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However, such data is limited in French Polynesia, a region as vast as Europe in the South Pacific Ocean and composed of 118 islands with a wide diversity of island types from high islands (e.g. Tahiti and Mo'orea, Society archipelago) to atolls (e.g. Rangiroa, Tuamotu archipelago) [START_REF] Orstom | Office de la Recherche Scientifique et Technique Outre-Mer[END_REF]. Metal(loid) levels in the sediment were only investigated through two single cores performed at two sites in Tahiti, within the harbor of Papeete [START_REF] Fichez | Sediment records of past anthropogenic environmental changes in a barrier reef lagoon (Papeete, Tahiti, French Polynesia)[END_REF]. Moreover, while organic and metal(loid) contamination have also been examined in coral reef organisms at Mo'orea [START_REF] Fey | Does trophic level drive organic and metallic contamination in coral reef organisms?[END_REF][START_REF] Roche | Assessment of the pesticide pollution of coral reef communities from French Polynesia[END_REF], data related to the sediment are actually limited to the sedimentary organic matter at a single site [START_REF] Fey | Does trophic level drive organic and metallic contamination in coral reef organisms?[END_REF]. The current lack of information on the metal(loid) levels in the sediments of French Polynesia coral reefs represents significant hurdles to determine whether the increasing development of anthropogenic activities in this region [START_REF] Thiault | Space and time matter in social-ecological vulnerability assessments[END_REF] is associated with an increased contamination in metal(loid)s.

In this context, we measured the levels of ten metal(loid)s (Ag, As, Cd, Co, Cu, Fe, Mn, Ni, Pb, and Zn) in superficial sediments from 28 sites spread over the coral reefs of three contrasted islands of French Polynesia (Mo'orea,Rangiroa and Tahiti;Fig. 1). Tahiti is the most populated island of French Polynesia with 189,517 inhabitants (Insee/Ispf, 2017). It is located in the Society Archipelago and has two parts: a main island called Tahiti Nui and a peninsula called Tahiti Iti.

Industrial activities are mainly located in the vicinity of the capital (Papeete) on Tahiti nui. Most of the population also inhabit Tahiti nui (89 %, Insee/Ispf, 2017). Nonetheless, it has developed rapidly in the recent years, and predominantly associated with the construction of several goods and services establishments at Taravao (Tahiti Iti main city). Mo'orea is also located in the Society Archipelago, 17 km northwest of Tahiti. It is the second most urbanized island of French Polynesia, with 17,816 inhabitants (Insee/Ispf, 2017). Mo'orea is far less industrialized than Tahiti, restricted to some intensive agriculture activities (e.g. pineapple production), a fruit juice processing factory and most of the boat traffic related to ferries and daily transfers from Papeete to Vaiare harbor.

Rangiroa is the largest atoll of French Polynesia, located in the Tuamotu Archipelago at approximately 430 km northeast of Papeete. There is no industry on the island and limited anthropogenic activities (i.e. pearl production, fishing, and tourism, all operating on a small scale) with 3,657 inhabitants (Insee/Ispf, 2017). Sampling sites were selected along the coasts of Tahiti (10 sites), Mo'orea (13 sites) and Rangiroa (5 sites) (Fig. 1), by choosing sites with various anthropogenic inputs, i.e. potentially contaminated sites near the river mouth in the vicinity of cities, industries, harbors and marinas, and suitable reference sites close to remote beaches and reefs supposedly less contaminated (Table S1).

Sediment samples were collected from September to November 2012. At each site, three superficial sediment samples (i.e. triplicates), each of 50 to 75 g wet weight (ww), were collected in acid-washed plastic bags by scuba diving. Following collection, samples were stored in a freezer at -20 °C until being processed for contaminant analyses. Before analysis, each sample was screened through a 1 mm sieve to remove large particles (this <1 mm fraction constitutes 80-90% of the total sediment of each sample, and preliminary observations showed that the <63 mm fraction represented less than 0.2% of the total sediment). Aliquots of 150-250 mg were microwave digested in a mixture of 3 ml of suprapure nitric acid (VWR/Merck) and 1 ml of suprapure hydrochloric acid (VWR/Merck), and then diluted to 25 ml with MilliQ-quality water. Metal(oid)s were then analyzed by Inductively Coupled Plasma Atomic Emission Spectrometry (Varian Vista-Pro ICP-OES) and Mass Spectrometry (ThermoFisherScientific XSeries II ICP-MS). Certified Reference Materials (CRM) provided by the National Research Council Canada were treated and analyzed in a similar way as the samples. The CRM were dogfish liver DOLT-4, lobster hepatopancreas TORT-2 and marine sediment MESS-3 and the results from their analysis indicated a recovery ranging from 80 to 107% (Table S2).

