LA -

Subscriber access provided by Université de Liege

Mercury stable isotopes discriminate different populations of
European seabass and trace potential Hg sources around Europe

Alice A.E. Cransveld, David Amouroux, Emmanuel Tessier, Emmanuil Koutrakis,
Ayaka Amaha Ozturk, Nicola Bettoso, Claudia L Mieiro, Sylvain Beralil,
Julien P. G. Barre, Nicolas Sturaro, Joseph G. Schnitzler, and Krishna Das

Environ. Sci. Technol., Just Accepted Manuscript « DOI: 10.1021/acs.est.7b01307 « Publication Date (Web): 25 Sep 2017
Downloaded from http://pubs.acs.org on September 26, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

Environmental Science & Technology is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 33

10
11
12
13
14
15
16
17
18
19
20
21

22

Environmental Science & Technology

Mercury stable isotopes discriminate different populations
of European seabass and trace potential Hg sources

around Europe

Alice Cransveld ***, David Amourouxb, Emmanuel Tessierb, Emmanuil Koutrakis®, Ayaka A
Ozturkd, Nicola Bettoso®, Claudia L. Mieirof, Sylvain Bérailb, Julien P. G. Barreb, Nicolas

Sturaro®, Joseph Schnitzler®®, Krishna Das™?

a. Laboratory for Oceanology - MARE, University of Liege, 15 Allée du 6 Ao(t, 4000 Liéege,
Belgium

b. CNRS/ UNIV PAU & PAYS ADOUR, Institut des Sciences Analytiques et de Physico-Chimie
pour I'Environnement et les Materiaux, UMR5254, 64000, PAU, France

c. Fisheries Research Institute, Hellenic Agricultural Organisation, 640 07 Nea Peramos,
Kavala, Greece

d. Faculty of Fisheries, Istanbul University, Turkey

e. Agenzia Regionale per la Protezione dell’Ambiente del Friuli Venezia Giulia (ARPA FVG), via
A. La Marmora 13, 34139 Trieste, Italy

f. CESAM and Departamento de Biologia, Universidade de Aveiro, Campus Universitario de
Santiago, 3810-193 Aveiro, Portugal

g. Institute for Terrestrial and Aquatic Wildlife Research, University of Veterinary Medicine

Hannover, Foundation, 25761 Blisum, Schleswig-Holstein, Germany.

ACS Paragon Plus Environment



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Environmental Science & Technology

Address correspondence to either author. Email: alice.cransveld@gmail.com;

krishna.das@ulg.ac.be . Phone: +32 (0)4 366 33 21/Fax : +32 (0)4 366 5147

Abstract

Our study reports the first data on mercury (Hg) isotope composition in marine European fish, for
seven distinct populations of the European seabass, Dicentrarchus labrax. The use of §*°*Hg and
A'Hg values in SIBER enabled us to estimate Hg isotopic niches, successfully discriminating several
populations. Recursive-partitioning analyses demonstrated the relevance of Hg stable isotopes as
discriminating tools. Hg isotopic values also provided insight on Hg contamination sources for biota in
coastal environment. The overall narrow range of §°°*Hg around Europe was suggested to be related
to a global atmospheric contamination while §°°’Hg at some sites was linked either to background

contamination, or with local contamination sources. A

Hg was related to Hg levels of fish but we
also suggest a relation with ecological conditions. Throughout this study, results from the Black Sea
population stood out, displaying a Hg cycling similar to fresh water lakes. Our findings bring out the
possibility to use Hg isotopes in order to discriminate distinct populations, to explore the Hg cycle on
a large scale (Europe) and to distinguish sites contaminated by global versus local Hg source. The

interest of using Hg sable isotopes to investigate the whole European Hg cycle is clearly highlighted.

TOC Art:

§77Hg, A" Hg and THE

Population (Hg source?) discrimination

oA
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1. Introduction

Mercury (Hg) is a persistent toxic element that has the capacity to biomagnify and bioaccumulate,
particularly when present under its organic form, methylmercury (MeHg), which poses serious health
risks'. Although it is naturally present in ecosystems, human activities have increased the amount of
actively cycling Hg, by an estimated factor of 3 to 5 since industrialization’. Emissions are currently
strictly regulated by numerous institutions: the OSPAR commission pointed out Hg as a priority
pollutant®, the United Nations Environment Programme (UNEP) recently launched a legally binding
global mercury convention in order to minimize further anthropogenic Hg release into the
environment®. Despite regulations, levels still found in marine predators (teleosts and marine
o .

mammals) are still above environmental quality standards 7, illustrating the many uncertainties

that still exist in the comprehension of Hg’s biochemistry at both regional and global scales.

Anthropogenic mercury sources to the environment are mainly fossil fuel combustion, mining, and
industrial activities (e.g. chlor-alkali industry). Hg can be emitted in gaseous elemental form (Hg°),
which has a long residence time in the atmosphere (0.5-1.5 years)"’, allowing it to travel long
distances and have an impact at a global scale. Hg releases can also occur in solid or liquid form, with
wastewater for instance, impacting primarily the vicinity of mining and industrial sites (regional

scale)™.

