copepods but biomagnification of V was already
observed in crustaceans (Asante et al., 2008). In the present study, decreasing bV concentrations were
recorded in F6 and F7 fractions of the three geographical areas. This general pattern could be explained
by a possible biodilution effect with increasing species size. However, high bV concentrations were
found in the nearshore station of Marseilles bay (St4), where the impact of fossil fuel combustion on

trophic food webs should be further investigated.

3.32 Non-essential elements

TMF values for As were 1.1, 1.3 and 3.9 for the northern coastal, offshore and southern coastal
zones, respectively. In marine environment, trophic food webs show biodilution of As becoming
significant at low phosphate concentrations (Cutter et al., 2001). Mean phosphate concentrations
measured at the DCM depth in the MERITE-HIPPOCAMPE campaign were found at 0.09, 0.05 and
0.22 uM in the northern coastal, offshore and southern coastal zones, respectively (Tedetti et al., 2022).
Under low phosphate concentrations, As can be converted to organic forms and excreted (Maher and
Butler, 1988; Uthus, 2003; Du et al., 2021). This metabolism would limit As biomagnification in the
offshore and northern coastal zones. Conversely, in the southern coastal zone, the Gulf of Gabes is
surrounded by phosphate-industry plants that enrich the coastal waters through dust deposits or
wastewater discharge (El Zrelli et al., 2018; Chifflet et al., 2019; Feki-Sahnoun et al., 2019; Gargouri et

al., 2021), which could favour As biomagnification in this area.
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Higher TMF values were observed for Cr in the northern (2.1) and southern (5.8) coastal zones
compared to the offshore zone (0.8). While negative effects of Cr on cellular metabolism are well known
(Levina and Lay, 2008), its transfer into the TL is poorly documented. Despite high bCr concentrations
(~ 15 ug/g) at F6 (large copepods and small crustaceans), a moderate TMF (2.1) was found in the
northern coastal zone. Previous studies have suggested that phytoplankton can assimilate Cr by
extracellular adsorption and sequester it in their cells (Renteria-Cano et al., 2011; Semeniuk et al., 2016).
Our study shows that despite Cr inputs from the anthropogenic activities of the cities of Marseilles and
Toulon (Tessier et al., 2011; Dumas et al., 2015), excretion and biodilution might partly explain the
lower concentrations in zooplankton, thus limiting Cr biomagnification in the northern coastal zone.
However, in the southern coastal zone, we found a high TMF (5.8) with a moderate bCr (~ 5 pg/g). This
geographical area is highly impacted by anthropogenic activities with recurrent metals and metalloids
contamination (El Zrelli et al., 2018; Chifflet et al., 2019; Feki-Sahnoun et al., 2019; Gargouri et al.,
2021). In Gdansk Bay (Poland), Cr bioaccumulation is taxon-specific, with high concentrations for
copepods (Pempkowiak et al., 2006). According to our results, under stressful conditions, Cr
biomagnification may no longer be controlled by homeostasis regulation and be species-dependent,
leading to increased Cr concentrations in planktonic food webs.

TMEF values for Sb were found at 3.1, 1.3 and 5.7 for the northern coastal, offshore and southern
coastal zones, respectively. Sb biomagnification in the planktonic food web is poorly documented, and
to our knowledge the only existing work is in freshwater ecosystems. Sb biomagnification is species-
dependent and governed by trophic ecology (Filella et al., 2002). Sb does not biomagnify in primary
predators or with the upper TL, but there may be biomagnification processes in autotrophic and
heterotrophic organisms under anthropogenic pressure (Obiakor et al., 2017). Our results show high
TMF in the northern and southern coastal zones. Further investigation would greatly improve our
understanding of the transfer and bioaccumulation processes of Sb on the marine planktonic community

in anthropogenic ecosystems.

