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Inter-annual variation in winter distribution affects individual seabird contamination with mercury
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Migratory seabirds are exposed to various pollutants throughout their annual cycle. Among them, mercury (Hg) is of particular concern given its large impact on animal health. Recent studies suggest that winter is a critical period for seabirds when contamination by Hg can be higher than at other times of year. However, individuals within and between species can have different migration strategies that could affect their exposure. Here, we combined multi-year individual tracking data and Hg measurements from 6 Arctic seabird species. We investigated whether inter-annual variations in individual winter contamination with Hg was related to seabird fidelity to a wintering site over years. First, our results show that Hg concentrations above the toxicity threshold (i.e. 5 µg g -1 dry weight in feathers) were observed in variable proportions according to species (from 2% of northern fulmars to 37% of Brünnich's guillemots). Second, individuals with high fidelity to a wintering ground had more similar Hg concentrations among years compared to individuals with low fidelity, suggesting an effect of their migratory strategy on Hg contamination. Further, we found that the directional change in wintering areas among years influenced seabird Hg contamination, highlighting an additional effect of seabirds' winter distribution. More specifically, individuals migrating to the northwest direction of a previous wintering ground tended to be more contaminated compared those moving to eastern directions. These results confirm spatial differences in Hg concentration throughout the North Atlantic-Arctic and an east-west gradient increase in Hg concentrations. Verifying this trend will require more large-scale ecotoxicological studies at smaller spatial resolution.

Introduction

Mercury (Hg) is a highly toxic pollutant for humans and wildlife, causing severe health impairments, even at low concentrations (e.g. [START_REF] Wolfe | Effects of mercury on wildlife: a comprehensive review[END_REF][START_REF] Tan | The endocrine effects of mercury in humans and wildlife[END_REF][START_REF] Dietz | Current state of knowledge on biological effects from contaminants on arctic wildlife and fish[END_REF]. Hg is naturally emitted by volcanoes or weathering of rocks (UNEP 2013), but anthropogenic activities have been responsible for an increase in Hg concentrations in the environment since the industrial revolution (e.g. a 3-fold increase in surface marine waters; [START_REF] Lamborg | A global ocean inventory of anthropogenic mercury based on water column measurements[END_REF]). This pollutant is very problematic in aquatic environments, where it can easily be transformed into its most toxic form (methylmercury or MeHg) by microorganisms [START_REF] Hsu-Kim | Mechanisms regulating mercury bioavailability for me thylating microorganisms in the aquatic environment: a critical review[END_REF]). This form is the most bioavailable to biota and is incorporated into food chains, in which it biomagnifies (i.e. increase in concentration within trophic chains), making top predators the most contaminated species of their ecosystems. Hg is thus of major environmental concern worldwide. Its spatial distribution is highly heterogeneous at the global scale [START_REF] Zhang | A global model for methylmercury formation and uptake at the base of marine food webs[END_REF]): while Hg is mostly emitted at midnorthern latitudes, its physico-chemical characteristics allow it to be transported over large distances through atmospheric, oceanic or riverine currents, and Hg is thus redistributed unevenly across the globe (AMAP 2011, [START_REF] Sonke | Eurasian river spring flood observations support net Arctic Ocean mercury export to the atmosphere and Atlantic Ocean[END_REF]. For example, [START_REF] Dietz | Geographical differences of zinc, cadmium, mercury and selenium in polar bears (Ursus maritimus) from Greenland[END_REF] found that polar bears (Ursus maritimus) from northwest Greenland had Hg concentrations ~10-fold higher than individuals from northeast Greenland. In the southern hemisphere, a negative latitudinal gradient in Hg concentrations has been found in 35 albatross populations [START_REF] Cherel | Accumulate or eliminate? Seasonal mercury dynamics in albatrosses, the most contaminated family of birds[END_REF]. Therefore, variations in the spatial distribution of top predators can lead to highly different Hg exposure and contamination, potentially resulting in contrasting risks for individual health [START_REF] Ackerman | Avian mercury exposure and toxicological risk across western North America: a synthesis[END_REF][START_REF] Dietz | Current state of knowledge on biological effects from contaminants on arctic wildlife and fish[END_REF]). Among marine top predators, seabirds show some of the highest Hg concentrations [START_REF] Atwell | Biomagnification and bioaccumulation of mercury in an arctic marine food web: insights from stable nitrogen isotope analysis[END_REF], with deleterious effects on behavior, physiology or reproduction reported in some species and populations. For example, amongst adult male black-legged kittiwakes (Rissa tridactyla) breeding in Svalbard, individuals with the highest Hg concentrations were more likely to neglect their eggs [START_REF] Tartu | Corticosterone, prolactin and egg neglect behavior in relation to mercury and legacy POPs in a long-lived Antarctic bird[END_REF]. Similarly, high Hg concentrations in birds have been related to a reduction of hatchability and clutch size [START_REF] Dietz | What are the toxicological effects of mercury in Arctic biota?[END_REF][START_REF] Ackerman | Avian mercury exposure and toxicological risk across western North America: a synthesis[END_REF], in addition to a decline in breeding success and population growth rate [START_REF] Goutte | Demographic responses to mercury exposure in two closely related antarctic top predators[END_REF]. Understanding the relationship between seabird distribution and contamination by Hg is therefore important for the conservation of these species, with many populations declining and deserving special attention [START_REF] Croxall | Seabird conservation status, threats and priority actions: a global assessment[END_REF][START_REF] Paleczny | Population trend of the world's monitored seabirds, 1950-2010[END_REF].

