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Abstract

There is a dramatic lack of data on Hg levels mrine organisms from tropical areas,
and in particular from New Caledonia. For the fitishe, this study reports the total Hg
concentrations in the tissues of several marina teom the New Caledonian lagoon. Seafood
from both wild and farmed populations was considettdg concentrations varied over 3
orders of magnitudes according to factors includipgcies, age (size/weight), trophic level,
lifestyle and geographical origin. Taking into agobthe edible tissues, estimations of the
amount of flesh that should be consumed by a 6@dmgon to reach the Hg Provisional
Tolerable Weekly Intake (PTWI) reveal acceptablgk rfor Human health in general.
However, a risk was clearly identified in one sifehe lagoon (i.e. Grande Rade) where high
Hg concentrations were measured. These concemsatiere higher than values reported in

the current literature.

Capsule: This work reports the first assessment of Hg keweledible organisms from the

New Caledonian lagoon and the associated riskdin@eheir consumption by Human.

Keywords:Tropical environment; Metal; Marine products; Seaf;, Risk assessment; PTWI
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1. Introduction

Among heavy metals, Hg is of particular concernnmarine environmental studies
because it has both natural and anthropogenic esun@s no known biological function and
is toxic to all living organisms (for a review, séssler, 1987). In the marine environment, Hg
is naturally released in the water and then inatineosphere through erosion of the sediments
where it is present as sulphide salts (Salomor.,e1287). However, about 30% of the total
Hg emissions in the atmosphere are of anthropogeigins. Moreover, these anthropogenic
atmospheric emissions are ten times greater thattdinputs to water, contributing to a
widespread contamination which is difficult to ass¢Hylander, 2001). These emissions are
mainly originating from industrial and domesticimeration (Cossa et al., 1990).

In the marine environment, Hg is mainly found undeyanic forms. Among organic Hg
species, methyl-Hg is the most stable form in tharine environment; it is primarily
produced by microorganisms in sediments. Methyl-ddgalso the most toxic form to
organisms (WHO, 1990). Finally, Hg and methyl-Hgvdathe particularity to be
bioaccumulated by marine organisms and to biomggadng the food chain (Zizek et al.,
2007). Therefore, the consumption of marine progluepresents a non negligible exposure
pathway to Hg and, thereby, a risk for Human he@th. Buzina et al., 1989; Svensson et al.,
1992). This is particularly the case for fish, sinartually 100% of the total Hg in fish
muscles (edible tissues) are present as methylettg Bloom, 1992, Holsbeck et al. 1997),
and is thus highly bioavailable for Human consunaers other predators.

In New Caledonia, coastal waters are subjectddrge inputs of metals, mainly due to
intense mining activities (especially Ni produciiplbut also due to natural erosion of the soils
associated with tropical rainfall, urban developmemd lack of efficient wastewater
treatment (Ambastian et al., 1997). Surprisinggw fstudies have been conducted to assess

the marine contamination status of New Caledonianistals (Labrosse et al., 2000).
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Available studies are generally limited to Ni atelmining by-products and to a narrow range
of species (Monniot et al., 1994; Bustamante e800; Hédouin et al., 2007, 2008; Metian
et al., 2008a). To the best of our knowledge, gataished on Hg in marine organisms from
New Caledonia are limited to a single study on gielaarine mammals (Bustamante et al.,
2003), and so far none is available on non mammaliganisms from the lagoon.

The aim of the present study was therefore toigeobaseline information on the Hg
contamination status of the New Caledonia coastlima environment. A wide range of
species including Bivalves, Cephalopods and Tetefostn different locations were analysed
for their Hg concentrations. Special emphasis wasngto species that have already been
recognised as valuable bioindicator species fi@timid venus&afrarium tumidumand the
radula scallogComptopallium radulaHédouin et al.2007, 2008; Metian et al., 2008a), and
to those that are major seafood for local conswmpbr exportation. The investigated
organisms were collected either from the wild (&eallops, clams, cockles, cephalopods and
fish) or from mariculture farms (e.g. the Pacifiad shrimpLitopenaeus stylirostrignd the
Pacific cupped oyste€rassostrea gigas)Differences in Hg bioaccumulation among body
compartments of a given species, within and amargrtomic groups, and among sites were
tested. Size and weight were also taken into adcmsidriving parameters. Finally, this paper

provides a site-specific preliminary risk assessnf@mHg consumption along with seafood.

2. Materials and methods

2.1. Sampling and sample preparation

Organisms belonging to 32 taxa (Table 1) wereectdd in March and October 2007

along the coast of New Caledonia (Fig. 1, Tableeher by SCUBA diving (fish), by hand

picking at low tide (bivalves), or bought on thental market of Noumea City (shrimp,
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oysters, cephalopods and some fish). The sampiieg were selected because they were
reported to have contrasting contamination statiési¢uin et al., 2008; Metian et al., 2008a;
Warnau and Bustamante unpublished results): GrRadie, Grande Rade-SLN, Koutio Bay,
the edge of Noumea harbour, Sainte Marie Bay, Owayo(which included 3 sub-sampling
sites from the shore -S1- to open waters -S3), B&@ag Unia and Tomo (Fig. 1, Table 2). The
geographical origin of the organisms bought on Moeimea central market was obtained
from the selling fishermen: Bassin de La Foa, DumBay, southern and northern lagoon
(Fig. 1, Table 2).

Grande Rade is subjected to anthropogenic inpuis fthe Ducos industrial zone,
whereas Grande Rade-SLN is directly subjected dsettof the metallurgic factory “Société
Le Nickel” (SLN). Due to these anthropogenic inp@sande Rade sediments were shown to
display high concentrations in several elementsd@dé et al., 2008). Koutio Bay is
characterised by the presence of an important shbdump and is influenced by inputs of
domestic wastes from Noumea City. Sainte Marie Bdgcated to the East of Noumea City
and receives important sewage sludge and terrigeimpuits coming from the Coulée River.
Dumbea Bay is also subjected to terrigenous infpais the Dumbea River (Ambastian et al.,
1997). In contrast, Unia (East coast), southernrathern lagoon, Maa Bay and Ouano Bay
are preserved from important anthropogenic ingkitsally, the Tomo site is located near the
international airport of New Caledonia, between @u8ay and Noumea City, whereas the
site of Bassin de La Foa is located near a shranp bn the West coast of New Caledonia.

