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Introduction

Anthropogenic activities have profoundly modified physical and chemical processes at the Earth's surface, with pervasive environmental pollution being one of the major consequences.

Global fluxes of trace elements such as mercury (Hg), lead (Pb) and arsenic (As) are exceedingly influenced by human activities (mining, fossil fuel combustion, construction; [START_REF] Rauch | Earth's global Ag, Al, Cr, Cu, Fe, Ni, Pb, and Zn cycles[END_REF][START_REF] Sen | Anthropogenic disturbance of element cycles at the Earth's surface[END_REF]. In addition, a multitude of synthetic chemicals have been released into the environment, with some of them, such as the highly toxic persistent organic pollutants (POPs, www.pops.int) being still widespread and threatening ecosystems worldwide. The ocean plays a critical role in the biogeochemical cycle of trace elements [START_REF] Coale | A massive phytoplankton bloom induced by an ecosystem-scale iron fertilization experiment in the equatorial Pacific Ocean[END_REF][START_REF] Scor Group | GEOTRACES -An international study of the global marine biogeochemical cycles of trace elements and their isotopes[END_REF] and in the global dynamics of POPs [START_REF] Cuvin-Aralar | Oceanic biogeochemical controls on global dynamics of persistent organic pollutants[END_REF][START_REF] Nizzetto | Atlantic Ocean surface waters buffer declining atmospheric concentrations of persistent organic pollutants[END_REF]). Yet there is still a significant dearth of knowledge on the distributions of trace elements and POPs in the World Ocean. Seabirds can be effectively used as bioindicators of contamination in vast oceanic regions, because they integrate the contamination of their food webs through bioaccumulation and biomagnification mechanisms over large spatial scales, and breed on land in colonies where they are easily accessible [START_REF] Elliott | Tracking Marine Pollution[END_REF]. Despite their interest as bioindicators, still little is known on seabird contaminant exposure, in particular for trace elements such as copper (Cu), iron (Fe) or selenium (Se) (but see e.g. [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF][START_REF] Borgå | Regional and species specific bioaccumulation of major and trace elements in Arctic seabirds[END_REF][START_REF] Fromant | Wide range of metallic and organic contaminants in various tissues of the Antarctic prion, a planktonophagous seabird from the Southern Ocean[END_REF].

These trace elements are essential for biological processes within a narrow window of concentrations, but can lead to deleterious effects outside of it (deficiency below and toxicity above), and have the potential to interact with other metallic and organic contaminant uptake, storage, and toxic effects [START_REF] Walker | Principles of Ecotoxicology, Fourth Edition[END_REF]. In particular, Se has a well-known protecting role against Hg toxicity [START_REF] Khan | Mercury-selenium compounds and their toxicological significance: Toward a molecular understanding of the mercury-selenium antagonism[END_REF]), yet only a few studies have quantified Hg-Se coexposure and interaction in seabirds (but see e.g. [START_REF] Carvalho | Metal and selenium concentrations in blood and feathers of petrels of the genus Procellaria[END_REF]Cipro et al., 2014;Gonzalez-Solís et al., 2002). Furthermore, large-scale trace element and POPs distributions in the World Ocean are poorly known, especially in the Southern Hemisphere [START_REF] Scor Group | GEOTRACES -An international study of the global marine biogeochemical cycles of trace elements and their isotopes[END_REF], and seabirds could help in understanding potential geographical differences in their bioavailability. Seabird species with large distributions are particularly useful as bioindicators, because the comparison of distinct populations allow inferring geographical differences in contamination of food webs with a limited phylogenetic bias [START_REF] Brasso | A comprehensive assessment of mercury exposure in penguin populations throughout the Southern Hemisphere: Using trophic calculations to identify sources of population-level variation[END_REF]Carravieri et al., 2016;[START_REF] Roscales | Latitudinal exposure to DDTs, HCB, PCBs, PBDEs and DP in giant petrels (Macronectes spp.) across the Southern Ocean[END_REF].

Food is the main contaminant exposure route in seabirds, thus trophic ecology must be taken into account when evaluating geographical and temporal trends of contamination [START_REF] Brasso | A comprehensive assessment of mercury exposure in penguin populations throughout the Southern Hemisphere: Using trophic calculations to identify sources of population-level variation[END_REF][START_REF] Braune | Changes in Food Web Structure Alter Trends of Mercury Uptake at Two Seabird Colonies in the Canadian Arctic[END_REF]. By coupling the quantification of environmental contaminants and trophic tracers such as the stable isotopes of carbon and nitrogen (δ 13 C and δ 15 N as proxies of foraging habitats and diets, respectively), recent studies on seabirds have highlighted geographical differences in environmental contaminant transfer to predators in the Southern Ocean. Namely, feather Hg concentrations of penguin and albatross species from distinct sites in the Southern Hemisphere indicated potential "hot-spots" of Hg bioavailability, such as Staten Island in the southern Atlantic Ocean [START_REF] Brasso | A comprehensive assessment of mercury exposure in penguin populations throughout the Southern Hemisphere: Using trophic calculations to identify sources of population-level variation[END_REF] or the subtropical waters of the Indian Ocean (Bustamante et al., 2016). In addition, POP exposure of Southern Ocean top predators had different latitudinal patterns in the Southern Atlantic (increasing northward, [START_REF] Roscales | Latitudinal exposure to DDTs, HCB, PCBs, PBDEs and DP in giant petrels (Macronectes spp.) across the Southern Ocean[END_REF] and Indian Oceans (increasing southward, [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF]. Most of these studies have been conducted in adult seabirds (but see [START_REF] Blévin | Wide range of mercury contamination in chicks of Southern Ocean seabirds[END_REF][START_REF] Colabuono | Persistent organic pollutants in blood samples of Southern Giant Petrels (Macronectes giganteus) from the South Shetland Islands, Antarctica[END_REF], where the interpretation of tissue contaminant concentrations may be blurred by confounding factors such as exposure over different temporal and spatial scales (during the breeding vs wintering season) [START_REF] Bourgeon | Dietary versus maternal sources of organochlorines in top predator seabird chicks: an experimental approach[END_REF]Fort et al., 2014), thus limiting our capacity to effectively infer geographical differences in exposure.

The present study focuses on two sibling seabird species from the southern Indian Ocean: the south polar skua Catharacta maccormicki and the brown skua C. lonnbergi. Hg, 13 other trace elements, and 18 persistent organic pollutants (POPs, including organochlorine pesticides, OCPs, and polychlorinated biphenyls, PCBs) were measured in blood of pre-fledging chicks during the same breeding season from four sites that encompass a large latitudinal range: from Antarctica (Adélie Land, Catharacta maccormicki), through subantarctic areas (Crozet and Kerguelen Islands, C. lonnbergi), to the subtropics (Amsterdam Island, C. lonnbergi).