Seabirds are typically migratory species, many travelling hundreds to thousands of kilometers every year to reach their wintering grounds (e.g. [START_REF] Egevang | Tracking of Arctic terns Sterna paradisaea reveals longest animal migration[END_REF][START_REF] Mcfarlane Tranquilla | Individual winter movement strategies in two species of murre (Uria spp.) in the Northwest Atlantic[END_REF][START_REF] Frederiksen | Migration and wintering of a declining seabird, the thick-billed murre Uria lomvia, on an ocean basin scale: conservation implications[END_REF]). However, these migratory strategies can be highly variable among individuals, conditioning their winter distribution and thus potentially their exposure to Hg. First, individuals from the same population can use contrasting wintering areas, at varying distance from their breeding colonies [START_REF] Quillfeldt | Plasticity versus repeatability in seabird migratory behaviour[END_REF]. For instance, red-legged kittiwakes (Rissa brevirostris) breeding at Saint George Island (Pribilof Islands, Bering Sea) overwinter anywhere from the Eastern Bering Sea to the Sea of Okhotsk, with higher Hg concentrations measured in individuals using southern areas [START_REF] Fleishman | Wintering in the Western Subarctic Pacific Increases mercury contamination of red-legged kittiwakes[END_REF]. Second, individuals may or may not vary their migratory routes and destinations among years, leading to contrasting fidelity to wintering grounds among individual birds (Delord et al. 2017). Hence, species can show a tendency for high (e.g. common eider Somateria mollissima, Atlantic puffin Fratercula arctica, European shag Phalacrocorax aristotelis; [START_REF] Guilford | A dispersive migration in the Atlantic puffin and its implications for migratory navigation[END_REF][START_REF] Petersen | Effects of sea ice on winter site fidelity of Pacific common eiders (Somateria mollissima v-nigrum)[END_REF][START_REF] Grist | Site fidelity and individual variation in winter location in partially migratory European shags[END_REF][START_REF] Hanssen | Migration strategies of common eiders from Svalbard: implications for bilateral conservation management[END_REF], low (e.g. thin-billed prion Pachyptila belcheri; [START_REF] Quillfeldt | Plasticity versus repeatability in seabird migratory behaviour[END_REF] or variable (e.g. Brünnich's guillemot Uria lomvia, common guillemot U. aalge, northern fulmars Fulmarus glacialis; [START_REF] Hatch | Individual and colony-specific wintering areas of Pacific northern fulmars (Fulmarus glacialis)[END_REF][START_REF] Mcfarlane Tranquilla | Individual winter movement strategies in two species of murre (Uria spp.) in the Northwest Atlantic[END_REF][START_REF] Orben | Wintering North Pacific black-legged kittiwakes balancespatial flexibility and consistency[END_REF] fidelity to their wintering ground from one year to the other. Together, these different migratory patterns and overwintering strategies may affect the long-term exposure of seabirds to Hg and differentially impact their health, reproduction and consequently their population dynamics [START_REF] Vindenes | Individual heterogeneity in vital parameters and demographic stochasticity[END_REF].

However, no study has previously considered the link between consistency in winter distribution and contamination with Hg.

By combining individual tracking data with Hg analyses and focusing on some of the most abundant Arctic seabird species (i.e. black-legged kittiwake, Brünnich's guillemot, common eider, common guillemot, little auk Alle alle and northern fulmar), which feed at different trophic levels, we studied inter-annual fidelity to wintering grounds. We tested the hypothesis that this fidelity determines the consistency of their Hg contamination. More specifically, and as Hg contamination is closely related to diet, we first predicted that species feeding at the highest trophic levels during the non-breeding period (i.e. common guillemot and northern fulmar) have higher Hg concentrations than species feeding at the lowest trophic levels (i.e. black-legged kittiwake, Brünnich's guillemot, common eider and little auk). Then, we predicted that (1) seabirds with low fidelity to a wintering ground from one year to the other show more variable Hg contamination in comparison to those showing similar inter-annual winter distributions and (2) seabird wintering distribution affects Hg contamination [START_REF] Renedo | Contrasting spatial and seasonal trends of methylmercury exposure pathways of Arctic seabirds: combination of large-scale tracking and stable isotopic approaches[END_REF].