All collected organisms were weighed (wet wt) andasured (total length for fish and
shrimp, height and length of the shells for bivalvend mantle length for cephalopods) upon
return to the laboratory. Characteristics (origimmber of individuals, length and weight,
sampling date) of each of the 32 species collearedgiven in Table 1. This table also

indicates the trophic level (i.e. filter feeder,ager/scavenger, predator of invertebrates,
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predator of invertebrates and small fish, predatbrsmall fish) and the water-column
distribution (benthic, nectobenthic and neritic) évery species.

Organisms were dissected to collect specific bodympartments. A piece of muscle
(edible tissue) was taken from fish, shrimp andhedégpods. For fish, the liver was also
collected. In cephalopodSépioteuthis lessonian8epia latimanusndOctopus cyaneathe
digestive gland and branchial hearts were collectdenever possible. In the case of
Pectinidae Comptopallium radulaand Mimachlamys gloriosga the edible tissues (muscle +
gonads) were separated from the remaining softdgssror all other bivalves, the soft parts
were considered as a whole. After dissection, thmptes were weighed (wet wt) and
immediately placed in individual plastic bags, #ozat —25°C, freeze-dried, and weighed
again (dry wt). Freeze-dried tissues were then mgtaand stored in individual plastic vials

until further metal analysis.

2.2. Total Hg analysis

Total Hg analyses were carried out with an Advdnidercury Analyser (ALTEC AMA
254), on dried tissue aliquots ranging from 4 tonad@, weighed to the nearest 0.01 mg. For
Hg determination, the metal was evaporated by pssive heating up to 800°C, then held
under oxygen atmosphere for 3 minutes, and firaityalgamated on a gold net. Afterwards,
the net was heated to liberate the collected Hd¢clwivas measured by atomic absorption
spectrophotometry. Mercury analyses were run agogrdo a thorough quality control
programme including the analysis of a NRC referentaerial (lobster hepatopancreas
TORT-2; National Research Council, Canada). Stahdhquots were treated and analysed
according to the same conditions as the samplesr&3ults were in good agreement with the
certified values, with an average recovery raté@§%. Detection limit was 5 ng'gdry wt.

All total Hg concentrations in tissues further repd are expressed in ng gry w.
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2.3. Data analysis

All data submitted to statistical tests were failsecked for normality (Shapiro-Wilk test)
and for homogeneity of variances (Bartlett test)heW these conditions were satisfied,
parametric tests were used in the subsequent asalgtherwise, non-parametric analogues
were used. Pearson or Spearman correlation caeffidiest was used to analyse the
correlations between size or weight and total Hgceatration in edible tissues in each
species. Differences in Hg concentrations betwesués in species for which different body
compartments were dissected were tested by Stueest or Wilcoxon test for paired
samples. To assess whether trophic levels (see Taldould influence Hg concentrations in
fish (among the collected organisms, this taxa thasonly one to display different diets;
Table 1), analysis of covariance (ANCOVA) was parfed, using length of individuals as
covariable. Finally, species with a minimum of tvimdividuals collected per different
location were considered to test differences inddgcentrations among sampling locations
(Table 4), using a one-way analysis of variance QM) followed by the post-hoc Tukey
test. In the case of species for which a corrafatietween size or weight and Hg
concentration was previously revealed, ANCOVA wasfgrmed instead of ANOVA, using
size or weight as covariable. One-way ANOVA and ADMA were performed on log-
transformed Hg concentrations and length or weighies. When appropriate, the variability
explained by each factor and their interaction @wasved from the sum of squares (Warnau
et al., 1996, 1998). The levels of significance s$tatistical analyses was always set at

0.05.
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2.4. Risk assessment for Human consumers

To prevent Human health impairments by Hg origimafrom dietary sources, the Joint
FAO/WHO Expert Committee on Food Additives (JECFRAlpcated a Provisional Tolerable
Weekly Intake (PTWI) for total Hg and methyl-Hg &000 and 1600 ng Kgwk™,
respectively (WHO, 2003). In this study, we calteth a “Maximum Safe Weekly
Consumption” (MSWC), i.e. the weight of edible tisgmuscle for shrimp, cephalopods and
fish, muscle + gonads or whole soft parts for higa) that should be consumed by a 60 kg
adult to reach the PTWI. For this, mean Hg conegioins in ng ¢ dry wt were first
converted to wet wt, taking into account the drywet wt ratios measured in all samples.
These ratios indicated a mean moisture content 086 8or bivalve flesh, shrimp and
cephalopod muscle, and of 75% for fish muscle, Wwhicatched well those previously
published for the same taxonomic groups (e.g. Tiomeét al., 2003; Bustamante and
Miramand, 2005). Then, the PTWI (ngkwk™*) multiplied by the consumer body weight (60
kg) was divided by the Hg concentration (rijwet wt) in the considered seafood to obtain
the MSWC (g wet wt). The latter value (g) was fipalonverted in kg (Tables 3 and 4). In
the particular cases of the figPlectropomus leoparduand the bivalvesComptopallium
radula, Gafrarium tumidumand Anadara scaphathe MSWC was also calculated for each
given site (Table 4). Finally, the MSWC was caltedhfor total-Hg and methyl-Hg, taking a
75% ratio of Me-Hg/T-Hg for shrimp muscle (Riisgaaidd Famme, 1986), a 80% ratio of
Me-Hg/T-Hg for cephalopod muscle (Bustamante et 2006), and a 100% ratio for fish
muscle (Bloom, 1992). MSWC for methyl-Hg was nokcatated in bivalves, due the great
variability of the ratio MeHg/T-Hg found in the ditature (ranging from 20 to 95%),
depending on species, age, season and locationéMmrg and Riigard, 1988; Kawaguchi et

al., 1999; Otchere et al., 2003; Trombini et &032).
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3. Results