Contaminant concentrations in pre-fledging chicks are more easily related to dietary sources than those of adults and represent primarily the local environment [START_REF] Burger | Marine birds as sentinels of environmental pollution[END_REF].

This offers an exceptional opportunity to compare contaminant exposure in geographically distant, but phylogenetically and ecologically closely-related seabird populations. The short time window of sampling also minimises the influence of a potential temporal variation in contaminant concentrations in the skuas' food webs. This work has two main objectives: first, to describe the concentrations of several metallic and organic contaminants in blood of skua chicks, compare it to other seabirds from similar environments, and evaluate potential toxicity; and second to infer potential geographical patterns of exposure within the southern Indian Ocean.

Material and methods

Study sites and sampling procedure

Fieldwork was conducted at four sites of the Terres Australes et Antarctiques Françaises that are representative of different water masses of the southern Indian Ocean, namely Adélie land (66°40'S, 140°01'E) in high-Antarctica, Kerguelen (49°21'S, 70°18'E) and Crozet Archipelagos (46°26'S, 51°45'E) in the subantarctic zone sensus lato (between the Polar Front and the Subtropical Front), and Amsterdam Island (37°50'S, 77°31'E) in the subtropics (north the Subtropical Front). Two sibling species of skuas breed at these sites, the brown skua at Kerguelen, Crozet and Amsterdam Islands, and the south polar skua in Adélie Land. One single well-feathered skua chick per nest was captured by hand before fledging during the 2011-2012 breeding season at all sites (N = 41 across all sites). Blood was sampled from the wing vein with a 2-mL heparinized syringe. Whole blood was centrifuged less than 2 hours after sampling, and blood cells and plasma were stored at -20 °C until laboratory analyses in France.

Diet

Skuas have a high plasticity in feeding methods, being able to (i) scavenge on seabird and marine mammal carcasses, (ii) actively prey upon eggs and seabirds on land, (iii) fish at sea, and (iii) kleptoparatize other seabirds [START_REF] Furness | Metals and selenium as bioindicators of geographic and trophic segregation in giant petrels Macronectes spp[END_REF][START_REF] Olsen | Skuas and jaegers: a guide to the skuas and jaegers of the world[END_REF]. During the chick rearing period, parents remain largely on land or coastal habitats to seek food for their offspring, usually exploiting other seabirds' colonies in the vicinity of the nests. At our field station in Adélie Land, south polar skua chicks are mainly fed eggs and carcasses of Adélie penguins Pygoscelis adeliae (Centre d'Etudes Biologique de Chizé, CEBC, unpublished data).

In the Kerguelen Archipelago, brown skua chicks were sampled at Mayès Island, where skuas rely almost exclusively on small burrowing petrels that breed there, in particular the blue petrel, Halobaena caerulea, but also the thin-billed prion, Pachyptila belcheri [START_REF] Mougeot | Predation on burrowing petrels by the brown skua (Catharacta skua lönnbergi) at Mayes Island, Kerguelen[END_REF].

Skua chick diet at Pointe Basse, Possession Island, Crozet Archipelago, comprises eggs and carcasses of crested penguins (Eudyptes spp.), but also introduced black rats Rattus rattus [START_REF] Stahl | La ségrégation alimentaire chez le Skua subantarctique Stercorarius skua lönnbergi[END_REF]. Finally, at Amsterdam Island, skua diet is poorly known, but field observations indicate that chicks are fed eggs and carcasses of other seabirds, but also with scavenged subantarctic fur seals, Arctocephalus tropicalis and introduced brown rats Rattus norvegicus.

Trace element, POP and stable isotope analyses

Blood is very useful for contaminant evaluation in seabirds: circulating levels are representative of dietary exposure and are in equilibrium with internal tissue concentrations [START_REF] Eagles-Smith | Mercury demethylation in waterbird livers: dose-response thresholds and differences among species[END_REF][START_REF] Henriksen | Validation of the use of blood samples to assess tissue concentrations of organochlorines in glaucous gulls, Larus hyperboreus[END_REF][START_REF] Szumiło | Mercury in immature and adults Herring Gulls (Larus argentatus) wintering on the Gulf of Gdańsk area[END_REF]. Trace elements were measured at the laboratory LIENSs, La Rochelle, France, from lyophilized red blood cells, where they preferentially partition [START_REF] Coeurdassier | Partitioning of Cd and Pb in the blood of European blackbirds (Turdus merula) from a smelter contaminated site and use for biomonitoring[END_REF][START_REF] Tavares | Influence of age, sex and breeding status on mercury accumulation patterns in the wandering albatross Diomedea exulans[END_REF]. Total Hg was quantified with an Altec AMA 254 spectrophotometer on aliquots of 5-10 mg dry weight (dw) as described in [START_REF] Bustamante | Total and organic Hg concentrations in cephalopods from the North Eastern Atlantic waters: Influence of geographical origin and feeding ecology[END_REF]. All analyses were repeated in duplicate-triplicate until having a relative standard deviation (SD) < 10% for each individual. Accuracy was checked using a certified reference material (CRM, TORT-2 Lobster Hepatopancreas, NRC, Canada; certified Hg concentration: 0.27 ± 0.06 µg g -1 dw). Our measured values were 0.27 ± 0.01 µg g -1 dw, N = 44. Mass of the CRM was adjusted to represent an amount of Hg similar to that in blood samples. Blanks were analysed at the beginning of each set of samples and the limit of detection (LOD) was 0.005 µg g -1 dw. Arsenic (As), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), selenium (Se) and zinc (Zn) were analysed using a Varian Vista-Pro ICP-OES and silver (Ag), cadmium (Cd), cobalt (Co), lead (Pb) and vanadium (V) using a Thermo Fisher Scientific X Series 2 ICP-MS, following [START_REF] Kojadinovic | Multielemental concentrations in the tissues of the oceanic squid Todarodes filippovae from Tasmania and the southern Indian Ocean[END_REF] (aliquots mass: 20-200 mg dw). Measurement quality was assessed by CRM (TORT-2 Lobster Hepatopancreas and DOLT-4 Dogfish Liver, both NRC, Canada), with elements recovery ranging from 70% to 113%. Blanks were included in each analytical batch. The LODs (µg g -1 dw) were 0.015 (Cd), 0.017 (Ag), 0.02 (Cr, Co, Pb), 0.03 (Ni), 0.08 (Mn), 0.1 (Cu, Se), 0.2 (As), 0.3 (V) and 3.3 (Fe and Zn).