Methylation of inorganic Hg (IHg) is generated by microbial activity and can take place both in coastal

13,14

sediments and in open ocean water column™"", External MeHg sources such as fluvial and tidal

waters are also playing a role in marine food web contamination **. MeHg can also be demethylated

14,16

by sunlight induced degradation pathways ™. Microbial activity and both dark and photochemical

abiotic reactions ultimately control the chemical speciation and subsequent bioavailability of Hg"**.
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Recently, the study of the seven Hg stable isotopes have enhanced the understanding of the sources
of Hg and of the competing processes that produce and degrade MeHg in natural environment***>*¢.
Mercury stable isotopes display both mass dependent fractionation (MDF, reported as §°*’Hg) and
mass independent fractionation (MIF, reported as A™*°Hg and A”°'Hg)"". MDF concerns all Hg isotopes

and has been documented in all biotic and abiotic chemical reactions that have been investigated,

such as biotic methylation'®, demethylation®®, passive diffusion and photochemical reactions™.

While some studies show that fish MeHg is derived from the Hg present in the local sediment, others
have indicated that MeHg from different or additional sources might be accumulated by biota,

15,20

especially in coastal environment™"". Interestingly, such external MeHg sources could display a

199

distinct §2°’Hg. In the past decade, 6°°Hg and A™*’Hg values have successfully been exploited in order

to trace contamination sources in ecosystems'>*™>, but also to investigate exposure pathways,

bioaccumulation and trophic transfer of MeHg in marine food webs 247,

In this study, we use Hg stable isotopes combined with mercury concentration and speciation, as well
as carbon (C) and nitrogen (N) stable isotopes (used to estimate trophic level) to investigate the
sources and exposure pathways of Hg of a marine predator across Europe. We sampled the European
seabass, Dicentrarchus labrax, in 7 different sites and analyzed muscle tissue. The objectives of this
study were to (1) determine and compare the Hg stable isotopic niche of marine predators from
different geographical areas in Europe (2) give insights on MeHg cycling and pathways (3) potentially
distinguish between distinct Hg sources (e.g. local vs global). To fulfill our objectives, we started by

comparing Hg levels between sites and by investigating the possible causes of observed variability.

2. Materials and methods

ACS Paragon Plus Environment

Page 4 of 33



Page 5 of 33

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

121

Environmental Science & Technology

Species description
Our model species is the European seabass, Dicentrarchus labrax. It is a largely distributed, abundant
species. As a second order marine predator when fully-grown, it accumulates significant

concentrations of pollutants***°

. Moreover, juveniles are sedentary and very commonly found in
estuaries®® which are particularly affected by pollution. Here juveniles whose length ranged from 16

to 35 cm were sampled, so they would reflect the environment where they were caught and still

potentially display high levels of contamination.

Site description

Fish were collected between 2012 and 2014 from 7 coastal sites throughout Europe ( )
located in: the North Sea (NS), the Northern Aegean Sea (AeS), the Seine Estuary (SE), the Northern
Adriatic Sea (NAS), the Turkish coast of the Black Sea (BS), and two different sites at the Ria de Aveiro
in Portugal (the “reference” site and the “contaminated” site - RAR and RAC). The distribution of
sampling sites spanned across different latitudes and water quality, including areas influenced by

2132 (Description of sites in SI.)

riverine effluents from mining and chlor-alkali industries
Sample collection

After sampling, fish were kept in freezers at -20°C or less (-80°C). Prior to dissection, fish were
thawed, measured (snout to fork), and weighed. Muscles were sampled for each specimen. Muscle
was chosen because it is an abundant tissue, known to accumulate high Hg concentrations, and is
closely related with risks of human contamination®>. We also took scales from under the left pectoral
fin, and investigated stomach content ( ). Muscle samples were freeze-dried, ground into a
homogenous powder, then stored in the dark before use. Water content of muscle was determined.
Age determination was performed by observing the scales under a binocular and counting the

number of annual growth marks, called annuli as described previously**.
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Analyses
Sample analysis follows previously described protocols and are presented here briefly. (Details in the

sl.)

Carbon and Nitrogen isotope composition were measured by an isotope ratio mass spectrometer as
detailed elsewhere®. In order to allow inter-population comparison, we also calculated each
individual’s trophic level (TL) after Post®®. Total Hg (THg) concentrations were determined on a
Milestone Direct Mercury Analyzer 80*’. T-Hg concentration is expressed ng.g” dry weight (DW).
MeHg and IHg concentrations were determined by isotope dilution-gas chromatography-inductively
coupled plasma-mass spectrometer (ID-GC-ICP-MS) following microwave-assisted extraction and
aqueous phase derivatization, as detailed elsewhere *. Reference material included BCR CRM-464
(tuna fish muscle, from Adriatic Sea, certified for MeHg and THg concentration), and DOLT-4 (dogfish

liver) ( ).