Materials and methods

Species, study sites and sampling collections

In June-July of 2014, 2015 and 2016, adult black-legged kittiwakes (n = 13), Brünnich's guillemots (65), common eiders (22), common guillemots (39), little auks (6) and northern fulmars (38) were equipped for 2 or 3 yr (details in Table S1 and Fig. S1 in the Supplement at www.intres.com/articles/suppl/m13793supp.pdf) with light level geolocators (GLS: global location sensor; geolocator models are given in Table S2 in the Supplement) during incubation and chick rearing at 17 breeding colonies from Iceland to Russia (Fig. 1). Geolocators were retrieved in each subsequent breeding season (details in Table S3 in the Supplement), and only a subsample of all tracked seabirds was analyzed for Hg concentrations (hereafter [Hg]) (i.e. seabirds for which we had at least 2 winters of GLS data). After retrieval, seabirds were re-equipped in order to have their winter distribution for at least 2 years. Geolocators are low-weight instruments that record ambient light levels over long time periods, and these data can later be converted into geographical locations [START_REF] Wilson | Estimation of location: global coverage using light intensity[END_REF]). However, the positional precision derived from light-level data is considered low [START_REF] Lisovski | Geolocation by light: accuracy and precision affected by environmental factors[END_REF]) and is mostly suited for studies of large-scale movements and distribution such as seabird migrations. The distributions extracted from the geolocators deployed in 2014, 2015 and 2016 represent November 2014 to January 2015 (wintert), November 2015 to January 2016 (wintert+1) and November 2016 to January 2017 (wintert+2), respectively (see Fig. 2).

In order to investigate individual Hg contamination during winter (i.e. non-breeding) periods, feathers were collected at the time of geolocator retrieval, as they are a useful tissue for this purpose [START_REF] Albert | Using blood and feathers to investigate large-scale Hg contamination in Arctic seabirds: a review[END_REF]. During the plumage synthesis (molt), a large proportion of the Hg accumulated in internal organs since the last molt, but also Hg from the current diet, is excreted into the feathers [START_REF] Honda | Seasonal changes in mercury accumulation in the black-eared kite, Milvus migrans lineatus[END_REF][START_REF] Braune | Comparison of total mercury levels in relation to diet and molt for nine species of marine birds[END_REF][START_REF] Agusa | Body distribution of trace elements in blacktailed gulls from Rishiri Island, Japan: age-dependent accumulation and transfer to feathers and eggs[END_REF]) (Fig. 2). Hence, [Hg] in feathers can be used as proxy for Hg accumulated by an individual between 2 molting sequences, and specifically during the non-breeding period depending on which feathers are sampled and the species' molting pattern (see [START_REF] Albert | Using blood and feathers to investigate large-scale Hg contamination in Arctic seabirds: a review[END_REF]. For example, alcids and larids undergo a rapid total molt at the end of the breeding period (during September or October) resulting in the winter plumage and a partial molt (head, i.e. cheek, neck and throat in alcids, and neck and back in larids) at the end of the winter period (during March or April) resulting in the nuptial plumage [START_REF] Cramp | Handbook of the birds of Europe, the Middle East and North Africa[END_REF][START_REF] Gaston | The auks: Alcidae. Bird families of the world[END_REF]. Female common eiders undergo a total molt at the end of the winter period and a partial molt at the end of the breeding period (Baldassarre 2015[START_REF] Goudie | Common eider (Somateria mollissima), version 1.0[END_REF]). Hence, head, back and belly feathers provide information on Hg contamination specifically during the winter period in alcids, black-legged kittiwakes and common eiders, respectively. Northern fulmars undergo one total molt per year at the end of the breeding period, lasting from mid-August to late October [START_REF] Grissot | Breeding status influences timing but not duration of moult in the Northern fulmar Fulmarus glacialis[END_REF]. Recent studies indicate that [Hg] in fulmar body feathers reflect inter-individual variations in Hg contamination during the non-breeding period (e.g. [START_REF] Quinn | Validating the use of intrinsic markers in body feathers to identify inter-individual differences in non-breeding areas of northern fulmars[END_REF]. Therefore, body feathers (i.e., belly) were used to assess Hg contamination during the non-breeding period for northern fulmars. Therefore, at the retrieval of geolocators, we collected head feathers from Brünnich's guillemots, common guillemots and little auks, and body feathers on black-legged kittiwakes (back feather), common eiders (belly feather), and northern fulmars (belly feather), representing Hg contamination during the preceding non-breeding period (Fig. 2). Feathers were stored in plastic bags at ambient temperature until Hg analyses.