POPs were measured at the laboratory EPOC-LPTC, Bordeaux, France, from plasma (300 µl aliquots), where they preferentially partition [START_REF] Keller | Organochlorine contaminants in loggerhead sea turtle blood: extraction techniques and distribution among plasma and red blood cells[END_REF][START_REF] Matthews | Halogenated biphenyl transport by blood components[END_REF]. The targeted compounds were seven PCBs and11 OCPs (HCB,Heptachlor,[START_REF] Bustnes | Reproductive performance and organochlorine pollutants in an Antarctic marine top predator: The south polar skua[END_REF]4,4,[START_REF] Bustnes | Reproductive performance and organochlorine pollutants in an Antarctic marine top predator: The south polar skua[END_REF]4,Mirex). The targeted CB-28 co-eluted with CB-50 in all samples and is thus reported as CB-28/50 in the text. Internal standards p,p'-DDT-d8, 1 ng each) were added to each sample. Standards were provided by either Dr Ehrenstorfer GmbH or Cambridge Isotope Laboratory (via Cluzeau Info Labo, Sainte-Foy-La-Grande, France). Sample extraction, purification and concentration followed the procedure described in [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF]. Replicate procedural blanks were analysed for each series of samples and, when applicable, POP concentrations were blank corrected. Final extracts were analysed by gas chromatography coupled with electron capture detection (GC-ECD) as described in [START_REF] Tapie | PBDE and PCB contamination of eels from the Gironde estuary: from glass eels to silver eels[END_REF]. Recovery rates, as determined on spiked chicken plasma, were in the range 54%-118%. The limits of quantification (LOQ, ng g -1 wet weight, ww) were 0.1 (CB-180), 0.3 (CB-28/50), 0.6 (CB-153), 0.7 (CB-138), 1.1 (CB-101), 1.4 (CB-118), 1.8 (CB-52) for PCBs, and 0.05 (Heptachlor and trans-nonachlor), 0.06 (HCB and 4,4'-DDE), 0.09 (cischlordane), 0.1 (4,4'-DDT and Mirex), 0.2 (2,4'-DDE and γ-HCH), 0.3 (2,4'-DDT), and 0.4 (4,4'-DDD) for organochlorine pesticides.

Carbon (δ 13 C) and nitrogen (δ 15 N) stable isotope ratios were determined at the laboratory LIENSs in red blood cells with a continuous flow mass spectrometer (Thermo Scientific Delta V Advantage) coupled to an elemental analyser (Thermo Scientific Flash EA 1112) (aliquots mass: ~0.3 mg). Results are in δ notation relative to Vienna PeeDee Belemnite and atmospheric N2 for δ 13 C and δ 15 N, respectively. Measurement errors were < 0.15 ‰.

Results are given as mean ± SD in µg g -1 dw for trace elements, in ng g -1 ww for POPs, and in ‰ for stable isotope values. "Blood" within the text refers either to blood cells for trace element and stable isotope values, or plasma for POP values.

Statistical analysis

Statistical analyses were carried out using R 3.2.3 (R Core Team 2015). Only trace elements and POPs with concentrations above the LOQ in at least 70% of individuals were included in statistical analyses. Concentrations below the LOQ were substituted using random values between 0 and the LOQ. First, a principal component analysis (PCA) was carried out on selected, log-transformed and scaled trace elements and POPs in order to highlight co-variance and to identify the contaminants reflecting most of the total variance in the data. Blood δ 13 C values were included in the PCA as a supplementary (passive) variable [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF][START_REF] Borgå | Regional and species specific bioaccumulation of major and trace elements in Arctic seabirds[END_REF] in order to explore contaminant relationships with feeding habitat. Second, univariate analyses (linear or generalised linear models, GLM) were used to test the effect of site and feeding ecology (inferred from stable isotopes) on trace elements and POPs with high factor loadings in the PCA (compounds with factor loadings ≥ 0.50 on PC1 or PC2, Table S1 in the Supplementary Information, SI)). Forward selection using the Akaike's Information Criterion corrected for small sample sizes (AICc) was applied, and the effect of variables affecting contaminant burdens was inferred through Akaike's weights [START_REF] Burnham | Model selection and multi-model inference: a practical information-theoretic approach[END_REF] and explained variance. Post-hoc Tukey's honestly significant difference (HSD) tests were applied on the selected best model to evaluate site differences in contaminant concentrations. The δ 15 N variable was not included in multifactorial analyses given the known latitudinal 15 N baseline enrichment north of the Subtropical Front [START_REF] Altabet | Sedimentary nitrogen isotopic ratio as a recorder for surface ocean nitrate utilization[END_REF][START_REF] Cherel | Geographical variation in carbon stable isotope signatures of marine predators: a tool to investigate their foraging areas in the Southern Ocean[END_REF][START_REF] Jaeger | Use of stable isotopes to quantify seasonal changes of trophic niche and levels of population and individual specialisation in seabirds[END_REF], which prevents comparing directly blood δ 15 N values as a proxy of trophic positions of individuals over the large latitudinal range considered here. The effect of species on contaminant concentrations could not be tested since the south polar skua breeds only at one site, thus the species effect is confounded by the site effect. For all analyses, model specification and validation were based on residual analysis [START_REF] Zuur | Mixed Effects Models and Extensions in Ecology with R[END_REF].

Results

Trace element, POP and stable isotope values

Among the 14 targeted trace elements, the essential Cu, Fe, Se and Zn and the non-essential Hg were quantifiable in all individuals. The essential Co and V and the non-essential Ag and Cd were not detected in any individual, while Cr, Mn, Ni and Pb were detected in low concentrations in a few of them (Table S2 in the SI). Interestingly, As was quantifiable in all skua chicks from Adélie Land (1.04 ± 0.98 µg g -1 dw) and Amsterdam Island (0.52 ± 0.21 µg g -1 dw), but not at the subantarctic sites (Table S2 in the SI). PCA analysis indicated that trace elements contributing most to the total variation in the dataset were Cu (overall in the range: 0.54-1.43 µg g -1 dw, Table S2 in the SI), Hg (0.36-5.80 µg g -1 dw) and Se 19-863 µg g -1 dw), while Fe (2007-2353 µg g -1 dw) and Zn (21-32 µg g -1 dw) varied less among individuals (factor loadings < 50%, Table S1 in the SI, see also section 3.2.). Se:Hg molar ratios were high, reaching 636 ± 153 in the Kerguelen population (Table 1).