3.1. Concentrations and tissue distribution

Total Hg concentrations in edible tissues varieshtly within and among species groups
(i.e. fish, crustaceans, mollusc cephalopods, raolhivalves). They ranged from 26 to 2063
ng g' dry wt in fish, from 128 to 297 ng™gdry wt in crustaceans (i.c.itopenaeus
stylirostris), from 40 to 218 ng §dry wt in cephalopods, and from 73 to 2531 fgdgy wt
in bivalves (see Table 3). Even within a singlecgg® the variability was sometimes quite
important, e.g. foMimachlamys gloriosaHg concentrations ranging from 244 to 890 flg g
dry wt. As it could be expected the variability wasen greater when animals of a single
species were sampled in different sites. Indeedcéfgentrations ranged from 173 to 2063
ng g* dry wt in Plectropomus leopardysrom 73 to 1015 ngfdry wt in Anadara scapha
and from 104 to 2531 ng'gdry wt in Gafrarium tumidum|n a single sampling location, Hg
concentrations varied greatly among species ofstdree taxonomic group. For example in
Grande Rade, average Hg concentrations were signtfy different (Kruskal-Wallis test,
p<0.01) among the three bivalv€s radulg A. scaphandG. tumidum 234 + 24, 723 + 414
and 1633 + 565 ng gdry wt, respectively (Table 4). Interestingly,shiatterrC. radula< A.
scapha< G. tumidumwas also observed in Koutio and Maa bays, evemgithe differences
among species were significant only in Maa Bay @kal-Wallis testp<0.01).

In Ouano Bay (S3), average Hg concentrations énfish muscles were significantly
different (Kruskal-Wallis testp<0.01) amondkyphosus vaigiensi$riacanthus hamruand
Plectropomus leopardusyith 55 + 22, 188 + 58 and 856 + 330 ng dry wt, respectively
(Tables 3 and 4).

With very few exceptions, total Hg concentratiomgish were always higher in the liver

(detoxification organ) than in the muscle (edinksue) (Fig. 2). Moreover, this difference
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was statistically significant for most of the spexk or Wilcoxon tests for paired samples,
p<0.05). In contrast, in cephalopods, there wasigwifgcant difference in Hg concentrations
between muscles and detoxification tissues, iedibestive gland for the squ&kpioteuthis
lessoniangt-test for paired sampleg>0.05) and the branchial hearts for the octdpapus
cyanea(Wilcoxon tests for paired samplgs30.05) (Fig. 3). However, in this latter species,
the concentrations recorded in the digestive gte#frmhe specimen was far higher those of the
branchial hearts and muscle (Fig. 3).Sepia latimanusHg concentrations followed the
decreasing order: branchial hearts > digestive dylanmuscle (Fig. 3). Finally, for the
Pectinidae (i.eComptopallium radulaand Mimachlamys gloriosg Hg concentrations were
significantly lower (Wilcoxon tesp<0.05) in the edible tissues (muscle + gonads) thahne

remaining tissues (Fig. 4).

3.2. Influence of size, weight and trophic level

Correlations between Hg concentrations in edildgsues and individual size or weight
were established for each species, consideringital together. Few Spearman correlations
were significant and Hg levels only varied posityvevith size for 2 out of the 32 species
collected: in the muscles of the figh leopardus(r=0.773,p<0.001) and in the muscle +
gonad of the pectini€. radula(r=0.422,p=0.040). Interestingly, Hg concentrations in whole
soft parts ofC. radula were also correlated significantly with size=@.472, p=0.020).
Positive correlations with the individual weight meesignificant for 3 out of the 32 species: in
the muscles oP. leopardugqr=0.782,p<0.001), and in the whole soft tissues of the hieal
G. tumidumandPeriglypta chemnitzjr=0.239 p=0.024 and=0.663,p=0.037, respectively).

Differences in Hg concentrations among trophielsvn fish are shown in Fig. 5. The
ANCOVA revealed that trophic level, length and thieiteraction were all factors affecting

significantly Hg concentrationsp€0.005). Trophic level was the most important facto
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explaining ca. 60% of Hg concentration variabilifpllowed by length (15%) and their
interaction (6%). The remaining 19% of the varidgpilvere due to other factors (residual
term). It was not possible to perform ANCOVA witietsites or species as covariable, as was
done for trophic levels, because the residuals dumt satisfy normality and/or

homoscedasticity pre-requisites.

3.3. Differences among sampling sites

Table 4 displays the comparison among Hg concmtisameasured in different sites of
New Caledonia for four species, i.e. the fBhleopardusand the bivalve®\. scapha C.
radula and G. tumidum As it was previously found for the first 3 specithat a significant
positive correlation occurred between Hg concelanatand size or weight, the appropriate
factor was used as covariable in the ANCOVA perfaito test the differences among sites.

For all the four species, Hg concentrations in ¢able tissues displayed significant
differences among sampling sitggaNcova or anova always <0.001). Post-hoc Tukey test also
showed that for all species, the highest Hg comagahs were always measured in Grande
Rade. With respect t8. scaphaand G. tumidum relatively low Hg values were found for
individuals collected in Ouano Bay sites (rangimnf 73 to 492 ng §dry wt). In contrast,
the fish collected in the latter bay displayed guiigh Hg concentration (from 590 to 1338 ng
g™ dry wt in muscles). Koutio, Maa and Sainte Mari@yB were generally characterized by
intermediate values for the three bivalves, andhgylowest values for the fish (Table 4).
Regarding the clanG. tumidum Hg concentrations were the lowest in Unia, wherieey
were relatively high in Tomo (154 + 38 and 497 +418g g' dry wt respectively).
Nevertheless, values in Tomo were significantlydowhan those measured in Grande Rade
(Table 4). At a smaller geographic scale, posstifeerence between Grande Rade and

Grande Rade-SLN and among the sub-stations in Owo (S1, S2, S3) could be
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investigated for 2 out of the 4 speciés: scaphaand G. tumidum For G. tumidum Hg
concentrations were significantly highg<0.001) in Grande Rade than in Grande Rade-
SLN, whereas no significant difference was detedtmdA. scapha In Ouano Bay, no

significant difference could be detected amonglinee sampling sites (Table 4).