Spatial analyses

The geolocator data were first converted into positional data by identifying the timing of twilights, using a threshold method, from which we estimated 2 daily latitudes from the length of the night and day, and 2 daily longitudes from time of apparent midnight and noon, following procedures described in [START_REF] Merkel | A probabilistic algorithm to process geolocation data[END_REF]Bråthen et al. (2021). Since the geolocation approach requires light to estimate seabird positions, for individuals located above 70º N, positions could not be obtained for days or weeks around winter solstice because of an apparent absence of daylight above this latitude (details in Table S4 and Fig. S2 in the Supplement). However, these periods were relatively brief (from 0 to 12.9 d; Table S4), enabling us to determine the wintering locations with confidence.

The timing of Arctic seabird molt and migration can vary slightly between breeding sites [START_REF] Frederiksen | Multicolony tracking reveals the winter distribution of a pelagic seabird on an ocean basin scale: winter distribution of Atlantic kittiwakes[END_REF], Fort et al. 2013a). Nonetheless, to allow for inter-population comparisons, and based on the knowledge about when seabirds are on their wintering ground [START_REF] Fort | Biologging, remotely-sensed oceanography and the continuous plankton recorder reveal the environmental determinants of a seabird wintering hotspot[END_REF], 2013a[START_REF] Frederiksen | Migration and wintering of a declining seabird, the thick-billed murre Uria lomvia, on an ocean basin scale: conservation implications[END_REF], we homogenized the winter period within species. Therefore, we considered that seabirds were at their wintering ground from November to January for black-legged kittiwakes [START_REF] Frederiksen | Multicolony tracking reveals the winter distribution of a pelagic seabird on an ocean basin scale: winter distribution of Atlantic kittiwakes[END_REF]), Brünnich's and common guillemots (Fort et al. 2013b[START_REF] Frederiksen | Migration and wintering of a declining seabird, the thick-billed murre Uria lomvia, on an ocean basin scale: conservation implications[END_REF][START_REF] Merkel | Earlier colony arrival but no trend in hatching timing in two congeneric seabirds (Uria spp.) across the North Atlantic[END_REF], common eiders [START_REF] Hanssen | Migration strategies of common eiders from Svalbard: implications for bilateral conservation management[END_REF], and little auks [START_REF] Fort | Biologging, remotely-sensed oceanography and the continuous plankton recorder reveal the environmental determinants of a seabird wintering hotspot[END_REF]. As northern fulmars have been observed returning back to their colonies as early as January in the literature [START_REF] Macdonald | The winter attendance of fulmars at land in NE Scotland[END_REF]) and in our dataset, the non-breeding period was defined from November to December in this species. We then calculated a median winter position (i.e. median latitude and median longitude) for each individual for each year, to be used in further analyses.

Hg analyses

Prior to Hg analyses, feathers were cleaned to remove external contamination: they were plunged into a 2:1 v/v chloroform:methanol solution for 3 min in an ultrasonic bath, rinsed twice in a methanol solution and dried at 45°C for 48 h. For each seabird, [Hg] (µg g -1 dry weight (dw)) were measured in subsamples (~0.20-1.00 mg each) of a pool of 3 homogenized feathers, using an Advanced Mercury Analyser spectrophotometer (Altec AMA 254, detection limit of 0.05 ng). The analysis of each pooled sample was repeated 2 to 3 times until the relative standard deviation for 2 subsamples was <10%. Mean [Hg] for these 2 subsamples was then used for statistical analyses. Prior to Hg analyses, blanks were run and, to ensure the accuracy of measurements, certified reference materials from the National Research Council of Canada (NRC) were used every 15 samples. The reference materials were lobster hepatopancreas TORT-3 (reference vs. measured mean ± SD: 0.29 ± 0.02 vs. 0.30 ± 0.002 µg g -1 dw, recovery = 102.0 ± 1.5%) and lobster hepatopancreas TORT-2 (reference vs. measured: 0.27 ± 0.06 vs. 0.26 ± 0.01 µg g -1 dw, recovery = 97.3 ± 1.0%).