3. Conclusions



599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

This study evaluated the transfer of metals and metalloids in planktonic food webs (from
bacteria to zooplankton) along a North-South Mediterranean transect. Discrimination between biotic
(living and dead organic matter and faecal pellets) and geogenic (authigenic and lithogenic matter)
components was used to determine concentrations of metals and metalloids bound to the planktonic
network. Biotic metals and metalloids concentrations (except Cr, Mn, and V) were higher in the offshore
zone than in the coastal zones. In addition, biotic Sb and V concentrations appeared to be affected by
atmospheric deposition, and biotic Cr concentrations appeared to be affected by local anthropogenic
inputs. While essential elements (Cd, Cu, Fe, Mn, Ni, V, Zn) showed similar patterns of distribution
controlled by nanoeukaryotes and copepods, non-essential elements (As, Cr, Sh) showed variable
distributions depending on their biochemical characteristics, environmental conditions and the structure
of plankton communities. Metals and metalloids were not biomagnified in the offshore zone, probably
due to homeostasis regulatory processes in organisms. On the contrary, planktonic food webs presented
high biomagnification factors in the northern and southern coastal waters possibly caused by
anthropogenic inputs. An excess of non-essential elements can inhibit cell development and nutrient (C,
N, P) inputs can improve productivity. Due to these synergistic and antagonistic interactions, more
complete consideration should be given in the future to understand the interactive effects between metals
and metalloids inputs and plankton growth. For example, in the southern coastal zone, anthropogenic
inputs of As, Cd, Cu, Cr and Sb and nutrients could modify the interactions between species and promote
metals and metalloids transfers into planktonic food webs. The impact of geogenic inputs on Cu and Zn
biogeochemical cycles was studied in more detail using Cu and Zn isotopic compositions in a companion
paper (Chifflet et al., 2022) in order to improve our understanding of the transfer of metals and

metalloids in the planktonic network.

Supplementary information. The supplementary material related to this article is available online at
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Table 1. Variations of biotic metal (bM) concentrations in all fractions reported per element and per geographical areas. Statistical values (mean * standard

deviation, min and max concentrations) were expressed in pg/g. The coefficient of variation (CV) was expressed in %. Data were compared with other values

from suspended particulate matter and zooplankton collected in Mediterranean Sea.

Biotic trace metals As Cd Cr Cu Fe Mn Ni Sb V Zn
North coastal zone (Marseilles-Toulon bays, 4 stations: St1, St2, St3, St4; n = 25)
Mean (ug/g) 6.74#3.6  0.52+0.44  7.9+8.1 5.9+3.9 212+119 6.7+4.6 1.4+06  0.41+0.27 8.4+15 93163
Min (ug/g) 1.8 0.04 0.08 1.6 35 0.84 0.55 0.10 0.27 25
Max (1g/g) 14 17 26 17 527 20 2.7 1.0 49 261
CV (%) 54 84 102 66 56 69 45 66 183 68
Offshore zone (Western Mediterranean Sea, 3 stations: St9, St10, St11; n = 18)
Mean (ug/g) 12.7£13.1 0.83£0.60  2.1+3.0 6.9+2.8 389+258 5.3£3.2 2.9+1.3 4.948.0 2.0£1.3 139458
Min (ug/g) 0.60 0.10 0.27 1.6 50 15 0.78 0.01 0.48 41
Max (1g/g) 50 2.4 13 13 838 14 5.9 25 3.9 260
CV (%) 103 72 146 40 66 60 44 166 63 42
South coastal zone (Gulf of Gabés, 3 stations: St15, St17, St19; n = 12)
Mean (ug/g) 2.4%1.3 0524025  4.0+2.8 35423  209+146 11+17 1.9+1.4 4.7+4.4 4.06.1 7544
Min (ug/g) 0.14 0.03 0.39 0.4 13 0.02 0.08 0.07 0.08 5.0
Max (ug/g) 46 0.84 9.3 7.0 523 55 5.0 13 19 133
CV (%) 52 48 71 64 70 159 70 94 154 59
Suspended particulate matter at the deep chlorophyll maximum (spring and summer 2010), Gulf of Lions®
Mean (pg/g) - 0.35+0.19 - 14+15 - - 16+25 - - 152+
Min (pg/g) - 0.14 - 3.3 - - 1.8 - - 41
Max (ug/g) - 0.58 - 20 - - 66 - - 439
Zooplankton (Spring 2014), Offshore Italian coasts?
5-50 m depth (pg/g) 0.46 0.08 7.25 4.64 539 5.55 5.48 0.48 0.89 132
50-100 m depth (ug/g) 0.65 0.16 0.87 3.72 1742 8.82 2.04 0.59 1.18 80

1Choulevon et al., 2019 ; 2Battuello et al., 2016



1041  Table 2: Mean bM/POP ratio * standard deviation (mmol/mol) in planktonic food webs per element and geographical areas. Mean bM/POP ratios were

1042  calculated including all fractions (n = 25 in the northern coastal zone; n = 18 in the offshore zone; n = 12 in the southern coastal zone).