Among the 18 targeted POPs, several compounds were not quantifiable in most skua chicks, in particular PCBs, with congener CB-180 only having quantifiable concentrations in some individuals at all sites (overall in the range 0.1-0.4 µg g -1 dw, Table S3 in the SI). Hence, OCPs largely dominated the skua chicks' POP pattern (86-95% of the ∑18POPs on average, Table S4 in the SI), but several compounds were under the LOQ, notably γ-HCH, cis-chlordane and some DDT metabolites (Table S3 in the SI). The most abundant POP was HCB (>LOQ in 100% individuals), followed by 4,4'-DDE (>LOQ in 85% individuals). HCB and 4,4'-DDE also had the highest mean concentrations of the dataset, with skua chicks from Kerguelen Islands having the highest burdens for both compounds (Table 1). Blood δ 13 C and δ 15 N values varied widely among skua chick populations (ANOVA, F3,37 = 730 and 192, respectively, both p < 0.0001). The populations occupied different isotopic niches, with only δ 15 N values being similar in skua chicks from Kerguelen and Crozet Islands (Table 1).

Inter-contaminant patterns

Initial PCA analyses including Cu, Fe, Hg, Se, Zn, HCB and 4,4'-DDE (all with factors loading on PC1 or PC2 > 50%, Table S1 in the SI) revealed associations between Hg and Se, and between Cu and Fe, while the two POPs were not strongly associated with each other (Fig. 1).

Univariate analyses strongly confirmed the direct correlation between Hg and Se (ρ = 0.89, p < 0.0001). Overall Hg, Se and 4,4'-DDE contributed most to PC1, while Cu and HCB contributed strongly to PC2 (Table S1 in the SI). The four skua populations were clearly separated in the ordination space (Fig. 1). In particular, the pattern of skua chicks from Amsterdam Island differed from that of the other populations by elevated Hg and essential element concentrations and low HCB values (Fig. 1). Amsterdam skua chick values also governed the distribution of δ 13 C values in the ordination space, indicating associations with Hg, Se and Zn (Fig. 1).

Geographical patterns of contaminant concentrations

Multifactorial analyses showed that site alone explained most of the total variation in blood Cu, Hg, Se and HCB concentrations among the four skua populations (81-91%, Table 2). In addition, δ 13 C values contributed significantly to explaining variation in the contamination, in particular for Hg and HCB (Table 2). On the other hand, site and δ 13 C values were related to 4,4'-DDE contamination but the best ranked model explained only 45% of the total variation in the data (Table 2). Hg concentrations were lowest in Adélie Land skua chicks and increased northward, being highest in Amsterdam skua chicks (Fig. 2). The same was true for Se concentrations (Fig. 2), except that Kerguelen skua chicks had surprisingly high Se concentrations when compared to their Hg burden, which resulted in very high Se:Hg molar ratios (Table 1). Amsterdam skua chicks also had the highest blood Cu concentrations, but no clear latitudinal pattern was apparent (Table 1). Skua chicks from Kerguelen had the highest concentrations and abundance of several POPs, including HCB, 4,4'-DDE and Mirex (Table 1 andS3). On the other hand, the relative contribution of HCB to the ∑18POPs showed a reversed latitudinal pattern when compared to Hg, Se and 4,4'-DDE, with HCB being dominant in Adélie Land skua chicks, and then being less represented further north, with Amsterdam skua chicks having the lowest HCB contribution (Fig. 2).

Discussion

This study is the first comprehensive report of blood concentrations of metallic and organic contaminants in multiple populations of skuas breeding in the Southern Hemisphere. Skua chicks from this large latitudinal range and during the same breeding year showed remarkable differences in the extent to which they accumulated trace elements and POPs, with no single population having the highest concentrations of all contaminants. Nevertheless, skua chicks from Amsterdam and Kerguelen Islands stood out in terms of quantity and diversity of compounds. In particular, and to the best of our knowledge, blood concentrations of Hg and Se in Amsterdam individuals were the highest ever reported in wild bird chicks in environments free of direct anthropogenic inputs of contaminants.

Contaminant patterns and toxicological significance

Hg and Se and their interaction

Few studies have reported trace elements concentrations in blood of birds in general and in seabird chicks in particular, making comparisons difficult. Brown skua chicks at all sites had higher blood Hg concentrations than wandering albatross Diomedea exulans chicks from South Georgia (southern Atlantic Ocean, 0.84 µg g -1 dw, [START_REF] Tavares | Influence of age, sex and breeding status on mercury accumulation patterns in the wandering albatross Diomedea exulans[END_REF]. This result is remarkable since the wandering albatross is one of the birds with the highest Hg burdens worldwide [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF][START_REF] Tavares | Influence of age, sex and breeding status on mercury accumulation patterns in the wandering albatross Diomedea exulans[END_REF]. Such elevated concentrations are consistent with both brown skuas and wandering albatrosses feeding at high trophic levels and being thus exposed to high quantities of Hg through its biomagnification in food webs [START_REF] Walker | Principles of Ecotoxicology, Fourth Edition[END_REF]. While there are no published data on Hg in blood of seabird chicks from other subtropical, subantarctic or Antarctic sites, chick blood Hg concentrations in brown skuas were higher than those of the phylogenetically and ecologically close great skua Catharacta skua from the Northern Hemisphere [START_REF] Bearhop | Bioamplification of Mercury in Great Skua Catharacta skua Chicks: the Influence of Trophic Status as Determined by Stable Isotope Signatures of Blood and Feathers[END_REF]. Blood Hg burdens in south polar skua chicks were lower than those of brown skuas, and comparable to those of wandering albatross and great skua chicks [START_REF] Bearhop | Bioamplification of Mercury in Great Skua Catharacta skua Chicks: the Influence of Trophic Status as Determined by Stable Isotope Signatures of Blood and Feathers[END_REF][START_REF] Tavares | Influence of age, sex and breeding status on mercury accumulation patterns in the wandering albatross Diomedea exulans[END_REF]. Other seabird chicks worldwide usually have blood Hg concentrations <1 µg g -1 dw [START_REF] Bond | Mercury concentrations in seabird tissues from Machias Seal Island, New Brunswick, Canada[END_REF][START_REF] Burger | Risk, Mercury Levels, and Birds: Relating Adverse Laboratory Effects to Field Biomonitoring[END_REF][START_REF] Fevold | Bioaccumulation Patterns and Temporal Trends of Mercury Exposure in Wisconsin Common Loons[END_REF][START_REF] Hipfner | Ecological factors differentially affect mercury levels in two species of sympatric marine birds of the North Pacific[END_REF]Kahle and Becker,1999;[START_REF] Sebastiano | High levels of mercury and low levels of persistent organic pollutants in a tropical seabird in French Guiana, the Magnificent frigatebird, Fregata magnificens[END_REF]Sebastiano et al., , 2017)), except black-footed albatrosses Phoebastria nigripes (mean 0.78 µg g -1 ww, about 3.1 µg g -1 dw, [START_REF] Ikemoto | Non-destructive monitoring of trace element levels in short-tailed albatrosses (Phoebastria albatrus) and black-footed albatrosses (Phoebastria nigripes) from Torishima Island, Japan using eggs and blood[END_REF]. Blood Hg concentrations higher than 3.0 µg g -1 ww (approximately 12 µg g -1 dw) were associated with negative breeding behaviour and output in adult common loons Gavia immer [START_REF] Evers | Adverse effects from environmental mercury loads on breeding common loons[END_REF]. A negative relationship between blood Hg concentrations and long-term breeding output was also shown in adult skuas at the same sites (Kerguelen Islands and Adélie Land, Goutte et al., 2014a). Chicks had no such high Hg burdens here, yet, sensitivity to Hg toxicity could depend on age-class.