Statistical analyses

Variations in [Hg] in the different species were analyzed as a function of seabird fidelity to a wintering ground. To do so, the difference in [Hg] between winters (i.e. Δ[Hg]) as well as the distance (in km) between individual winter median positions was determined at the individual scale. As some individuals were tracked in 2 non-consecutive years, the variations (Δ[Hg] and distance) were studied for wintert -wintert+1, wintert -wintert+2, wintert+1 -wintert+2. [START_REF] Phillips | Accuracy of geolocation estimates for flying seabirds[END_REF] showed that the accuracy of seabird positions using light level geolocators is 186 ± 114 (SD) km. Given this accuracy and the scale of the study area, we considered the limit of 372 km to discriminate between high or low fidelity to a wintering ground, despite the fact that the different study species can be more or less mobile during winter. Based on this limit, differences between 2 winter median positions <372 km apart were classified as 'high fidelity', whereas winter median positions ≥373 km apart were considered to belong to the 'low fidelity' group. To ensure the defined threshold of 372 km did not significantly affect our results and conclusions, the same analyses were performed using thresholds of 200, 300, 350, 450 and 500 km (Table S5 in the Supplement).

First, we tested [Hg] differences among species using linear mixed models (LMMs) (R package 'lme4') [START_REF] Bates | Fitting Linear Mixed-Effects Models using lme4[END_REF]. To take into account the non-independence in our data (i.e. repeated Δ[Hg] measures for 36 individuals), we included the bird identity (i.e. Bird ID) as a random factor, with the full model being [Hg] ~ species + (1| Bird ID). Then, we performed LMMs to investigate differences in Δ[Hg] (using absolute values, i.e. ignoring the signs) between low-and high-fidelity groups and species. To take into account the non-independence in our data (i.e. repeated Δ[Hg] measures for 36 individuals), we included the bird identity (i.e. Bird ID) as a random factor. The full model (see LMM1 in Table 2) was: Δ[Hg] ~ fidelity (low/high) * species + (1| Bird ID). We used a square root transformation for Δ[Hg] to meet the parametric assumptions of normality and homoscedasticity of residual distribution.

In a second step, we considered the low-fidelity group only and used the longitude and latitude of seabird winter median positions during the different winters to determine the direction from the previous to the newly used wintering ground (northwest, northeast, southwest or southeast). As we were interested in the direction of migration and its influence on the increase or decrease in Δ[Hg], we used Δ[Hg] raw values (i.e. considering the signs) for this analysis. Therefore, we used LMMs to test if Δ[Hg] varied depending on overwintering area (i.e. direction), migration distances (in km) and species. The individual identity was added as a random effect to take into account the non-independence in our data (i.e. repeated Δ[Hg] measures). The full model was (see LMM2 in Table 2): Δ[Hg] ~ direction (northwest, northeast, southwest or southeast) * species + distance (in km) * species + (1| Bird ID). Residuals from this model were normally distributed and homoscedastic; thus, no transformation of Δ[Hg] was needed. The common eiders were not added to this analysis as all individuals showed high fidelity to their wintering grounds. We used the Akaike's information criterion (AIC) to select the best model [START_REF] Burnham | Model selection and multi-model inference: a practical informationtheoretic approach[END_REF]. If the difference in AIC between 2 models is <2, the models are considered to have equal statistical support. All statistical analyses were performed with R version 4.0.3 and RStudio version 1.3.1093 (R Core Team 2017). Data are reported as mean ± SD unless otherwise noted.

Results

Our results indicated differences in [Hg] among species (F5,188.19 = 18.156, p < 0.001). Brünnich's guillemots showed the highest raw mean concentrations (4.09 ± 2.24 µg g -1 dw), although similar to those measured in black-legged kittiwakes (LMM, p = 0.23) and little auks (p = 0.44). Common guillemots and northern fulmars showed intermediate raw mean concentrations, and common eiders had the lowest raw mean [Hg] (0.81 ± 0.29 µg g -1 dw) (Table 1, Fig. S3 in the Supplement).

Our results indicate that Δ[Hg] varied between species and in response to fidelity (i.e. low or high) to their wintering ground. Indeed, our model selection indicates that the best model included these 2 variables without interaction (Table 2), with the variation of Δ[Hg] impacted by the species and their fidelity to a wintering ground. More specifically, the Δ[Hg] decreased from low (intercept ± SE = 1.11 ± 0.12 µg g -1 dw) to high fidelity (estimate ± SE = 0.97 ± 0.06 µg g -1 dw). The lack of interaction between fidelity and species suggests that the difference between low and high fidelity is the same for all species, except common eiders, which only present individuals with high fidelity to a wintering ground (Table 1, Figs. 3 &S4). Seabirds with low fidelity to a wintering ground presented higher variation of Δ[Hg] than seabirds with high fidelity. Compared to the model selection considering 372 km as a threshold, factors possibly explaining [Hg] were different when considering thresholds below 372 km (i.e. 200, 300, 350 km). Indeed, the model selection showed 2 models with a ΔAIC < 2, one with both 'fidelity' and 'species', and one with 'species' only. However, model selection was similar when considering thresholds higher than 372 km (i.e. 450, 500 km) (Table S4). This supports the use of 372 km as a threshold between high and low winter ground fidelity. Blacklegged kittiwakes, common guillemots and little auks were equally presented in the groups of low and high fidelity to a wintering ground between 2 years. Most of the Brünnich's guillemot distributions corresponded to high fidelity to a wintering ground, while most of the northern fulmar distributions fell in the low-fidelity group (Table 1).