3.4. Risk assessment for Human consumers

The “Maximum Safe Weekly Consumption” (MSWC, in &gt wt) of edible flesh was
estimated taking into account the “Provisional Talde Weekly Intake” (PTWI)
recommended by JECFA (WHO, 2003) for total Hg arelthyl-Hg. MSWC values are given
on a species basis in Table 3 (for the speciegdatelll in more than one site, the MSWC is
thus an average value taking into account theremfifesampling sites), and on a site-specific
basis in Table 4 (for the four species that wetkected in sufficient quantity in several sites).
The amount of shrimp musclé.(stylirostris) from Bassin de La Foa (i.e. a shrimp farm)
which should be eaten by a 60-kg person to reaetPTWVI for total Hg (5000 ng Kgwk™)
would be ca. 7.5 kg. For the oystérassostrea gigafom Dumbea Bay, this amount would
be about 13.5 kg of oyster flesh. Regarding cegimale from the southern and northern
lagoon, the MSWC for total Hg ranged from 10 kgedlible flesh (muscle) for the squid
Sepioteuthis lessoniarta 36.7 kg per week for the cuttlefiSiepia latimanugTable 3). With
respect to fish consumption, the MSWC for total Wigs between ca. 1 kg of flesh for some
carnivorous species from Grande RaBé&e¢torhinchus chaetodonoideB. flavomaculatus
to more than 32 kg per week for some herbivoroesisgs coming from Ouano BaiN#&so
unicornig Scarus microrhingsS. rivulatus S. schlege)i(Tables 3 and 4). In Grande Rade, a
60 kg person should eat 6.4 kg, 2.1 kg and 920 tgwwg@er week of flesh of. radula A.
scaphaand G. tumidum respectively, to reach the PTWI in total Hg (Tead). In the same

site, the MSWC for total Hg was 830 g of ediblesfeof theP. leopardudish. In all cases,
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309 MSWoCs for methyl-Hg were far lower than those cotegufor total Hg, especially in fish
310 (Tables 3 and 4). For example, a 60 kg person dheati about 260 g wet wt of flesh lBf
311 leopardusfrom Grande Rade to reach the PTWI in methyl-Hg (ke aforementioned 830 g
312 for total Hg).

313

314 4. Discussion
315
316 The whole dataset of the present study providbstantial baseline information of major

317 importance for future investigations on Hg contaatiion status in New Caledonia as well as
318 for the evaluation of the risk related to localfsed consumption. Indeed, despite the well-
319 known toxicity of Hg to marine organisms and itdqutial effects on Human health, this
320 metal has been poorly investigated in this tropmahe, with only one published study
321 reporting Hg measurements in tissues of two manaenmals (Bustamante et al., 2003). So
322 far, there are no published data on Hg levelswerirebrate or vertebrate species used as food
323 by local populations, whether they are fished ftbewild or cultured in artificial (shrimp) or
324 natural (oysters) environments.

325 In species for which several tissues were examitieel lowest concentrations were
326 almost always recorded in the muscles (see Figs4.tin cephalopods, the digestive gland
327 and the branchial hearts are actually known to Bpmnsites for concentrating metals, among
328 which Hg, compared to muscles (e.g. Miramand anatIBg, 1992; Bustamante et al., 2000,
329 2006). The digestive gland is generally suppose@lédy a major role in the storage and
330 detoxification of many essential and non esserdglaments such as Ag, Cd, Cu or Zn
331 (Miramand and Bentley, 1992; Bustamante et al.,0200002, 2006). Concerning the
332 Pectinidae family, the digestive gland and the &dnhave been identified for their storage
333 and detoxification function for many elements (dgstamante and Miramand, 2004, 2005;
334 Metian et al., 2008a), especially in the case of(Megtian et al., 2008b). This explains the

335 higher Hg values that we measured in the “remaisioig tissues” body compartment ©f
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radula and M. gloriosaFig. 4) as this compartment comprises all tissara$ organs other
than the adductor muscle and the gonad (i.e. ludles both the kidneys and the digestive
gland). Finally, in fish, hepatic levels of Hg agenerally reported to be higher than the
muscular ones (e.g. Storelli et al.,, 2005; Kojadiacet al., 2007), probably due to the
demethylation process that has been suggestedcto ot fish liver, as indicated by the
occurrence of almost only inorganic Hg in this eard®liveira Ribeiro et al., 1996; Maury-
Bachet et al., 2006). In our study, liver was samyl found to be the major organ for Hg
storage in fish. Pertaining to edible tissues, Higcentrations varied greatly in some bivalves
collected from different sites in the New Caleddaigoon. Hg levels ranged from 73 to 1015
and from 104 to 2531 ng'gdry wt in the whole soft parts @&. scaphaand G. tumidum
respectively. In fish,P. leopardus which was also collected in several sites, dismla
muscular Hg concentrations ranging from 173 to 2663* dry wt. On the other hand, in
some species of fish (i.éScarus sp. Lutjanus monostigmaKyphosus vaigiensis Hg
concentrations were very low (<60 ng dry wt) for most of the individuals collected (Tab
3). Similarly, Hg concentrations measured in thikucad species did not exceed 105 and 297
ng g* dry wt for the oyste€. gigasand the shrimp. stylirostris respectively.