Chick blood Se residues are normally less than 1 µg g -1 ww (about 4 µg g -1 dw) in terrestrial and aquatic birds, and less than 3 µg g -1 ww (about 12 µg g -1 dw) in seabirds [START_REF] Burger | Risk, Mercury Levels, and Birds: Relating Adverse Laboratory Effects to Field Biomonitoring[END_REF][START_REF] Ikemoto | Non-destructive monitoring of trace element levels in short-tailed albatrosses (Phoebastria albatrus) and black-footed albatrosses (Phoebastria nigripes) from Torishima Island, Japan using eggs and blood[END_REF][START_REF] Sebastiano | High levels of mercury and low levels of persistent organic pollutants in a tropical seabird in French Guiana, the Magnificent frigatebird, Fregata magnificens[END_REF]Sebastiano et al., , 2017)). Hence, brown skua chicks from the southern Indian Ocean had up to a hundred-fold higher blood Se concentrations than most other birds, including those from environments with direct anthropogenic inputs of contaminants (de la [START_REF] Casa-Resino | Breeding near a landfill may influence blood metals (Cd, Pb, Hg, Fe, Zn) and metalloids (Se, As) in white stork (Ciconia ciconia) nestlings[END_REF]. Adults of some seabird species had blood Se concentrations of approximately 100-200 µg g -1 dw [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF]Gonzalez-Solís et al., 2002), but contaminant burdens are usually higher in adults than in chicks [START_REF] Bond | Mercury concentrations in seabird tissues from Machias Seal Island, New Brunswick, Canada[END_REF][START_REF] Sebastiano | High levels of mercury and low levels of persistent organic pollutants in a tropical seabird in French Guiana, the Magnificent frigatebird, Fregata magnificens[END_REF]Sebastiano et al., , 2017)). Hence Se concentrations in skua chicks from this study appear to be exceptionally high. Although essential within a narrow range of concentrations, Se can be toxic in birds, with a variety of adverse effects pertaining to reproduction, development of young, immunity and teratogenesis [START_REF] Franson | Selected trace elements and organochlorines: Some findings in blood and eggs of nesting common eiders (Somateria mollissima) from Finland[END_REF][START_REF] Janz | Selenium toxicity to aquatic organisms[END_REF]. Brown skua chicks had blood Se concentrations three to ten-fold higher than those of marine ducks displaying signs of Se toxicity (emaciation, increased oxidative stress, histological lesions, and mortality) following experimental dietary exposure [START_REF] Franson | Effects of Dietary Selenium on Tissue Concentrations, Pathology, Oxidative Stress, and Immune Function in Common Eiders (Somateria mollissima)[END_REF]. Skuas could have a much higher tolerance to high Se burdens when compared to other birds, and accordingly no clear signs of toxicity were seen in the sampled chicks.

Se-Hg interactions are often observed in the blood and internal tissues of marine predators, and the Se-Hg antagonism is thought to be beneficial to counteract both Hg and Se negative effects (Cuvin-Aralar and [START_REF] Cuvin-Aralar | Oceanic biogeochemical controls on global dynamics of persistent organic pollutants[END_REF][START_REF] Khan | Mercury-selenium compounds and their toxicological significance: Toward a molecular understanding of the mercury-selenium antagonism[END_REF]. In skua chicks, blood Hg and Se burdens were positively correlated. Furthermore, blood Se:Hg molar ratios were among the highest ever reported in seabirds, either in blood (e.g., Gonzalez-Solís et al., 2002;[START_REF] Wayland | Concentrations of Cadmium, Mercury and Selenium in Blood, Liver and Kidney of Common Eider Ducks from the Canadian Arctic[END_REF] or in other tissues (e.g., [START_REF] Dietz | An assessment of selenium to mercury in Greenland marine animals[END_REF]. This large molar Se excess in chick blood is likely beneficial when considering their high Hg exposure. Blood Se:Hg molar ratios were three times lower in south polar skua chicks at Adélie Land than in brown skua chicks at Kerguelen, suggesting that the Antarctic population might be more at risk of Hg toxicity.

Accordingly, long-term impacts on reproduction were more severe in south polar skuas at Adélie Land than in brown skuas at the Kerguelen Islands, despite blood Hg concentrations being four times lower in Antarctica (Goutte et al., 2014a). Although Se:Hg molar ratios could differ in chicks and adults, the relative concentrations of Hg and Se are likely not sufficient to prevent adverse effects in these populations. As such, long-term reproductive output and survival should be evaluated also in relation to Se. Clearly there is a need for more studies evaluating the concentrations and chemical forms of Hg and Se in skuas' blood and internal tissues, and the mechanisms and consequences of the Hg-Se interaction.