Mercury isotopic composition analysis was performed using cold vapor generation (CVG) with multi-
collector-inductively coupled plasma-mass spectrometer (MC-ICP-MS, Nu Instruments). A
desolvation nebulisation system from Nu Instrument was used to introduce NIST-SRM-997 thallium
for instrumental mass-bias correction using the exponential fractionation law. Reference material
UM-Almaden and BCRCRM-464 were used as secondary standards ( ). We used a standard-
sample bracketing system to calculate 6 values (in %o) relative to the reference standard NIST SRM

198

3133 mercury spectrometric solution. Isotope Hg was used as the reference for ratio

determination of all other Hg isotopes, using the following equations:

(xxng/lggHg)sample
(***Hg/*°8Hg)NIsT 3133

§¥XHg = |

— 1)] x 1000 (2)
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A199Hg = 5199Hg0bserved - 5199ngredicted = 5199Hg0bserved - (5202Hg X 0252) (3)

AZOng = 5201Hg0bserved - 5201ngredicted = 5201Hg0bserved - (5202Hg X 0752) (4)

Statistical analyses

The SIBER (Stable Isotope Bayesian Ellipse in R) package from R was used to estimate the isotopic
niche (trophic niche and Hg niche) of each population®. SIBER was used to generate bivariate
standard ellipses that represent core isotopic niches of the different populations of seabass. Areas of
the ellipses associated to each site (Standard Ellipse Area, SEA) were computed using Bayesian
modeling (10° iterations). Applying SIBER to Hg stable isotopes (6°°’Hg and A'°Hg) constitutes the

first attempt to define Hg isotopic niche through SIBER.

To identify whether Hg variables (THg, MeHg, %MeHg, §°°?Hg and A'*°Hg) effectively enables the
discrimination of different populations of fish, we developed decision trees using recursive
partitioning (Rpart package [version 4.1-10]* incorporated in R package [version 3.2.3]*'). Recursive
partitioning, or classification tree analysis is a statistical method that splits, or partitions, data into

smaller groups (nodes) of increasingly homogenous variance**.

Descriptive statistics were performed on GraphPad Software (GraphPad Prism version 5.00 for
Windows), and p < 0.05 was considered as significant (with a = 0.05). To assess differences in THg
concentrations, speciation, and isotopic values between sites, Kruskal-Wallis (K-W) tests were used,
and Dunn’s Multiple Comparison test (Dunn) was used to compare each pair of sites. Covariance
between variables were evaluated using ANCOVA model on R [version 3.2.3]. Correlations between

two variables were evaluated with Spearman’s rank correlation coefficient (Spearman).
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173 Physical parameters of the sampling sites (latitude, annual hours of sunshine and annual
.. . . 44,45 . .

174 precipitation) were extracted from online database and are detailed in

175

176 Table 1 : Age estimation, standard length (cm), body mass (g), THg and MeHg (ng-g'l, dw), MeHg to THg ratio (%) trophic

177 level, Hg isotopic ratios (as delta values, %o) in muscle of Dicentrarchus labrax. All values are expressed as means + standard

178 deviation (SD), (minimum-maximum), and n = number of analysed samples, except for age (only range is reported).

179

Sampling site Std Body [THg] [MeHg] % MeHg Trophic 52Hg A"°Hg 2'Hg
(age range) length mass level

AeS 28+1 272+48 598 + 60 453 £51 90+7 4603 -0.04 £0.08 0.81+0.09  0.63+0.09
Aegean Sea (25-30)  (205-380)  (511.2-685.1)  (369-527.6) (71-95) (4.3-5.1) (-0.17-0.07)  (0.68-0.95)  (0.49-0.78)
(2 years) n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10
NS 26+6 192 £90 11391548 1025 + 416 93+3 5.5%0.5 -0.06 £0.14 0.49+0.03  0.32+0.06
North Sea (16-31)  (43-278)  (347.7-1631)  (489-1396) (89-95) (4.8-5.9) (-0.22-0.05)  (0.46-0.52)  (0.27-0.39)
(1-3 years) n=5 n=5 n=5 n=4 n=4 n=5 n=4 n=4 n=4
SE 33£2 487 £ 66 1055 + 218 988 +216 94t1 4606 0.15+0.14 0.37+0.11  0.26 +0.07
Seine Estuary (30-35)  (350-563)  (658.5-1493)  (606.2-1427)  (93-94) (4.1-6.1) (-0.02-0.43) (0.24-0.6) (0.16-0.42)
(3-4 years) n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10
BS 21+2 140 £24 102 £ 14 82+11 83£10 40+0.1 0.14 +0.56 1.30£0.16  1.03£0.15
Black Sea (18-24)  (110-170)  (85.3-130.1)  (72.4-110.2)  (59-90) (3.9-4.2) (-0.77-1.11) (0.98-1.48)  (0.74-1.17)
(1-2) n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10
NAS 22+1 123£20 1578+ 1130 1137+ 875 94 12 5.5%0.6 0.03 +0.09 0.53+0.14  0.46+0.15
Northern Adriatic Sea (20-23)  (89-149)  (596.3-3560)  (430-2677) (92-97) (4.6-6.3) (-0.09-0.17)  (0.4-0.87) (0.23-0.74)
(1 year) n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9
RAR 21+4 106 £ 60 809 * 663 648 + 534 91+4 33108 0.14 +0.17 0.56+0.14  0.46+0.12
Ria de Aveiro Reference (17-26)  (55-217)  (143.2-2207)  (107-1858) (83-95) (2.4-4.7) (-0.19-0.4) (0.31-0.74)  (0.31-0.61)
(1-2 years) n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10
RAC 17+1 59+ 10 1904 + 282 1579 + 249 94t1 3.810.4 0.32+0.09 0.34+0.08  0.26+0.06
Ria de Aveiro Contaminated (16-18)  (45-77) (1568-2411)  (1120-2046)  (91-96) (3.3-4.6) (0.1-0.45) (0.22-0.49)  (0.15-0.34)
(1 year) n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12