Comparison with other tropical areas (i.e. NE tadsAustralia, Thailand, and Gulf of
Oman) indicates that the total Hg concentratiopsmed in similar organisms were generally
below the mean values that we obtained in thisystindleed, in bivalves from Thailand, total
Hg in the clamPaphia undulate the blood cockleAnadara granosaand the oyster
Crassostrea commercialisever exceeded 100 ng dry wt (Phillips and Muttarasin, 1985)
whereas in the Gulf of Oman, Hg concentrations vieiew 315 ng g dry wt for the clam
Circentia callipyga the spiny oysteGpondylus spand the oysteSaccostrea cucullatéde
Mora et al., 2004). Regarding fish, relatively l@@ncentrations were reported for species
from the NE coast of Australia with Hg levels ramgjifrom 120 to 760 nggdry wt in

muscle ofAcanthopagrus berdaCymbacephalus nematophthalmusitjanus carponotatys
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L. sanguineusand Plectorhynchus flavimaculatu®enton and Breck, 1981). However, de
Mora et al. (2004) found relatively high valuesfish from the Gulf of Oman, i.e. ranging
from 343 to 522 and from 498 to 2350 ri§dry wt in Lethrinus nebulosuand Epinephelus
coicoides respectively. Also, Denton and Breck (1981) régmbivalues from 250 to 1250 ng
Hg g* dry wt in muscles of cephalopodso{igo sp.andSepia sp), and a Hg concentration of
ca. 1000 ng § dry wt for the tumid venu§afrarium tumidum Moreover, in chronically
polluted, non tropical areas (i.e. Western Limfjob®enmark and Lavaca Bay, Texas, USA),
Hg concentrations ranging from 414 to 2517 nfdyy wt were reported in the cockle
Cardium sp.and from 430 and 10 100 ng' giry wt in several other species of bivalves
(Mohlenberg and Riigard, 1988; Locarnini and PngslE996). In our study, some values
recorded in the edibld. scaphaandG. tumidumfrom Grande Rade were thus on the same
order of magnitude than those reported in well kmd¥g-contaminated areas. Hence, along
with our data on Hg levels in fish muscles, thenfer comparisons indicate that New
Caledonia may suffer Hg contamination to some éxaed that additional studies would be
necessary for further assessing the contaminatainssin Hg of the New Caledonia lagoon.
Nonetheless, the assessment of the risk for Hunoasuening marine products from this
lagoon appeared of particular concern, particulemhthe Grande Rade area.

From a global health standpoint, Hg concentratiomsasured in the investigated
organisms of this study did not reveal excessisk for Humans consuming seafood in New
Caledonia. Indeed, even in the most contaminated/Girande Rade), the amount of bivalve
flesh to be eaten on a weekly basis by a 60 kgopeia a given species to reach the PTWI
for total Hg was relatively elevated: 920 g, 2.1 &gd 6.4 kg wet wt foG. tumidum A.
scaphaand C. radulg respectively (Table 4). Also, regarding the fBhleopardusin the
same location, a 60 kg person should eat more8B@ary of fish muscle to exceed the PTWI
in total Hg. Hence, except in local Human group®rlsea products constitute the main food

source, the former quantities of fish or bivalves aot very likely to be reached over a one-
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week period, as far as total Hg is considered. Hewef we assume that ca. 100% of total
Hg in fish muscle is occurring as methyl-Hg assittypically the case in this group (e.g.
Bloom, 1992; Holsbeek et al., 1997), the PTWI intmeHg would be reached with the
consumption of approximately 260 g wet wt of edifiessh of P. leopardusfrom Grande
Rade. Such a low quantity of flesh can be easilysamed during a single meal. Indeed, in
New Caledonia, fish consumption is particularly Higvarying between 23 to 50
kg/inhabitant/year, i.e. between 0.5 to 1 kg peekv@_abrosse et al., 2006). Moreover, the
“Maximum Safe Weekly Consumption” (MSWC) for metlyy assessed for the other fish
species collected in Grande Rade (Pkctorhinchus chaetodonoidd3. flavomaculatusand
Bodianus perditipwere similarly quite low and always below 400 gtwvt of flesh per week
for a 60-kg consumer (Table 3). Although these M®WC values are of concern, they were
only found in the single area of Grande Rade.

As for other metals, Hg concentrations in marirgaaisms may vary with biological and
environmental factors such as age (size/weightphic level, lifestyle and geographical
origin (e.g. Monteiro et al., 1992; Otchere et 2003; Burger et al., 2007; Zizek et al., 2007).
Size has been reported as a factor to which Hgesdrations are well correlated in fish
(Monteiro and Lopes, 1990; Mathieson and McLusl®g3; Adams, 2004; Kojadinovic et al.,
2006), due to the continuous bioaccumulation ofifgnuscular tissues all along their life
(Braune, 1987; Burger and Gochfeld, 2007). Howeaarpng the fish species examined in
the present study, onR. leopardusdisplayed a positive correlation with length aneligtt.
The lack of positive correlation for the other fislrestigated may be due to the small number
of individuals within those species, or, alternalwto the fact that the sampled individuals
were of about the same age (Braune, 1987; Mathi@asdrMcLusky, 1995).

In cephalopods, it is also generally admitted thigt concentrations are positively

correlated with size (Rossi et al., 1993; Bustamantal., 2006; Pierce et al., 2008). However,
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no correlation was found either f&epioteuthis lessoniana for Octopus cyanegprobably
because of the too narrow size range of the indalglexamined.