Other trace elements and their interactions

Apart from Hg, other trace elements can negatively impact behaviour and physiology in seabirds. This is notably the case of the non-essential Cd and Pb, which are associated with neurotoxicity, reduced reproduction and survival, and more subtle physiological effects in birds [START_REF] Franson | Selected trace elements and organochlorines: Some findings in blood and eggs of nesting common eiders (Somateria mollissima) from Finland[END_REF][START_REF] Spahn | Cadmium and Lead Exposure Associated with Reduced Growth Rates, Poorer Fledging Success of Little Blue Heron Chicks (Egretta caerulea) in South Louisiana Wetlands[END_REF][START_REF] Wilson | Coupling contaminants with demography: Effects of lead and selenium in Pacific common eiders[END_REF]. Cd and Pb were not detected in any chick in the present study, as shown in other high trophic level seabirds from the Southern Hemisphere [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF][START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF]Gonzalez-Solís et al., 2002). This is consistent with the low transfer potential of Cd and Pb in food webs [START_REF] Sanchez-Hernandez | Trace element contamination in Antarctic ecosystems[END_REF][START_REF] Walker | Principles of Ecotoxicology, Fourth Edition[END_REF]. Similarly, the essential, but potentially toxic Ni was detected in a small proportion of individuals and concentrations were comparable or lower than those of other seabirds [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF][START_REF] Burger | Risk, Mercury Levels, and Birds: Relating Adverse Laboratory Effects to Field Biomonitoring[END_REF]. Cd, Pb and Ni thus seem to be of minor toxicological concern for these skua chicks, but measure of internal organs' burdens should verify this statement. The essential metalloid As was detected in all Antarctic and Amsterdam skua chicks, and concentrations were comparable and relatively high, respectively, when compared to other seabird chicks worldwide [START_REF] Baos | Adrenocortical Response to Stress and Thyroid Hormone Status in Free-Living Nestling White Storks (Ciconia ciconia) Exposed to Heavy Metal and Arsenic Contamination[END_REF][START_REF] Burger | Risk, Mercury Levels, and Birds: Relating Adverse Laboratory Effects to Field Biomonitoring[END_REF][START_REF] Casa-Resino | Breeding near a landfill may influence blood metals (Cd, Pb, Hg, Fe, Zn) and metalloids (Se, As) in white stork (Ciconia ciconia) nestlings[END_REF]. As is especially toxic under its inorganic form (Sanchez-Virosta et al., 2015;[START_REF] Stanley | Main and interactive effects of arsenic and selenium on mallard reproduction and duckling growth and survival[END_REF], but marine biota mainly accumulates As under low toxicity organic forms [START_REF] Kunito | Arsenic in marine mammals, seabirds, and sea turtles[END_REF]. Hence, further studies on the chemical forms of As and their effects in developing chicks are needed. Since actively regulated, Cu, Fe, Mn and Zn in blood were in the range of those found in polar seabirds (adults, [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF][START_REF] Fromant | Wide range of metallic and organic contaminants in various tissues of the Antarctic prion, a planktonophagous seabird from the Southern Ocean[END_REF][START_REF] Lucia | Trace Element Concentrations in Relation to the Trophic Behaviour of Endangered Ivory Gulls (Pagophila eburnea) During Their Stay at a Breeding Site in Svalbard[END_REF]. These elements are often correlated in blood and other tissues because of coexposure and co-regulation mechanisms [START_REF] Fromant | Wide range of metallic and organic contaminants in various tissues of the Antarctic prion, a planktonophagous seabird from the Southern Ocean[END_REF][START_REF] Jerez | Monitoring trace elements in Antarctic penguin chicks from South Shetland Islands, Antarctica[END_REF], and here this association was particularly true for Cu and Fe (Fig. 1). No evident essential element deficiency could be highlighted in these skua chicks.

Persistent organic pollutants

Of the several POPs that were targeted, only HCB and 4,4'-DDE had quantifiable residues in >85% individuals, whereas the other POPs had very rare occurrence. Notably, even the most recalcitrant PCBs, such as congeners CB-153 and CB-180, which are usually abundant in Southern Ocean seabirds (e.g., [START_REF] Corsolini | Chlorinated biphenyls and pesticides in migrating and resident seabirds from East and West Antarctica[END_REF][START_REF] Roscales | Latitudinal exposure to DDTs, HCB, PCBs, PBDEs and DP in giant petrels (Macronectes spp.) across the Southern Ocean[END_REF], were detected in only a few individuals (Tables S3 in the SI). Previously, blood POPs concentrations in Southern Hemisphere seabird chicks were reported only in giant petrels from Antarctica [START_REF] Colabuono | Persistent organic pollutants in blood samples of Southern Giant Petrels (Macronectes giganteus) from the South Shetland Islands, Antarctica[END_REF]. In comparison, skua chicks from Adélie Land, Crozet and Amsterdam Islands had similar blood HCB and 4,4'-DDE concentrations, while Kerguelen individuals had approximately two-fold higher burdens. When compared to great skua chicks (Northern Hemisphere, [START_REF] Bourgeon | Dietary versus maternal sources of organochlorines in top predator seabird chicks: an experimental approach[END_REF], blood 4,4'-DDE concentrations were lower at all sites, while blood HCB residues at the subantarctic and Antarctic sites were three-to ten-fold higher, respectively. This is not surprising, since HCB, which was historically used in fungicide formulations but is also the by-product of other POPs' manufacture, is highly mobile and is one of the main POPs accumulating in Southern Ocean food webs [START_REF] Bengtson Nash | Hexachlorobenzene in a Southern Ocean food web; Contaminant accumulation & global comparisons[END_REF][START_REF] Van Den Brink | Directed transport of volatile organochlorine pollutants to polar regions: the effect on the contamination pattern of Antarctic seabirds[END_REF]. Notably, Kerguelen skua chicks had HCB burdens as high as those of adult wandering albatrosses (Crozet Islands, [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF], which suffer long-term breeding impairment from POPs exposure (Goutte et al., 2014b). Moreover, even low concentrations of POPs have detrimental effects in seabirds, such as endocrine and immune disruption [START_REF] Bustnes | Pinpointing Potential Causative Agents in Mixtures of Persistent Organic Pollutants in Observational Field Studies: A Review of Glaucous Gull Studies[END_REF][START_REF] Bustnes | Reproductive performance and organochlorine pollutants in an Antarctic marine top predator: The south polar skua[END_REF][START_REF] Bustnes | Ecological effects of organochlorine pollutants in the Arctic: A study of the Glaucous Gull[END_REF]Tartu et al., 2015a,b), and impacts on demographic parameters including survival (Goutte et al., 2015a), suggesting potential toxicological concern in these skua populations.