The concentrations of metal(loid)s measured in superficial sediments from 28 sites in French Polynesia coral reefs ranged from 0.01 to 1.18 µg g -1 dw (dry weight) for Ag, 0.21 to 27.3 µg g -1 dw for As, 0.01 to 0.20 µg g -1 dw for Cd, 0.46 to 42.2 µg g -1 dw for Co, 0.14 to 35.1 µg g -1 dw for Cu, 10.4 to 32,513 µg g -1 dw for Fe, 0.11 to 549 µg g -1 dw for Mn, 0.04 to 325 µg g -1 dw for Ni, 0.02 to 21.5 µg g -1 dw for Pb and 3.03 to 194 µg g -1 dw for Zn (Table 1).

Table 1. Metal(loid) concentrations in superficial sediments from coral reefs of French

Polynesia. Data are expressed in µg g -1 dw (dry weight), and correspond to the mean (sd) of n = 3 samples for each site (i.e. triplicates). § indicates sd <0.005. Sites are indicated by the initial of the island, followed by the site name as in Fig. 1.

Site

Ag

As first group comprises Ag, As and Cd and drives the contamination in Mo'orea (Fig. 2A). The second group comprises Cu, Pb and Zn, and the third group comprises Co, Fe, Mn and Ni, and these groups differ on PC3 (Fig S2A -B) and drive the contamination in Tahiti, in particular at T-FAR for the second group. Strong positive (r> 0.63, Fig. 2C) and significant (P <0.001, Table S5) correlations were indeed observed between Ag and Cd, between Cu, Pb and Zn, and between Co, Fe, Mn and Ni (Fig. 2C, Table S5).

The degree of contamination of the different sites was examined using the Pollution Load Index (PLI) described by [START_REF] Tomlinson | Problems in the assessment of heavy-metal levels in estuaries and the formation of a pollution index[END_REF]. PLI was determined as the n th root of the product of , where Ci is the concentration of the metal(loid) i, and Cb is the background concentration of this metal(loid).

Since the concentrations measured in sediments from Rangiroa are lower than those generally used as background values [START_REF] Bowen | Environmental Chemistry of the Elements[END_REF], the means of these concentrations for each metal(loid) were used as background values in the PLI calculations performed in this study. Pollution Load Index (PLI) varied across sites (χ 27 2 = 15617, P <0.001; Gamma Generalized Linear Mixed-Effects Model, Supplementary Text 2, [START_REF] Bolker | Generalized linear mixed models: a practical guide for ecology and evolution[END_REF], with the same trends and clusters as in Fig. 2 and Fig. S1. M-OP1, M-OP2 and T-FAR exhibited the highest PLI, followed by T-TAA, T-TNU, T-VEN and T-LAG, and then by M-VA1 and M-VA2 (Fig. 3). Other sites showed a PLI under the average PLI (when combining all sites), and the lowest PLI were observed for sites at Rangiroa (Fig. 3). This study provides the first large-scale baseline of metal(loid) levels in superficial sediments from coral reefs of three islands of French Polynesia, highlighting various degrees of contamination across and within islands. Our results highlight a clear gradient of contamination in metal(loid)s in superficial sediments of French Polynesia, from pristine coral reef sites (e.g. Rangiroa) to sites with higher river discharge and anthropogenic influence (e.g. Mo'orea and Tahiti). In Rangiroa, none of the metal(loid) levels exceeded any of the sediment quality guidelines. These levels were lower than those reported in most other tropical areas [START_REF] Denton | Trace metals in sediments of four harbours in Guam[END_REF][START_REF] Morrison | Elemental composition and mineralogical characteristics of coastal marine sediments of Tutuila, American Samoa[END_REF], in particular at similar remote and non-polluted sites [START_REF] Denton | Contaminant assessment of surface sediments from Tanapag Lagoon, Saipan, Commonwealth of the Northern Mariana Islands[END_REF][START_REF] Denton | Trace metals in sediments of four harbours in Guam[END_REF][START_REF] Denton | The impact of a rudimentary landfill on the trace metal status of Pago Bay, Guam[END_REF]. Further, they are lower than the classically used background values [START_REF] Bowen | Environmental Chemistry of the Elements[END_REF], and therefore represent important baseline values of metal(loid) levels for sediments of French Polynesia but also for coral reef areas in general. Evaluating the levels of metal(loid)s in reef sediments from such remote environments is topical when one wants to assess the environmental effects of anthropogenic activities in more urbanized areas [START_REF] Kadhum | Evaluation and assessment of baseline metal contamination in surface sediments from the Bernam River, Malaysia[END_REF].