Hg concentrations were found to differ among sggciand notably among species
belonging to the same taxonomic group. Interestingr a given sampling location (Grande
Rade, Koutio Bay, Maa Bay), the three species wvélbes C. radulg A. scaphaand G.
tumidun) did not bioaccumulate Hg to the same extent. Thereasing order of
concentrations(. radula< A. scapha< G. tumidun) always occurred in each site, the clam
and the cockle concentrating Hg much more thanstaiop. These three species were of
very different sizes: average length was 77 + 14 fon€C. radulg 58 + 9 mm forA. scapha
and 38 + 5 mm forG. tumidum It is well-established that metal uptake efficgncan
decrease with organism size increase (e.g. SwaitehAdelung, 1995; Warnau et al., 1995;
Hédouin et al., 2006). This trend is generally axpd bythe decreasing surface/volume
ratio of an organism with increasing body size, tleereasing metabolic activity in older
individuals, and/or by the dilution of the metal larger organismge.g. Braune, 1987;
Swaileh and Adelung, 1995; Warnau et al., 1995)redwer, different species of bivalves
may have different diet and filtration rates. Altighh further studies are needed to better
explain the differences in Hg bioaccumulation amamayine bivalves from New Caledonia,
it is effectively well-known that scallops have aitq elevated filtration rate compared to
other bivalves (Meyhdofer, 1985). As they displayader values of Hg than other bivalves in
this study, it could be suggested that diet comjmwsicould be a major factor in Hg
bioaccumulation in bivalves. This is in accordamagth the few evidences available in the
related literature (e.g. Wang and Wong, 2003; Megaal., 2008b). This apparently also
holds true in fish, for which the trophic level atty appeared to affect Hg concentrations in
the investigated species (see Fig. 5). Indeed egsésravengers displayed the lowest values

of Hg in their muscular tissues, whereas predadbrsmall fish displayed the highest ones.
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These observations are in good agreement with thbidimagnification process occurring in
marine food webs (e.g. Burger et al., 2007; Zizekl ¢ 2007).

Species, size or weight and trophic level as factd variation for Hg concentrations
were also well illustrated by the case of the thiisk species collected in Ouano Bay S3.
Indeed, they displayed significant differences it mean muscle values of total Hg,
according to the following ordeKyphosus vaigiensis Priacanthus hamruk Plectropomus
leopardus Actually, K. vaigiensisandP. hamrurare similar in size, but the former is a grazer
whereas the second is a predator of invertebratdssmall fish; as foP. leopardusit is
much heavier and is a predator of small fish, alsglayed thus, as could be expected, the
highest Hg concentrations among the three species.

Finally, there were clear differences in Hg conaions among sites for a given species,
the site factor explaining between 68 and 85% efuariability in the performed ANCOVA.
In the three bivalve specie&. scapha C. radula and G. tumidum and in the fishP.
leopardus individuals from Grande Rade always displayedhigdest concentrations in Hg.
Considering the concentrations of several metateensediment and in the cla& tumidum,
Grande Rade is regarded as a highly contaminaééidrst{Hédouin et al., 2008). As this area
is subjected to industrial inputs, it was not sisipg to find high concentrations of Hg in the
organisms living there. However, there was a spagderogeneity for bivalves from the
Grande Rade area, with Hg concentration&irtumidumfrom Grande Rade-SLN that were
surprisingly much lower than that from Grande R@ddividuals from both locations were of
similar size). Very intense exposure to Ni and teoié co-occurring metals in Grande Rade-
SLN lead to very high concentrations on these etgmi@ the tissues @. tumidum(>10 pg
Cr g, >90 ug Ni g, >300 pg Mn g; Hédouin et al., 2008) which could interfere watther
elements such as Hg. However, the lack of similemds in Hg concentrations for the other
bivalve also collected in both siteé.(scapha does not support this hypothesis. Further

investigations are thus necessary to explain #asijar observation is. tumidum
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Captions to figures

Fig. 1. Map of the sampling stations in the SodtNew Caledonia and in the vicinity of

Noumea City. GR: Grande Rade; GR-SLN: Grande Rade-S

Fig. 2. Relationship between total Hg concentratioiHg; ng g dry wt) in liver and muscle

in fish species from New Caledonia.

Fig. 3. Total Hg concentrations (T-Hg; mean + SB, gl dry wt) in the digestive gland,

branchial hearts and muscles of three cephalopacesgpfrom New Caledonia.

Fig. 4. Total Hg concentrations (T-Hg; mean + SB,gt dry wt) in the muscle + gonad and
in the remaining tissues of two scallop speciesifidew Caledonia.

* reconstructed data

Fig. 5. Comparison of total Hg concentrations (T-iHg g* dry wt) in the muscles of fish
from New Caledonia according to their trophic lev®b = grazer / scavenger £ 10); Pl =
predator of invertebrates € 5); PISM = predator of invertebrates and smah fn = 23);

PSM = predator of small fismE& 24).
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Table 1
Characteristics of the organisms collected andysedl

Family and Scientific Name  Common Name n Length (mm) Wet wt (g) Sampling Sampling site(s) Trophic level Life style
Mean + SD Mean + SD date
(Range) (Range)
Crustaceans
Penaeidae
Litopenaeus stylirostris ~ Pacific blue shrimp 5 155+ 4 215+13 Mar 2007 as&in de La Foa

Grazer / Scavenger Benthic
(155 — 160) (20.2 - 23.3)

Mollusc Bivalves

Arcidae
Anadara scapha Antique ark 28 58.4 +8.8 60.8 +20.5 Mar 2007 @eRade, Koutio, Ouano (S1, S2), Maa, Sainte Marie Filter feeder Benthic
(28 — 70) (9-101) Oct 2007 Grande Rade-SLN
Ostreidae
Crassostrea gigas Pacific cupped oyster 5 86.0+4.7 620+7.1 M2z072 Dumbea Filter feeder Benthic
(80 —93) (54 -73)
Pectinidae
Comptopallium radula Radula scallop 24 77.3+143 70.6 +28.4 Mar 20@3rande Rade, Koutio, Maa, Sainte Marie Filter &#ed  Benthic
(44 —99) (19.6 — 115) Oct 2007 Noumea harbour
Mimachlamys gloriosa Tropical scallop 10 726 6.4 55.8+14.9 Oct 200Rloumea harbour Filter feeder Benthic
(63 — 80) (38 - 80)
Veneridae
Gafrarium tumidum Tumid venus 89 37.6+4.6 22.3+6.4 Mar 2007 GeaRdde, Grande Rade-SLN, Koutio, Ouano (S1S82,Maz  Filter feeder Benthic
(29 — 45) (11.3-35.8) Oct 2007  Unia, Tomo
Periglypta chemnitz Chemnitz Venus 10 60.6 +2.8 111 +26.3 Oct 2007 iaUn Filter feeder Benthic
(56 — 65) (73 -172)
Mollusc Cephalopods
Loliginidae
Sepioteuthislessoniana  Big fin reef squid 9 215+ 3% 441 + 185 Oct 2007  Southern Lagoon Predator Neritic
Octopodidae
Octopus cyanea Big blue octopus 7 113 + 16%3 1521 £ 671 Oct 2007  Northern Lagoon Predator Benthic
(82 - 1317 (700 — 2900)
Sepiidae
Sepia latimanus Broad club cuttlefish 1 249 1300% Oct 2007  Southern Lagoon Predator Nectobenthic