Within the low-fidelity group, results indicated that 2 models had a ΔAIC < 2 (Table 2). Both models showed that Δ[Hg] varied with migration direction, migration distance and among species. Δ[Hg] variation was the highest when individuals changed their winter distribution to the northwest direction and the lowest when individuals changed to the southeast direction, and these effects were similar among species (i.e. interaction between direction and species was not selected in the model with the lowest AIC; Figs. 4, S5 & S6, Table 2). Additionally, Δ[Hg] decreased when individuals increased the distance from their previous wintering ground, and this effect was similar among direction and species (i.e. interaction between direction or species was not selected in the model with the lowest AIC Table 2). Including the interaction between distance and species decreased the AIC by 1.34, suggesting that the distance effect slightly varied among species (Fig. S6).

Discussion

Seabirds can adopt different non-breeding strategies and show contrasting fidelity to their wintering site, at species, population and individual scales [START_REF] Hatch | Individual and colony-specific wintering areas of Pacific northern fulmars (Fulmarus glacialis)[END_REF][START_REF] Mcfarlane Tranquilla | Individual winter movement strategies in two species of murre (Uria spp.) in the Northwest Atlantic[END_REF][START_REF] Orben | Wintering North Pacific black-legged kittiwakes balancespatial flexibility and consistency[END_REF][START_REF] Hanssen | Migration strategies of common eiders from Svalbard: implications for bilateral conservation management[END_REF], Merkel et al. 2020). Hence, while some seabirds use the same wintering ground every year, others change and occupy different places from one year to the other. Such different strategies can have large effects on their exposure to environmental stressors, particularly pollutants, which could in turn impact their contamination level, body condition, reproduction and ultimately their population dynamics. By combining for the first time the use of tracking devices on multiple species with Hg analyses, we demonstrated that inter-annual fidelity of seabirds to a wintering area affects their contamination level, with a major effect of the location of these areas in the North Atlantic and sub-Arctic.

Inter-annual changes in Hg contamination might be driven by several non-exclusive factors, including different diets, changing migratory strategies between years (i.e. resident vs. migrating, fidelity to their wintering site) or different regions used during winter in the North Atlantic-Arctic.

[Hg] in Arctic seabirds, like in other predators, are closely related to their diet. For example, previous studies found that [Hg] increased in sub-Antarctic seabirds, from those feeding at low trophic levels (i.e. on crustaceans) to those feeding at higher trophic levels (i.e. on fish, squid and carrion consumers; [START_REF] Carravieri | Mercury exposure in a large subantarctic avian community[END_REF]. During winter, common guillemots and northern fulmars generally feed on relatively high trophic levels (mainly fish ;[START_REF] Erikstad | Winter diets of four seabird species in the Barents Sea after a crash in the capelin stock[END_REF][START_REF] Gaston | The auks: Alcidae. Bird families of the world[END_REF] compared to Brünnich's guillemots, black-legged kittiwakes, little auks, (mainly zooplankton; [START_REF] Gaston | The auks: Alcidae. Bird families of the world[END_REF][START_REF] Karnovsky | Seasonal changes in diets of seabirds in the North Water Polynya: a multiple-indicator approach[END_REF][START_REF] Fort | Geographic and seasonal variability in the isotopic niche of little auks[END_REF][START_REF] Frederiksen | Multicolony tracking reveals the winter distribution of a pelagic seabird on an ocean basin scale: winter distribution of Atlantic kittiwakes[END_REF][START_REF] Reiertsen | Prey density in non-breeding areas affects adult survival of black-legged kittiwakes Rissa tridactyla[END_REF] or common eiders (bivalves; [START_REF] Goudie | Common eider (Somateria mollissima), version 1.0[END_REF]. Therefore, higher [Hg], if explained by diet differences only, should be expected in common guillemots and northern fulmars, followed by Brünnich's guillemots, black-legged kittiwakes, little auks and then common eiders. However, and contrary to our prediction, our results showed a different contamination pattern. Indeed, we found that the Brünnich's guillemots had the highest raw mean [Hg], followed by black-legged kittiwakes, little auks, common guillemots and northern fulmars being more contaminated than the common eiders (Table 1). Additionally, our results showed that [Hg] above 5 µg g -1 dw in feathers, the threshold above which the first deleterious effects are observed in birds [START_REF] Eisler | Mercury hazards to fish, wildlife and invertebrates: a synoptic review. Contaminant Hazard Reviews Report 10[END_REF], were observed in variable proportions according to the species with 2% in northern fulmars, 4% in common guillemots, 15% in black-legged kittiwakes and 37% in Brünnich's guillemots. Altogether, these results suggest an interspecies variation in Hg contamination and that inter-annual variations in winter Hg contamination cannot be explained by the diet alone, but potentially by seabird movements and distribution.