In Mo'orea, a few sites also exhibited low levels of metal(loid) contamination and similar PLI as Rangiroa sites, while two other sites (M-OP1 and M-OP2, where no coral cover was present)

showed the highest PLI of this study. In particular, Ni levels at M-OP1 and M-OP2 exceeded ERM and levels of Ag and As exceeded levels recorded in sediments from other coral reef regions [START_REF] Bastidas | Sedimentation rates and metal content of sediments in a Venezuelan coral reef[END_REF][START_REF] Denton | Trace metals in sediments of four harbours in Guam[END_REF][START_REF] Guzmán | Contamination of coral reefs by heavy metals along the Caribbean coast of Central America (Costa Rica and Panama)[END_REF][START_REF] Haynes | Organochlorine, Heavy Metal and Polyaromatic Hydrocarbon Pollutant Concentrations in the Great Barrier Reef (Australia) Environment: a Review[END_REF]Hédouin et al., 2011bHédouin et al., , 2009b;;[START_REF] Metian | Accumulation of nine metals and one metalloid in the tropical scallop Comptopallium radula from coral reefs in New Caledonia[END_REF][START_REF] Morrison | Elemental composition and mineralogical characteristics of coastal marine sediments of Tutuila, American Samoa[END_REF]. Sediment contamination rapidly dropped further away in Opunohu Bay, as evidenced by the low levels of contamination recorded at M-OP3 and M-OP4, and the same decreasing contamination gradient was observed in

Vaiare Bay (M-VA1 to M-VA4). These gradients are therefore probably linked to the discharge of sediments from the Opunohu and Vaiare streams but also to salinity shifts in Opunohu and

Vaiare bays, which are known to affect metal(loid) solubilization, speciation, precipitation, diffusion and advection [START_REF] Barletta | Distribution, sources and consequences of nutrients, persistent organic pollutants, metals and microplastics in South American estuaries[END_REF][START_REF] Coynel | Spatial distribution of trace elements in the surface sediments of a major European estuary (Loire Estuary, France): Source identification and evaluation of anthropogenic contribution[END_REF][START_REF] De Souza Machado | Metal fate and effects in estuaries: A review and conceptual model for better understanding of toxicity[END_REF].

In Tahiti, the highest levels of contamination were observed in the sediments collected in Papeete (T-FAR, Table S1), the capital of French Polynesia. This site was the only one monitored in a previous study [START_REF] Fichez | Sediment records of past anthropogenic environmental changes in a barrier reef lagoon (Papeete, Tahiti, French Polynesia)[END_REF], and we observed moderate increases in the levels of all the elements that examined in both this previous study and the current study. High levels of Co, Cu, Fe, Mn, Ni, and Zn were observed at 5 sites in Tahiti, with Ni levels exceeding the ERM and constituting a potential threat to marine organisms if bioavailable [START_REF] Gissi | A review of nickel toxicity to marine and estuarine tropical biota with particular reference to the South East Asian and Melanesian region[END_REF].

PCA and correlation analyses can highlight which elements may originate from the same source [START_REF] Yongming | Multivariate Analysis of Heavy Metal Contamination in Urban Dusts of Multivariate analysis of heavy metal contamination in urban dusts of Xi'an, Central China[END_REF], but identifying those sources would require further research and additional data on sediment grain size, total organic carbon content, total nitrogen content, mineralogy, and origin (e.g. terrestrial vs. marine). Indeed, metal(loid) contamination can be influenced by the structure and composition of the sediment itself, as well as by the geological characteristics of the island (Hédouin et al., 2009b). For instance, and in contrast with Rangiroa [START_REF] Chevalier | Geomorphology and geology of coral reefs in French Polynesia[END_REF], high levels of Fe and Mn are expected in basaltic-rich volcanic islands with high terrestrial inputs such as Mo'orea and Tahiti [START_REF] Fichez | Sediment records of past anthropogenic environmental changes in a barrier reef lagoon (Papeete, Tahiti, French Polynesia)[END_REF]. The overall higher levels of metal(loid)s in the sediments from Tahiti and Mo'orea vs. Rangiroa could therefore be related to their river network and higher land surface areas [START_REF] Orstom | Office de la Recherche Scientifique et Technique Outre-Mer[END_REF]. Contamination levels can also be associated with anthropogenic inputs, and our results are consistent with the fact that high levels of Co, Cu, Ni, and Zn are often associated with domestic discharges and industrial activities such as the presence of harbors and marinas [START_REF] Fichez | Sediment records of past anthropogenic environmental changes in a barrier reef lagoon (Papeete, Tahiti, French Polynesia)[END_REF][START_REF] Harris | Using geochronology to reconstruct the evolution of particulate phosphorus inputs during the past century in the Papeete Lagoon (French Polynesia)[END_REF]. 
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 1 Figure 1. Location of the sampling sites in Mo'orea, Rangiroa and Tahiti. A: Location of the three islands in French Polynesia. B-D: Location of the sampling sites in Mo'orea, Rangiroa and Tahiti, respectively. Gray zones indicate land areas and blue zones indicate coral reef areas. Site codes used in the other figures and tables of this manuscript correspond to the island initial followed by the site names presented in B-D.