Influence of site and feeding ecology on blood contaminant concentrations

According to the latitudinal δ 13 C gradient in particulate organic matter from surface waters [START_REF] François | Changes in the δ 13 C of surface water particulate matter across the Subtropical Convergence in the SW Indian Ocean[END_REF] that is reflected in the tissues of marine predators [START_REF] Cherel | Geographical variation in carbon stable isotope signatures of marine predators: a tool to investigate their foraging areas in the Southern Ocean[END_REF][START_REF] Jaeger | Use of stable isotopes to quantify seasonal changes of trophic niche and levels of population and individual specialisation in seabirds[END_REF], skua chick blood δ 13 C values increased from Antarctic, to subantarctic, up to subtropical sites (Table 1). The low δ 13 C values of terrestrial items (Pisanu et al., 2011) preclude rats being significant prey of skuas at Crozet and Amsterdam Islands. At Kerguelen Islands, blood δ 15 N values were consistent with a diet based on blue petrels and thinbilled prions (2.2‰ and 2.5‰ 15 Ndepleted, respectively, when compared to skua chicks; Cherel et al., 2014). On the other hand, skua chicks' blood δ 15 N values were in agreement with crested and Adélie penguins being the main prey at Crozet and Adélie Land, respectively [START_REF] Cherel | Isotopic niches of emperor and Adélie penguins in Adélie Land, Antarctica[END_REF][START_REF] Cherel | Geographical variation in carbon stable isotope signatures of marine predators: a tool to investigate their foraging areas in the Southern Ocean[END_REF]. Finally, the high blood δ 15 N values of Amsterdam skua chicks likely reflect two factors: 1) the increase of δ 15 N signature at the base of the food web north of the subtropical front [START_REF] Altabet | Sedimentary nitrogen isotopic ratio as a recorder for surface ocean nitrate utilization[END_REF] and2) the potential presence of scavenged marine mammals in addition to seabirds in skua chicks' diet [START_REF] Cherel | Geographical variation in carbon stable isotope signatures of marine predators: a tool to investigate their foraging areas in the Southern Ocean[END_REF][START_REF] Cherel | Isotopic niches of emperor and Adélie penguins in Adélie Land, Antarctica[END_REF]. In conclusion, blood isotopic values indicated that 1) skua chicks' diet is based largely on marine resources, with potential contributions of terrestrial prey being negligible, and 2) skua chicks occupy a high trophic position within their food webs at each site.

Hg, Se and other trace elements

Skua chicks had strong site-specific differences in blood Hg and Se burdens, and overall in their trace element pattern. Blood Hg concentrations increased from chicks in Antarctica to chicks at the subantarctic and subtropical sites, with a factor of eight between Adélie Land and Amsterdam populations (Fig. 2). Site and feeding habitat (δ 13 C) played a major role in explaining this pattern, suggesting geographical differences in Hg transfer to skuas in the southern Indian Ocean. This latitudinal trend is strongly supported at the population and species levels, by previous results in other seabird species occupying different trophic positions [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF][START_REF] Carravieri | Penguins as bioindicators of mercury contamination in the southern Indian Ocean: geographical and temporal trends[END_REF]Goutte et al., 2014a). Yet, it is not consistent with empirical evidence of higher Hg deposition rates at Antarctic latitudes, and higher dissolved methyl-Hg concentrations, the bioavailable and most toxic form of Hg, in Antarctic rather than in subtropical waters [START_REF] Cossa | Mercury in the Southern Ocean[END_REF]. Skua chick blood Se burdens showed a similar geographical trend to Hg concentrations, decreasing from subtropical to Antarctic latitudes, with the exception of the Kerguelen population (Fig. 2). The comparable geographical pattern between blood Hg and Se concentrations could be the result of i) a similar latitudinal gradient in Se concentrations in southern Indian Ocean food webs, ii) a preferential retention of Se in skua chicks in order to counteract Hg toxicity, and/or iii) a dietary co-exposure. The disproportionally high blood Se burdens of Kerguelen skua chicks seem to support the latter explanation. Indeed, their main prey (blue petrels, Section 2.2) have high Se burdens in their tissues [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF]authors' unpublished data). Blue petrels had also high liver and kidney burdens of Cd [START_REF] Bocher | Influence of the diet on the bioaccumulation of heavy metals in zooplankton-eating petrels at Kerguelen archipelago, Southern Indian Ocean[END_REF], which was not reflected in the skua chicks blood Cd concentrations. This could be linked to two non-exclusive factors: 1) the low assimilation efficiency of Cd [START_REF] Walker | Principles of Ecotoxicology, Fourth Edition[END_REF] and 2) the preferential storage of Cd in internal tissues (in particular in the kidneys, e.g., [START_REF] Fromant | Wide range of metallic and organic contaminants in various tissues of the Antarctic prion, a planktonophagous seabird from the Southern Ocean[END_REF][START_REF] Kojadinovic | Trace Elements in Three Marine Birds Breeding on Reunion Island (Western Indian Ocean): Part 1-Factors Influencing Their Bioaccumulation[END_REF], with circulating concentrations remaining low. With respect to trace element patterns, Amsterdam Island and Adélie Land skua chicks showed intriguing results. At Amsterdam Island, concentrations of As, Cu, Mn, Se and Zn were relatively high. A natural richness in trace elements in food webs at this location could be triggered by local factors such as active volcanism, known to increase metal concentrations in the marine environment (Bustamante et al., 2003;[START_REF] Monod | Speciation analysis of mercury compounds in marine biota of Saint-Paul and Amsterdam islands (Indian ocean) by GC-AES[END_REF][START_REF] Scor Group | GEOTRACES -An international study of the global marine biogeochemical cycles of trace elements and their isotopes[END_REF]. Further studies on the skuas' diet, and on trace element burdens in other seabirds and marine mammals breeding on the island, could clarify whether this metallic pattern is generalised to all biota or is specific to the skuas. On the other hand, skua chicks at Adélie Land had relatively high concentrations of As. This could result from high concentrations and/or bioavailability of As in sediments at Antarctic sites, as reflected in the tissues of some fish and seabird species [START_REF] Anderson | Element patterns in albatrosses and petrels: influence of trophic position, foraging range, and prey type[END_REF]Goutte et al., 2015b).