Our study focused on 6 species breeding at 17 different colonies, showing contrasting fidelity to their wintering grounds within and between species. The common eider was the only species for which all individuals showed a high fidelity to their wintering grounds, overwintering year after year in the same areas. This is the case for both eiders breeding in the Low Arctic and resident yearround, and populations from the High Arctic migrating to southernly, but constant, locations during winter [START_REF] Bustnes | Site fidelity in breeding common eider Somateria mollissima females[END_REF][START_REF] Hanssen | Migration strategies of common eiders from Svalbard: implications for bilateral conservation management[END_REF]). As a consequence, common eiders in this study showed similar constant and low [Hg] from one year to the other. The 5 other study species presented low or high inter-annual fidelity to their wintering grounds (Table 1). Accordingly, seabirds with low inter-annual fidelity had a slightly higher Δ[Hg] mean than seabirds with high inter-annual fidelity (Figs. 3 & S4), confirming an effect of adopted migratory movements on seabird winter Hg contamination, and suggesting spatial variations over the North Atlantic-Arctic.

In addition, when experiencing low fidelity to a wintering ground, we found that while the effect of the direction was similar between species, the effect of the distance was not. More specifically, regardless of the species, our results indicated that [Hg] tended to increase when individuals migrated northwest of their previous wintering ground. In comparison, [Hg] tended to decrease when migration direction switched to the 3 other directions (Figs. 4 & S5). We found that when the distance to the previous wintering ground increased, Hg concentrations decreased for common guillemots, little auks and northern fulmars, and increased for black-legged kittiwakes and Brünnich's guillemots. Overall, this supports the hypothesis of a heterogeneous distribution of Hg in the marine environment at large spatial scale. In the present study, wintering Brünnich's guillemots and northern fulmars covered a large part of the North Atlantic, while common guillemots, blacklegged kittiwakes and little auks were distributed over a part of it only (Figs. 1 &S1). With such a large-scale study, seabirds found on the eastern (or western) areas for the first year of our assessment had more chance to migrate in the western (or eastern) areas the following years and such a point was not possible to incorporate into the statistical analysis. But despite these spatial differences, our results showed that seabird [Hg] varied the same way between years according to changes in their distribution and directions, strengthening our interpretation. We therefore think that our results confirm the role of seabird winter movements and distribution on their contamination to Hg and highlight spatial differences in [Hg] through the North Atlantic-Arctic, with an increasing east-west gradient. Previous studies on the Arctic wildlife also suggested a positive east-west Hg gradient during spring and summer (breeding period), with species distributed in the Canadian Arctic being more contaminated than those in the European Arctic [START_REF] Provencher | Mercury and marine birds in Arctic Canada: effects, current trends, and why we should be paying closer attention[END_REF], AMAP 2018[START_REF] Albert | Using blood and feathers to investigate large-scale Hg contamination in Arctic seabirds: a review[END_REF]). The present data set covers a large but fragmented part of the North Atlantic-Arctic. But a more precise dataset could allow us to confirm and extend such a trend in the North Atlantic-Arctic.