Northern coastal zone Offshore zone Southern coastal zone

1043

As 1.11+0.74 1.06 £ 0.76 0.39+0.11
Cd 0.04 £0.02 0.06 +0.05 0.06 +0.03
Cr 1.37+1.36 0.33+£0.39 0.91+0.26
Cu 0.89+0.34 0.85+0.37 0.65+0.15
Fe 38.0+11.0 453 +23.0 40.4+10.1
Mn 1.18+£0.51 0.62+0.13 3.36 5.1

Ni 0.24 +0.04 0.35+0.07 0.37+£0.12
Sb 0.03+0.01 0.17+0.31 0.38 +0.54
\Y 3.35+6.28 0.27+0.14 1.39+2.04
Zn 13.08 +5.00 13.98 £5.22 12.47 £ 3.95




Table 3: Trophic magnification factor (TMF) of essential (Cd, Cu, Fe, Mn, Ni, V, Zn) and non-essential (As, Cr, Sb) elements along the North-South
Mediterranean transect. TMF values were calculated from the regression line between log-transformed bM and trophic level (see Appendix 2 for supplementary

information), per geographic area and element. Statistical measures (r2) indicated how the model fit with values.

Essential elements Non-essential elements

Cd Cu Fe Mn Ni V Zn As Cr Sh

Northern coastal zone (n = 25)
TMF 3.9 2.2 14 2.7 1.6 2.2* 2.6 1.1 2.1 3.1
r2 0.26 0.34 0.22 0.45 0.20 0.49 0.40 0.30 0.38 0.37

Offshore zone (n = 18)

TMF 11 11 2.0 2.0 0.9 0.9 1.2 1.3 0.8 13
r2 0.12 0.3 0.59 0.86 0.20 0.30 0.74 0.23 0.23 0.17

Southern coastal zone (n = 12)
TMF 75 6.6 9.6 1.2 3.8 1.3 4.7 3.9 5.8 5.7
r2 0.71 0.47 0.45 0.24 0.36 0.10 0.63 0.50 0.39 0.11

* TMF (n = 20)
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Figure 2. Trophic distribution of 7 essential elements (Cd, Cu, Fe, Mn, Ni, V, Zn) in 3 geographical
areas along the North-South Mediterranean transect. The boxplots represent the variations in bCd, bCu,
bFe, bMn, bNi, bV and bZn concentrations (ug/g) in the northern coastal zone (4 stations, St1-4),
offshore zone (3 stations, St9-11) and southern zone (3 stations, St15, St17, St19) and include the 7

particle size-fraction classes (F1: 0.8-3 pm; F2: 3-20 um; F3: 60-200 pum; F4: 200-500 pm; F5: 500—



7 1000 pm; F6: 1000-2000 pm; F7 > 2000 pm). Boxplots show the first quartile (25%), median, and third
8  quartile (75%). The dashed blue line plots the median bM concentrations. Box plots were created using

9  Xlstat software package version 2019.1.1 (Addinsoft 2020, Boston, USA, https://www.xIstat.com).
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Figure 3. Trophic distribution of 3 non-essential elements (As, Cr, Sb) in 3 geographical areas along
the North-South Mediterranean transect. The boxplots represent the variations in bAs, bCr and bSb
concentrations (g/g) in the northern coastal zone (4 stations, St1-4), offshore zone (3 stations, St9-11)
and southern zone (3 stations, St15, St17, St19) and include the 7 particle size-fraction classes (F1: 0.8—
3 um; F2: 3-20 um; F3: 60—-200 pum; F4: 200-500 pm; F5: 500-1000 pm; F6: 1000-2000 pum; F7 >
2000 um). Boxplots show the first quartile (25%), median, and third quartile (75%). The dashed blue
line plots the median bM concentrations. Box plots were created using Xlstat software package version

2019.1.1 (Addinsoft 2020, Boston, USA, https://www.xlstat.com).



https://www.xlstat.com/