180

181

182 3. Results

183

184 3.1 Fish comparability

8
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Biometrical data of the fish are summarized in . Standard length and body mass varied
significantly between sites (K-W; H = 52.15; p<0.0001 and H = 51.68; p<0.0001, respectively). Means
of standard length and body mass were the smallest at RAC site and highest at SE site. Means for age

were smallest for RAC and NAS and highest for SE site.

8"C values measured in muscles of seabass ranged from -24.9 %o to -14.5 %o.. The average value for
the BS, -21.2 %o, was lower than average values for all other locations (Dunn; p<0.05 for all locations
except NAS, ). 8N values ranged between 10.5 %o and 21.1 %o, means for
each site are reported in . Trophic levels (TL) were estimated in order to allow inter-site
comparison and global correlations. The baseline §°N values used for each site, found in literature,
are reported in . TL varied between sites, ( ), with @ minimum mean value at RAR

site, and a maximum mean value at NAS and NS sites ( ).

3.2 Hgvariables across sites

3.2.1 Total Hg concentration and speciation

THg concentrations in muscle sample of the seabass collected across Europe ranged between 85
ng-g” and 3560 ng-g" dry weight. Means were statistically different between sites (K-W; H = 46.07;
p<0.0001; see . Mean THg concentration was lowest at BS site and highest at NAS and RAC
sites (Table 1). All sampling sites except BS showed THg concentrations much higher than the
environmental quality standard (EQS) of 20 ng-g* wet weight (WW) in fish, set by the European
Water Framework Directive (WFD, EC, 2000), (corresponding to around 80 ng-g* DW in our samples).
MeHg mean concentrations varied significantly between sampling sites (K-W: H = 46.76 ; p<0.0001).

THg and MeHg were highly correlated (Spearman: r = 0.98 ; p<0.0001). MeHg represented around >

ACS Paragon Plus Environment
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210 90% of the THg concentration for all sites, except BS site (83 + 9%) whose %MeHg differed
211  significantly from NS, SE, RAC and NAS

212

213 3.2.2 Hg stable isotopes

214

215 5%°2Hg means for each site ranged between -0.06 + 0.14 %o at NS and 0.32 + 0.09 %o at RAC (Table 1).
216  8°”Hg values differed significantly between sites (K-W; H = 25; p< 0.001; ): RAC 6°’Hg
217 median value differed significantly from AeS, NS and NAS (Dunn ; p<0.05 ). BS displayed the largest
218  variation of 6?°?Hg (1.8 %o between min and max). For this reason, we excluded BS from correlation

219 tests on the whole data set.

220
221  All sites showed mass independent fractionation (MIF) of *°Hg and 2°*Hg ( ). A significant and
222  strong correlation was observed between A’Hg and A*'Hg ( ; Spearman; r = 0.95;

223 p<0.0001), and value of the slope of the regression line was 1.20 + 0.03. The slope of the regression
224 line for each sampling site varied between 0.91 in AeS and 1.47 at SE ( ). An average A'*°Hg
225 of 0.34 + 0.08 %o was measured at RAC site, which presented the lowest values of MIF, close to SE
226  values, while highest MIF was measured at BS site with a mean of 1.30 # 0.16 %o. A'°Hg differed
227  significantly between sampling sites (K-W; H = 51.02, p<0.0001;

228

229 3.3 Discrimination of sampling sites

230

231 3.3.1 Hg isotopic niche using SIBER

232

233 SIBER analysis performed using MDF versus MIF values determined the core Hg isotopic niches of our
234 7 sampling sites ( ). There was no overlap at all for the BS site, nor for the AeS site. There was

235 little overlap between RAC and SE sites: 0.0036%02, which represents 7% and 15% of the SEA of SE

10
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236  and RAC respectively. Finally, overlap between NAS, NS, RAR and SE was more important (>15%). The

237  area of the ellipse associated to BS site was the biggest (0.242 %0?) while all the other sites had SEA