#Mantle length (not total length)
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Family and Scientific Name Common Name n Length(mm) Wetwt(g) Sampling Sampling site(s) Trophic level Life
Mean + SD Mean + SD date style
(Range) (Range)
Fish
Acanthuridae
Naso unicornis Bluespine unicornfish 1 435 1600 Mar 2007 Ouang (S3 Grazer / Scavenger Neritic
Haemulidae
Plectorhinchus albovittatus Two-striped sweetlips 1 405 1300 Mar 2007 Ouang (S3 Predator (invertebrates) Neritic
P. chaetodonoides Harlequin sweetlips 1 351 900 Mar 2007 Grande Rade Predator (invertebrates and small fisheritic
P. flavomaculatus Lemon sweetlips 1 485 1600 Mar 2007 Grande Rade Predator (crustaceans and small fish) Neritic
Diagramma pictum Painted sweetlips 1 451 1160 Oct 2007  Ouano (S3) Predator (invertebrates and small fisheritic
Kyphosidae
Kyphosus vaigiensis Brassy chub 5 317 +50 718 + 330 Mar 2007 Ouand (S3 Grazer / Scavenger Neritic
(260 — 370) (380 - 1100)
Labridae
Bodianus perditio Golden-spot hogfish 1 343 800 Mar 2007 Grande Rade Predator (invertebrates) Neritic
Cheilinus chlorourus Floral wrasse 1 290 450 Mar 2007  Koutio Predator (invertebrates) Neritic
Lethrinidae
Lethrinus laticaudis Grass emperor 3 266 +11 376 + 45 Mar 2007  Southagoon Predator (crustaceans and small fish) iNerit
(256 — 277) (331 - 420)
Monotaxis grandoculis Humpnose big-eye bream 2 2617 420+ 21 Mar 20@0buthern Lagoon Predator (invertebrates) Neritic
(256 — 266) (405 — 434)
Lutjanidae
Lutjanus argentimaculatus Mangrove red snapper 5 449 + 63 1345 £ 494 Mar 20Gtande Rade, Ouano (S3), Maa Predator (crustaegmhsmall fish) Neritic
(348 —510) (625 — 1900)
L. monostigma Onespot snapper 2 249 + 37 475+ 177 Mar 2007 O(BB)p Maa Predator (crustaceans and small fish)rititle
(223 - 275) (350 — 600)
Platycephalidae
Cymbacephalus beauforti Crocodile fish 2 510 £ 99 1425 + 530 Oct 2007  SeutH_agoon Predator (small fish) Benthic
(440 -580) (1050 - 1800)
Priacanthidae
Priacanthus hamrur Moontail bullseye 7 307 +21 454 + 96 Mar 2007 CuéB3) Predator (invertebrates and small fisheritic
(285 —340) (360 — 600)
Scaridae
Scarus ghobban Blue-barred parrotfish 1 247 245 Mar 2007  Koutio Grazer / Scavenger Neritic
S. microrhinos Blunt-head parrotfish 1 508 3000 Mar 2007 Ouang (S3 Grazer / Scavenger Neritic
S. rivulatus Rivulated parrotfish 1 355 900 Mar 2007 Ouano (S3) Grazer / Scavenger Neritic
S. schlegeli Yellowband parrotfish 1 249 400 Mar 2007 Ouano (S3) Grazer / Scavenger Neritic
Serranidae
Plectropomus leopardus Leopard coralgrouper 21 413 £ 110 1294 +1051 M#72 Grande Rade, Koutio, Ouano (S3), Maa, SaintéeMa Predator (small fish) Neritic
(265 - 615) (300 —3800) Oct 2007 Grande Radan@(S3), Southern Lagoon
Epinephelus coeruleopunctatus ~ Whitespotted grouper 1 470 1500 Oct 2007  Southagobn Predator (crustaceans and small fish) Neritic
E. maculatus Highfin grouper 1 340 480 Mar 2007 Ouano (S3) Predator (invertebrates and small fisheritic
Sparidae
Acanthopagrus berda Picnic seabream 1 278 600 Mar 2007 Ouano (S2) Predator (invertebrates and small fisheritic
1 271 500 Oct 2007 Maa
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Table 2
Latitude and longitude coordinatestbé sampling stations in the New Caledonia Lagoon

Sampling site Geographical coordinates
Latitude Longitude

Northern Lagoon 19°57 S 163°58 E
Bassin La Foa 21°45 S 165°43 E
Ouano Bay S1 21°51 S 165°50 E
Ouano Bay S2 21°49 S 165°46 E
Ouano Bay S3 21°52 S 165°49 E
Tomo 21°57 S 166°04 E
Maa Bay 22°12 S 166°19 E
Dumbea Bay 22°12 S 166°24 E
Koutio Bay 22°13 S 166°25 E
Grande Rade 22°16 S 166°25 E
Grande Rade-SLN 22°15 S 166° 26 E
Noumea harbour 22°17 S 166°25 E
Sainte Marie Bay 22°18 S 166°28 E
Unia 21°55 S 166°38 E