Persistent organic pollutants

Global distillation mechanisms predict that organic compounds have stronger deposition rates at high latitudes, with most volatile compounds becoming more abundant than heavier ones [START_REF] Barber | Hexachlorobenzene in the global environment: Emissions, levels, distribution, trends and processes[END_REF][START_REF] Cuvin-Aralar | Oceanic biogeochemical controls on global dynamics of persistent organic pollutants[END_REF][START_REF] Van Den Brink | Directed transport of volatile organochlorine pollutants to polar regions: the effect on the contamination pattern of Antarctic seabirds[END_REF][START_REF] Wania | Peer reviewed: tracking the distribution of persistent organic pollutants[END_REF]. Here, interpretation of geographical trends in skua chick POPs burdens is made difficult by the high number of non-detects. Yet, blood HCB and 4,4'-DDE concentrations showed significant sitespecific differences. In particular, skua chicks had increasing HCB burdens from the subtropical to the subantarctic sites, in agreement with results in the wandering albatross from the same oceanic region [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF]. Furthermore, the contribution of the highly mobile HCB to the ∑18POPs gradually increased from the subtropics down to Antarctica (Fig. 2), as shown also in giant petrels [START_REF] Roscales | Latitudinal exposure to DDTs, HCB, PCBs, PBDEs and DP in giant petrels (Macronectes spp.) across the Southern Ocean[END_REF]. These results support the influence of global distillation mechanisms on POP exposure in Southern Ocean predators. Conversely, both blood HCB and 4,4'-DDE concentrations were low at the Antarctic site. Skua chicks at Adélie Land rely on prey that depends on the local neritic food web. Indeed, Adélie penguin chicks, an important prey item for skua chicks at this site (Section 2.2.), feed mainly on pelagic fish and euphausiids caught in neritic waters [START_REF] Cherel | Isotopic niches of emperor and Adélie penguins in Adélie Land, Antarctica[END_REF]. POPs' food web uptake and biomagnification may be different in this neritic ecosystem than in open oceanic waters. In addition, skua chicks at Kerguelen Islands had high quantity and diversity of POPs when compared to the other populations. This pattern is likely related to the consumption of small procellariiform seabirds, which have high POPs concentrations and diversity in their tissues [START_REF] Fromant | Wide range of metallic and organic contaminants in various tissues of the Antarctic prion, a planktonophagous seabird from the Southern Ocean[END_REF] and blood (authors' unpublished data). Overall, these results suggest that both global distillation and consumption of specific prey types play a role in driving POPs exposure in top predators in the southern Indian Ocean.

Conclusion

This study confirms 1) the strong latitudinal gradient in Hg concentrations in southern Indian Ocean predators' tissues [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF][START_REF] Carravieri | Penguins as bioindicators of mercury contamination in the southern Indian Ocean: geographical and temporal trends[END_REF], and 2) the abundance of HCB in biota from high latitudes of the Southern Hemisphere, despite decade long regulation at a global level [START_REF] Bengtson Nash | Hexachlorobenzene in a Southern Ocean food web; Contaminant accumulation & global comparisons[END_REF]. Importantly, results highlight 1) very high blood Hg and Se concentrations that raise toxicological concerns, and 2) the importance of knowing precisely the diet of seabirds to interpret their contaminant burdens. In addition, significant knowledge gaps were highlighted by this study, opening important perspectives. For example, the developing phase of chicks and juveniles is known to be particularly vulnerable to toxic effects of contaminants [START_REF] Walker | Principles of Ecotoxicology, Fourth Edition[END_REF][START_REF] Wolfe | Effects of mercury on wildlife: a comprehensive review[END_REF], but it is surprisingly poorly studied in wild populations (but see [START_REF] Jenssen | Fluctuating wing asymmetry and hepatic concentrations of persistent organic pollutants are associated in European shag (Phalacrocorax aristotelis) chicks[END_REF][START_REF] Murvoll | Exposure and effects of persistent organic pollutants in european shag (Phalacrocorax aristotelis) hatchlings from the coast of Norway[END_REF]for POPs;[START_REF] Ackerman | Mercury contamination and effects on survival of American avocet and black-necked stilt chicks in San Francisco Bay[END_REF][START_REF] Monteiro | Kinetics, dose-response, excretion, and toxicity of methylmercury in free-living Cory's shearwater chicks[END_REF]for Hg). Southern Indian Ocean skuas appear to be ideal models for toxicological studies on trace elements and POPs in the wild, because they have contrasted contaminant burdens, yet are ecologically and taxonomically closely-related. This would limit potential dietary and physiological bias. In-depth studies on potential toxicity are particularly urgent for As, Hg, Se and HCB in these skua populations. On the other hand, biogeochemical studies on contaminant distribution and transfer to food webs in the southern Indian Ocean are critically needed to explain the latitudinal patterns highlighted here. Attention should be paid to low trophic level organisms, which play a critical role in the exposure to seabirds and other predators to contaminants.

Table 1. Blood cell Cu, Fe, Hg, Se (µg g -1 dw), plasma HCB and 4,4'-DDE (ng g -1 ww) and blood cells δ 13 C and δ 15 N values (‰) in chicks of four skua populations from the southern Indian Ocean. Values are mean ± SD. Letters indicate significant differences (trace elements and stable isotope values: Tukey's HSD, all p < 0.001; HCB and 4,4'-DDE: multiple comparisons of means through Tukey contrasts of the best selected models (Table 2), p < 0.05). Abbreviation: df, detection frequency. 2), and of GLMs with a quasibinomial family for HCB and 4,4'-DDE relative contributions, p < 0.05). Abbreviations: AL, Adélie Land; KER, Kerguelen Islands; CRO, Crozet Islands; AMS, Amsterdam Island.
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  Number of individuals with concentrations > LOQ are in brackets.

Fig 2 .

 2 Fig 2. Boxplots of the concentrations of Hg and Se and relative contributions of HCB and 4,4'-DDE to the Σ18POPs in chick blood of four skua populations from the southern Indian Ocean. Letters indicate significant inter-site differences in Hg and Se concentrations or HCB and 4,4'-DDE relative contributions (multiple comparisons of means through Tukey contrasts of the best selected models for Hg and Se (Table2), and of GLMs with a quasibinomial family for HCB and 4,4'-DDE relative contributions, p < 0.05). Abbreviations: AL, Adélie Land; KER, Kerguelen Islands; CRO, Crozet Islands; AMS, Amsterdam Island.

  

Table 2 .

 2 AICc model ranking of blood concentrations of selected trace elements and POPs in chicks of four skua populations from the southern Indian Ocean (N = 41 for all models). Abbreviations: AICc, Akaike's Information Criteria adjusted for small sample sizes; wi, AICc weights. Biplot of individual scores extracted by principal component analyses (PCA) and element loadings on the two principal axes (PC1 and PC2), with standardised trace elements, POPs and δ 13 C values (as passive variable) in chick blood of four skua populations from the southern Indian Ocean. Abbreviations: KER, Kerguelen Islands; CRO, Crozet Islands; AMS, Amsterdam Island.

	Models

a Number of parameters b Scaled ΔAICc; ΔAICc = 0.00 is interpreted as the best fit to the data among the models c Weight of evidence interpreted as a proportion. Weights across all models sum to 1.00 d Explained variation calculated from deviance, and adjusted depending on k and N Fig 1.
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