238  comprised between 0.019 and 0.080 %.? ( ).
239
. AeS
A
. NS
B se °
2 2 .
?5 @
= D NAS ¢
wn
5 - e SN
RAR
- <
L
B rc .
o
g~
I | ] I | ] I
-15 10 -05 0.0 0.5 1.0 15
822Hg %o
240
241 Figure 1 : Hg isotopic niches of Dicentrarchus labrax from 7 sampling sites across Europe: the Aegean Sea (AeS), the North

242 Sea (NS), the Seine estuary (SE), the Northern Adriatic Sea (NAS), the Black Sea (BS), and two different sites at the Ria de

243 Aveiro lagoon in Portugal: the reference site, RAR and the contaminated site RAC. Solid lines represent the bivariate
244 standard ellipses associated to each population (through SIBER). Dots represent each individual.
245

246  3.3.2 Recursive partitioning

247

248 Recursive partitioning analysis for Hg variables in populations of fish separated first the lowest THg
249  contaminated population (exclusively Black Sea (10/10) (<137 ng.g" dw)) from the medium
250  contaminated (between 137 and 1530 ng.g™" dw) and the highest mercury contaminated population
251  (predominantly Ria de Aveiro Contaminated (12/12) and Northern Adriatic Sea (3/9)) ( >1530 ng.g™

199

252  dw). The medium THg contaminated group could then be discriminated by the A™"Hg values: higher

253  than 0.69 (predominantly Aegean Sea (10/10) and Ria de Aveiro Reference (3/10)), between 0.43 and

11
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0.69 (predominantly Northern Adriatic Sea (5/9), Ria de Aveiro Reference (5/10) and North Sea (3/4))
and finally below 0.43 (predominantly Seine Estuary (8/10)) ( ). Classification error for this
tree is between 30.8% and 43.1%. A second analysis focusing only on RAR, NAS and NS sites

separated a group with higher 6°°Hg ( > 0.095) (mainly RAR (6/10)) from the rest ( ).

THg= 137

137< THg <

Black Sea 1530
{10/10)

THg > 1530

A'Hg < 0.69

Contamina

AY¥Hg > 0.43 A¥Hg < 0.43

V. \
| Seine Estuary

L ]

Ria de Aveiro Ref. /Northern
Adriatic Sea/North Sea
(15/18)

5" Hg < 0.095 5?%Hg > 0.095

|: Northern Adriatic 5ea TI
ot -~

Figure 2 : (A) Classification tree for Hg variables in populations of Dicentrarchus labrax, after recursive partitioning analysis
(n=65). This decision model has root node error of 0.82. (B) Classification tree performed only on Ria de Aveiro reference,

North Sea and Northern Adriatic Sea populations (n=22).

3.4 \Variables potentially related to MDF and MIF

3.4.1 Covariance of THg with biometrics and sites

We tested the effect of sampling site on mercury variables (Log(THg) and Log(MeHg)) with standard
length + body mass + age + 6"°N + 8'°C + TL as covariates and interactions between covariates and
sampling site. There was a significant effect of sampling site (ANCOVA: F = 47.0, df = 6.50, p<0.0001)

and standard length (ANCOVA: F = 16.1, df = 1.50, p<0.0001) on THg, but the interaction between
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sampling site and standard length was not significant (p>0.05). There was also a significant effect of
sampling site (ANCOVA: F = 47.2, df =6.49, p<0.0001) and standard length (ANCOVA: F = 9.8, df =
1.49, p<0.0001) on MeHg, but the interaction between sampling site and standard length was not
significant (p>0.05). The other tested covariates did not impact the results of THg and MeHg
concentrations. Least-squares mean concentrations for each site when accounting for standard

length are shown in SI, , and corroborate the ANCOVA analysis.

This means that THg and MeHg vary amongst sampling sites and that within sampling sites the
standard length has an effect on mercury concentrations. But, the sampling site difference is

independent from the standard length variation.

3.4.2 Correlations for 6*”Hg and A'*°Hg

For whole data set, §°°’Hg was weakly correlated to THg (Spearman; r = 0.59; p<0.0001; ),
to MeHg (Spearman; r = 0.65; p<0.0001), and to TL (Spearman; r = -0.46; p<0.01). On the intra-
population level, correlation could only be established in BS population between §*°*Hg and THg
(Spearman; r=0.77; p<0.01).
A" Hg was negatively correlated with THg and MeHg concentrations (Spearman; r = -0,75 ; p <
0,0001 and r = -0.76 ; p < 0.0001). We plotted A'*°Hg vs 1/THg to perform linear regression (

). The R? of the regression line was higher for whole data set (0.69) than for the data set excluding
BS and RAR values (0.43). No significant correlation could be observed between A™°Hg and TL or

8%c.

3.4.3 Physical parameters
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199

296 No significant correlation could be observed between A™”Hg and latitude, annual hours of sunshine

297  and annual precipitation (Spearman; p>0.05). The correlation was performed on means for each site

298  (n=7).