Seabirds are exposed to various environmental threats during the winter period (e.g. oil spills, storms, contaminants; [START_REF] Frederiksen | Multicolony tracking reveals the winter distribution of a pelagic seabird on an ocean basin scale: winter distribution of Atlantic kittiwakes[END_REF][START_REF] Petersen | Effects of sea ice on winter site fidelity of Pacific common eiders (Somateria mollissima v-nigrum)[END_REF][START_REF] Fort | Spatial ecotoxicology: Migratory Arctic seabirds are exposed to mercury contamination while overwintering in the Northwest Atlantic[END_REF], Guéry et al. 2017) which might impact their condition, survival or subsequent reproduction [START_REF] Votier | Oil pollution and climate have wide-scale impacts on seabird demographics: guillemots, oil and climate[END_REF][START_REF] Mesquita Mds | There is more to climate than the North Atlantic Oscillation: a new perspective from climate dynamics to explain the variability in population growth rates of a long-lived seabird[END_REF], Anker-Nilssen et al. 2016). The large-scale distribution of Hg in the marine environment is assumed to be relatively stable over years [START_REF] Mason | Mercury in theNorth Atlantic[END_REF]. Hence, high fidelity to their wintering ground likely expose seabirds to repeated threats and constant pollution issues associated to this specific area (e.g. human industries), possibly impacting their short-term survival and reproduction with long-term impacts on their population dynamics (Guéry et al. 2017(Guéry et al. , 2019)). Conversely, seabirds with low fidelity to a wintering ground and winter distribution will exploit contrasting wintering environments with different [Hg] year after year [START_REF] Quillfeldt | Plasticity versus repeatability in seabird migratory behaviour[END_REF]) which might lower long-term risks associated with Hg contamination. On the other hand, seabirds wintering consistently in an area with low levels of such threats might nonetheless be exposed to limited acute pollution events, with limited and long-term impacts on their populations. Therefore, the inter-individual variability in [Hg] dependent on winter-ground fidelity should be taken into account while studying population dynamics in migratory species, as it could have large effects on their survival, reproduction and subsequently on the population dynamics.

Our study demonstrates that individual migratory strategy and the consistency of occupied wintering grounds affect their contamination with Hg. Given the high diversity of areas used by single individuals over 2 to 3 winters only, we urge to extend ecotoxicological studies investigating seabird winter contamination and its impacts in order to consider these inter-annual variations and fully apprehend the risks that Hg and other pollutants represent for seabirds and other marine organisms. S1) are identified by ▲. Details per species are presented in Fig. S1 in the Supplement 

Fig. 1 .

 1 Fig.1. Winter distribution of black-legged kittiwakes, Brünnich's guillemots, common eiders, common guillemots, little auks (median position from November to January) and northern fulmars (median position from November to December). Sampling sites (TableS1) are identified by ▲. Details per species are presented in Fig.S1in the Supplement

Fig. 2 .

 2 Fig. 2. Schematic representation (orange line; based on samples of 2015 and 2016) of [Hg] in internal organs of seabirds during different periods of the annual cycle. Also shown are the winter distribution of seabirds (based on geolocators) for wintert and wintert+1 (purple frames) and which feather type was collected in different species for [Hg] measurements representing the non-breeding periods (orange frames; see also Section 2.3). Δ distribution refers to the delta distance; see Section 2.4

  

  

  

Table 1 .

 1 Mercury concentrations (μg g-1 dw) in different seabird species, showing raw [Hg] per species (pool of wintert , t+1 and t+2; details are summarized in Table S1 in the Supplement) and |Δ[Hg]| (i.e. absolute values) in high and low fidelity groups (i.e. estimates extracted from the non-significant model |Δ[Hg]| ~ fidelity * species + (1| Bird ID); see Table 2; Δ[Hg]: difference in [Hg] between winters). The inter-annual observations (pool of wintert, t+1 and t+2) within high or low fidelity to a wintering ground are also indicated. ND: no data available

	Species	Raw [Hg]		|Δ[Hg]| (high fidelity)	|Δ[Hg]| (low fidelity)	Inter-annual observations of high fidelity	Inter-annual observations of low fidelity
		Mean ± SD	n	Mean ± SD	n	Mean ± SD	n		
	Black-legged kittiwakes	3.10 ± 1.67	13	0.94 ± 0.42	5	1.13 ± 0.42	8	5	8
	Brünnich's guillemots	4.09 ± 2.24	65	0.90 ± 0.41	47	1.02 ± 0.40	25	67	32
	Common eiders	0.81 ± 0.29	22	0.47 ± 0.42	22	ND	N D	22	0
	Common guillemots	2.73 ± 1.18	39	0.74 ± 0.39	24 0.99 ± 037	21	31	30
	Little auks	2.93 ± 1.23	6	1.06 ± 0.43	3	0.97 ± 0.43	3	3	3
	Northern fulmars	2.34 ± 1.16	38	0.84 ± 0.41	17	0.91 ± 0.40	25	20	32

Table 2 .

 2 AIC model ranking for winter[Hg] within species and individuals with low fidelity to their wintering ground from one year to the other. Linear mixed model (LMM: LMM1 with absolute values for species with high and low fidelities; LMM2 with raw values only for species with low fidelities) results are presented in a decreasing order, from the best model explaining variations in Δ[Hg]. The table includes the AIC, the ΔAIC and the AIC weight. Individuals (Bird ID) were added as a random effect
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