Southern Lagoon 22°25 S 166°53 E
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Total Hg concentrations (T-Hg; mean + SD, nfdyy wt) in the edible tissues of the species
collected, correlations with individual size andigie, and estimate of the “Maximum Safe
Weekly Consumption” (MSWC) for total Hg (T-Hg) amdethyl-Hg (Me-Hg) (kg of flesh

wet wt)
Species Tissue n T-Hg concentration MSCW (kg)
(ng g* dry wt)
Mean + SD (Range) T-Hg Me-Hg
Crustaceans
Litopenaeus stylirostris muscle 5 201 + 62 128 — 297 7.5 3.2
Cephalopods
Sepioteuthis lessoniana muscle 9 150 + 36 113 -218 10 4
Octopus cyanea muscle 7 90 =23 69 — 139 16.7 6.7
Sepia latimanus muscle 1 41 - 36.7 14.7
Bivalves
Comptopallium radula muscle + gonad 24 62 +20 30-108 24.3 -
C. radula whole soft part§l 24 150 + 53 84 — 261 10 -
Mimachlamys gloriosa muscle + gonad 10 70£12 55-91 21.5 -
M. gloriosa whole soft part§ 10 107 £18 90-142 14 -
Anadara scapha whole soft parts 28 297+ 226 73 -1015 5.1 -
Crassostrea gigas whole soft parts 5 111 +15 92 -105 13.5 -
Gafrarium tumidum whole soft parts 89 418 + 466 104 — 2531 3.6 -
Periglypta chemnitzi whole soft parts 10 407 £ 222 244 — 890 3.7 -
Fish
Naso unicornis muscle 1 32 - 38 12.1
Plectorhinchus albovittatus muscle 1 650 - 1.8 0.59
P. chaetodonoides muscle 1 1200 - 1 0.32
P. flavomaculatus muscle 1 1173 - 1 0.33
Diagramma pictum muscle 1 329 - 3.6 1.2
Kyphosus vaigiensis muscle 5 55+ 22 36-92 22 7
Bodianus perditio muscle 1 1020 - 1.2 0.38
Cheilinus chlorourus muscle 1 362 - 3.3 11
Lethrinus laticaudis muscle 3 165 + 55 125 - 228 7.3 2.3
Monotaxis grandoculis muscle 2 99 + 18 87 -112 12.1 3.9
Lutjanus argentimaculatus muscle 5 430 = 325 403 - 994 2.8 0.89
L. monostigma muscle 2 51+23 35-67 23.6 7.5
Cymbacephalus beauforti muscle 2 1022 + 62 979 — 1066 1.2 0.38
Priacanthus hamrur muscle 7 188 + 58 113 — 258 6.4 2
Scarus ghobban muscle 1 53 - 22.7 7.3
S. microrhinos muscle 1 30 - 39.5 12.6
S. rivulatus muscle 1 26 - 46.1 14.8
S. schlegeli muscle 1 37 - 32.2 10.3
Plectropomus leopardus muscle 21 738 £ 576 173 — 2063 16 0.52
Epinephelus coeruleopunctatus muscle 1 439 - 2.7 0.87
E. maculatus muscle 1 389 - 3.1 0.99
Acanthopagrus berda muscle 2 368 + 168 249 — 486 3.2 1

2reconstructed data
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Comparison of total Hg concentrations (T-Hg; mea8D;, ng ¢ dry wt) in the whole soft
parts of the bivalve€omptopallium radulaAnadara scaphandGafrarium tumidumand in
the muscle of the fisiPlectropomus leopardugollected from different sites in New
Caledonia. MSWC is the estimate of the “MaximumeSafeekly Consumption” for total Hg
(T-Hg) and methyl-Hg (Me-Hg) (kg of flesh wet wtpfn each site

T-Hg concentration

Species Site n

Mean = SD

(ng g* dry wt)

Group
Range 1 2 3 4

MSCW (kg)
T-Hg Me-Hg

Bivalves (whole soft parts)
Anadara scapha

Ouano Bay S2 5 103 £ 39
Ouano Bay S1 3 146 = 20
Koutio Bay 5 230+111
Maa Bay 5 304 t165
Sainte MarieBay 5 337145
Grande Rade-SLN 3 515+ 290
Grande Rade 2 7231414
Comptopallium radula
Noumea harbour 3 99 +13
Maa Bay 6 116 £ 19
Sainte Marie Bay 7 125+ 16
Koutio Bay 4 199 + 29
Grande Rade 4 234 + 24
Gafrarium tumidum
Unia 10 154 +38
Ouano Bay S3 10 19345
Ouano Bay S2 10 197 +68
Grande Rade-SLN 10 253 + 107
Koutio Bay 10 299 +143
Ouano Bay S1 10 310+98
Maa Bay 10 344 +194
Tomo 10 497 +124
Grande Rade 9 1633565
Fish (muscle)
Plectropomus leopardus
Koutio Bay 4 336 +49
Maa Bay 4 353 +£82
Sainte Marie Bay 3 629 + 280
Ouano Bay S3 4 856 +330
Grande Rade 5

One-way ANOVA and Tukey te8t

73 - 169 | 14.6 -
130 - 169 | 10.3 -
129 - 354 || | 6.5 -
164 — 588 | 4.9 -
224 - 279 | 4.4 -
184 - 724 | 2.9 -
430 - 1015 | 2.1 -
ANCOVA (cov.: length) and Tukey te8t
84 - 108 | 15.2 -
93 -144 | 12.9 -
103 - 145 | 12.0 -
173 -231 | 7.6 -
203 - 261 | 6.4 -
ANCOVA (cov.: weight) and Tukey te8t
111 - 224 | 9.7 -
146 — 281 || 7.8 -
106 — 295 || 7.6 -
143 — 495 | 5.9 -
104 - 614 | 5.0 -
198 — 492 | 4.8 -
113 -741 | | 4.4 -
291 - 658 | 3.0 -
894 — 2531 | 0.92 -

ANCOVA (cov.: length) and Tukey te8t

286 — 380
245 — 445
436 — 950

591 - 1338
1451 £ 697 449 - 2063

| 3.6 1.1
| 3.4 1.1
| 1.9 610.
| 1.4 0.45
| 083  0.26

& According to the results of ANOVA or ANCOVA folloed by Tukey test, means which do not differ
significantly within each species are joined bytieat bars (])