299

300 4. Discussion
301

302 4.1 Assessing the variability of Hg levels and possible links with diet

303

304  4.1.1 THg and MeHg inter-site variability

305 Interestingly, THg and MeHg concentrations in muscle were extremely variable between individual
306 fish samples (from 85 to 3560 ng.g" dw ). The highest concentrations were
307 observed in fish collected in NAS and RAC, two sites with a historical, industrial Hg contamination
308  232% MeHg represented most of the THg found in seabass muscles. These data are consistent with
309 previous studies that show that MeHg accumulates in fish muscle tissue where it typically comprises
310  more than 90% of THg">***’. THg and MeHg concentrations in the muscle of teleost fish depend not
311 only on the environmental contamination of their habitat, but also on several biotic factors including
312 age, body mass, standard length, diet and trophic position in the food web*>°. However, the
313 absence of association between mercury concentrations (THg and MeHg) and age, standard length or
314 body mass indicated that these parameters did not explain the observed variability of THg and MeHg
315 concentrations across sampling sites.

316

317  4.1.2 MeHg levels related to the diet

318  Diet is considered as the main source of MeHg in fish>**%. Understanding MeHg levels in fish
319  therefore implies understanding their diet. Stomach content analyses ( ) reveal a large panel
320  of prey from small invertebrates to teleost fish, in agreement with previous published data describing

321  the very opportunistic feeding behaviour of seabass®'. The complexity and variability of regional food
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webs can affect the relative trophic position ** as well as the contamination level of seabass. Trophic
level (TL), calculated using 6N, varied between sampled populations ( ) and was positively
correlated with standard length and body mass, which supports the idea that bigger fish occupy a
higher trophic position. However, the lack of association between TL and THg or MeHg
concentrations (taking into account the whole data set), indicated that if there is an effect of trophic
position on Hg concentration in our data set, it is negligible.

8"C is commonly used to indicate the origin of carbon sources with a general pattern of coastal,
benthos-linked food webs being more enriched in *C (higher §"3C) compared to offshore, pelagic
food webs®. The 6"C values measured in AeS, NS, SE, NAS, RAC and RAR were in agreement with

33739 8¢ values measured in BS fish samples were lower than

values reported previously for seabass
in other sampling sites and were concordant with values reported in other biota from the Black
Sea®®. The lower 6™C values found in BS population suggest a more offshore-based food web than
other sampling sites food webs. However, as BS site is the only one to stand out via §'°C, it is likely
that all other sites have similarly rooted food webs. As THg was not associated to §*3C, this tool does
not explain the variation of mercury concentrations between sites.

All the sampling sites in this study were located in coastal areas. However, they presented different
environmental characteristics (shelf, shore, lagoon, estuary) and different anthropogenic contexts.

Our analyses show that the two sites directly influenced by industrial or mining effluent containing

high levels of mercury, NAS and RAC, house the two most contaminated fish populations.

Therefore, we suggest that ecosystem-related differences such as site contamination levels, are likely

the best explanation to the observed variability of THg and MeHg concentrations between sites.

4.1.3 The Black Sea specificities
Many parameters measured in fish from the Black Sea suggest the peculiarity of Hg sources and
cycling in this site. First, there is the low Hg concentrations (102 ng-g™ dry weight) associated with a
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lower %MeHg in muscles (80% instead of the usual above 90%). Lower Hg levels have previously
been described in BS organisms and attributed to the special hydrological conditions in BS (mainly
considered to be a sink for particulate organic matter and its pollutant load)®®®. MeHg
concentrations in waters of the BS have been reported to be as high as in the Mediterranean®, but
the BS is subject to massive eutrophication and subsequent increase of nitrates and phosphates® .
This could result in a rise of primary production and a decrease of Hg methylation, consequently
diluting THg concentration in phytoplankton and diminishing MeHg concentration in water and
biota®”. Other studies have shown that the relative contribution of inorganic Hg vs MeHg to the
overall Hg bioaccumulation is largely controlled by the relative concentration of MeHg dissolved in
seawater®®. The high concentration of organic matter in BS could result in a strong complexation of
IHg, making it less available for methylation ®. Our results seem to correspond to such a situation

where MeHg is proportionally less abundant compared to IHg in waters of the Black Sea than in all

other sampling sites.

4.2 European seabass populations discrimination by Hg isotopes

4.2.1 Do A*°Hg and 6§°®Hg of seabass populations around Europe vary?

The SIBER plot of MDF (6°%*Hg) versus MIF (A*°Hg) values measured in the muscle of seabass allows
for the discrimination of several sampling sites ( ). Four groups could be distinguished based
on their core isotopic niche. On one side, clearly apart because of higher A’Hg (MIF axis), stands the
BS site. The MIF axis also enables us to discriminate the AeS site from a group of more heavily
contaminated sites (NS, SE, NAS, RAR), displaying low A°Hg and 6*°Hg. Eventually, the MDF axis
(6°°’Hg) sets RAC site slightly apart.

The §*°Hg and A Hg values are in the range of previously published data in marine fish™>?%7 (

), and constitute, to our knowledge, the first data for European coastal fish.
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4.2.2 Are Hg stable isotopes useful to discriminate seabass populations?

In order to better test whether 6°°°Hg and A™®

Hg effectively enables the discrimination of different
populations of fish, we used classification tree analysis ( ). The variables THg
and A™Hg enabled the discrimination of different populations of fish. The recursive partitioning
analysis for Hg variables partitioned our 7 populations into 5 groups ( ). AeS, BS, RAC and SE
sites could be well discriminated. The fifth group was quite heterogeneous, associating fish from NAS
with those from RAR and NS. Due to the classification into 5 groups instead of 7, the predictive
power of this tree is relatively moderate (classification error between 30.8% and 43.1%). But If RAR,
NAS and NS are artificially grouped, the classification error decreases down to 16%. A second analysis

( ) focusing only on the 3 groups that could not be discriminated by the first analysis further

enabled the discrimination of the RAR site from the NS and NAS with the variable §*°’Hg.

The need to combine MDF and MIF values with THg to obtain a better classification does not
contradict their discriminating power because the recursive-partitioning still needs §°*’Hg and A™°Hg

to build the classification tree. Thus, we conclude that both 6§°°’Hg and A

Hg allow for the successful
discrimination of several populations of fish from different areas across Europe. The combination of

MDF and MIF values increases their discriminating power, and their combination with THg

concentrations increases their discriminating power even more.

4.3 MIF of Hg in seabass to assess Hg sources in coastal areas

MIF varied significantly between sampling sites ( ). We found a A'™°Hg/A’'Hg slope of

1.20, which is in accordance with the slopes reported in other marine fish ( ~ 1.2) exposed to

15,26,28,70,71

photodegraded MeHg from their respective environment . Hence, in the present study, MIF

values measured in fish muscles are assumed to directly reflect the accumulation of residual MeHg
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after demethylation, before it enters the food web. Yet, we could not find any correlation with
latitude, hours of light per year, or precipitation (factors that could influence demethylation rates).
The absence of correlation between MIF and TL is probably related to the relatively constant %MeHg

from one site to another.

The positive correlation between MIF and 1/THg ( ) is in accordance with findings from

other studies™?***

where various contaminated sites have been characterized by (close to) zero
A Hg values. As MIF of Hg in fish is the result of the photodemethylation of MeHg, positive A**°Hg
values may be imparted in less contaminated sites that lack significant inputs from anthropogenic Hg
sources, such as BS and AeS. Meanwhile, A"°Hg closer to 0 %o, associated with higher THg and MeHg
concentrations (e.g. in SE and RAC), reflects more the impact of anthropogenic Hg in these sites,
related to a dilution of the demethylation footprint and/or related to the higher contribution of
continental and benthic input of MeHg (which would display low MIF). The mild correlation between
MIF and MeHg (r?=0.58) could indicate that other factors than THg and MeHg concentrations play an
important role in MIF. However the finding that MIF trend is following a general decrease down to
value close to 0 when all the sites are compiled together demonstrates that such isotopic
composition could be further used to establish a clear impact of coastal Hg pollution to juvenile

seabass population, in opposition to what is observed for more pelagic species and environments.

(Further discussion available in SI)

BS MIF values (A™®°Hg= 1.30 %o) were similar to values measured both in coastal fish’® and in oceanic
tuna®® ( ). Our samples are coastal, but there exists indications of a rather pelagic-rooted
Hg source, i.e. the lower §"*C compared to other sites (-21.2 %o). Another explanation for higher MIF
values could be linked to special features of the BS: it is a land-locked sea receiving loads of
freshwater inputs that cause substantial eutrophication and relatively low salinity of surface layer

64,72

waters . Now, it has been observed that MIF levels are significantly higher in freshwater lakes
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than in marine waters'®*>?%73

. Although the mechanisms behind these observations are still unclear,
previous studies suggest that it is likely the consequence of the accumulation of MeHg that
undergoes more photodegradation because of lower salinity and maybe higher dissolved organic
carbon (DOC)”. Hence, analogy with Black Sea characteristics can be made, that could partly explain
the relatively high MIF values found there. Paradoxically, the A*°Hg/A**Hg slope ( ) rather
pleads in favour of MIF originating from the photoreduction of IHg. As the BS samples display a lower
%MeHg than other sites, the influence of IHg on the overall MIF measured in seabass could be more
pronounced. Besides, this would be coherent with our previous assumption that IHg concentration is

proportionally more abundant compared to MeHg in waters of the Black Sea than in all other

sampling locations in this study.

Moreover, §°®’Hg absolute values in BS were consistent with previous studies on freshwater

16,25,73

biota , corroborating the MIF results interpretation.

Thus, our study shows that A™®

Hg in a predatory fish reflects the level of contamination of fish in
relation to the Hg pollution of their coastal habitat. Beside, MIF can also be influenced by specific

ecological characteristics, and therefore used to identify and investigate peculiar Hg environments

such as in the Black Sea.

4.4 MDF of Hg in seabass to asses major Hg sources in coastal areas

5°2Hg did not vary significantly between sites except for RAC site, which showed an enrichment with

heavier Hg isotope relative to all other sites but BS ( ). Overall, Hg stable isotopic ratios

displayed a wide range of values among samples (6°“Hg from -0.77 %o to 1.11 %), that are

15,26,70

consistent with other studies on marine organisms except for the highest values that
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16,25,73

correspond more to data published for fresh water biota . When BS values are excluded, the

5°’Hg range goes from -0.22 to 0.45 %o, representing a variation of only 0.67 %o.

4.3.1 MDF of Hg: about the influence of trophic relationships

Processes responsible for MDF are microbially mediated reduction or methylation of inorganic
Hg(11)"*, degradation of MeHg"®, and abiotic, physical and photochemical transformations of both IHg
and MeHg™. In vivo processes and trophic transfer may also influence MDF'®’®, but the question
remains debatable because of previous and non-conclusive studies on fish feeding experiments
277877 " |n the present study, no correlation between §*°*Hg and 8N (reflecting trophic position),
MeHg concentration or %MeHg could be observed on the intra-population level. Hence, this study

suggests no evidence of significant MDF caused by trophic transfer and we can consider that it might

be negligible in the case of juvenile seabass.

The wide range of §°°Hg values in BS site (total range of 1.88 %) is not comparable to any range

15,16,26,73,75

described for a single species fish population elsewhere in literature , and could be linked to

in vivo processes (further discussion in SI).

4.3.2 MDF providing clues on Hg sources

The increase of §°?Hg with THg ( ) suggests that there could be a background &°*Hg signal
that is gradually replaced by a contamination-related &°°Hg. A recent study in Arctic coastal
seawaters, which is a relatively pristine environment, showed negative §°°?Hg in waters (-2.85 to -
1.10 %o) and sediments (-0.76 %o) "®. These negative values could constitute a good indication of
background contamination &°°’Hg, most probably related to atmospheric deposition and are

coherent with our results.
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Indeed, in previous studies on marine environment, the extent of the isotopic §°’Hg offset between
sediment THg and fish THg was estimated around 0.73 %o (+ 0.16 %o 15D)”° and 0.66 %o(+ 0.25 %o
1SD)™. If we consider that there is similar 6°°°Hg offset between fish and sediment in AeS, the §°°’Hg
in sediment is estimated around -0.74 %o. This is consistent with background sediment §°°*Hg found
in arctic coastal waters "%, The negative §°°’Hg (-0.04 %o) measured in the least contaminated site,

AeS, would thus be related to background Hg isotopic composition.

At the other end of the §°°’Hg gradient ( ), the RAC site (and the SE and NAS sites to a
lesser extent) showed a higher §°°?Hg that would be more related to the local contamination. 6*°*Hg
of RAC site (mean= 0.32 %o) is higher than all other sites ( ). RAC site is acknowledged as a

heavily polluted area®?”®

that was subjected to Hg effluents from a chlor-alkali plant. The chlor-alkali
process uses liquid elemental Hg as a catalyst to produce NaOH, and there are evidences of large
losses of Hg with waste water, contaminating local sediments around industries*”. RAC site is indeed
the site displaying the highest THg and MeHg mean concentrations in this study. Chlor-alkali
processes induce MDF, sometimes to a large extent'? and the imprint of the processes on the Hg
waste has been shown to be reflected in contaminated local sediments'®. Hence, we suggest that

higher §?°’Hg observed at RAC site is to be linked with the isotopic composition of the contamination

source, from chlor-alkali industry waste, mainly as elemental Hg.

It is interesting to note that overall, §°°Hg varies little between sites (means range between -0.06
and 0.15 %o, RAC excluded). Worldwide and in Europe, around 80% of Hg emission comes from
combustion, releasing Hg into the atmosphere®. Therefore, it would be plausible that a global
atmospheric pollution affects all our sampling sites, mitigating the &°°’Hg value from local
contamination sources and leading to some homogenization of §°°°Hg values across our sampling
sites. In a context of global atmospheric Hg contamination, RAC site §°°Hg would stand out because

the local industrial contamination source would be particularly important and the dominant Hg
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source, with a 6°°*Hg composition clearly different from that of the global source. At the opposite,

6202

AeS, the least contaminated site probably represents a Hg much closer to

background/atmospheric contamination, meanwhile sites such as SE and NAS represent intermediate

52 Hg values. Full discussion about SE, NAS, and RAR sites are available in SI.

Overall, our results thus indicate that Hg isotopes can indeed help discriminating local versus global
contamination. They bring out the possibility to use Hg stable isotopes to identify particularities in
the Hg cycle of several local sites (like the BS and RAC), to discriminate distinct populations and to

explore the Hg cycle on a large scale, namely Europe.
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