  the n Contamination Factor (CF) of the n elements: PLI = (∏ 𝐶𝐹 𝑖 𝑛 𝑖 ) 1/𝑛 , and 𝐶𝐹 𝑖 = 𝐶 𝑖 𝐶 𝑏
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 2 Figure 2. Site and metal(loid) grouping based on the levels measured in the sediment. A: Principal Component Analysis (PCA) of sites (as individuals) and metal(loid)s (as variables) according to metal(loid) concentrations in the 28 sites from Mo'orea, Rangiroa and Tahiti. The three main groups of metal(loid)s and sites have been added. B: Cluster classification of sites based on metal(loid) concentrations. The number of clusters was measured using the gap statistic. Sites are indicated by the initial of the island, followed by the site name as in Fig. 1. C: Correlation plot of metal(loid)s based on their concentrations across sites. Data indicate the Spearman r correlation coefficients.

Figure 3 .

 3 Figure 3. Pollution Load Index (PLI) of reef superficial sediments 28 sites across French Polynesia. Sites from Mo'orea, Rangiroa and Tahiti are indicated by orange, blue and green bars, respectively. Sites are indicated by the initial of the island, followed by the site name as in Fig. 1. Bars and error bars indicate mean ± se (n = 3). The dashed line indicates the mean PLI value of all sites. Letters on the right of each bar indicate statistically different groups according to Tukey posthoc-test following Gamma Generalized Linear Mixed-Effect Model.

  While highlighting the opportunity for further research regarding the sources of contamination, our study provides critical baseline values for the vast region of French Polynesia, and for coral reef areas in general. Our results emphasize the necessity to minimize the levels of metal(loid)s discharged in the marine environment of the most populated Islands in French Polynesia, where levels of certain metal(loid)s already exceed sediment quality guidelines, potentially threatening the health of coral reef organisms. This need is critical, especially as local stressors such as metal(loid) pollution may reduce the capacity of coral reefs to face the unprecedented changes associated with global warming and ocean acidification.
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 S2 Figure S2. Site and metal(loid) grouping based on the levels measured in the sediment. A: Principal Component Analysis (PCA) with PC1 and PC3 of sites (as individuals) and metal(loid)s (as variables) according to the metal(loid) levels at the 28 sites from Mo'orea, Rangiroa and Tahiti. B: Principal Component Analysis (PCA) with PC2 and PC3 of sites (as individuals) and metal(loid)s (as variables) according to the metal(loid) levels at the 28 sites from Mo'orea, Rangiroa and Tahiti. The three main clusters of metal(loid)s have been added to each PCA.

Table S3 . Eigenvalues and percentage of explained variance of the Principal Component Analysis (PCA) on the metal(loid) levels in the 28 sites of French Polynesia.

 S3 

	PC	Eigenvalue	Explained variance (%)	Cumulative explained variance (%)
	1	5.556	55.561	55.561
	2	1.938	19.383	74.944
	3	1.199	11.993	86.937
	4	0.854	8.541	95.477
	5	0.239	2.394	97.871
	6	0.098	0.983	98.855
	7	0.071	0.714	99.569
	8	0.034	0.342	99.911
	9	0.005	0.055	99.966
	10	0.003	0.034	100.000

Table S4 . PCA loading factors.

 S4 

	Element	PC1	PC2	PC3
	Ag	0.26	0.54	-0.12
	As	0.18	0.20	0.17
	Cd	0.28	0.50	0.03
	Co	0.28	-0.36	-0.41
	Cu	0.38	0.05	0.25
	Fe	0.40	0.01	-0.19
	Mn	0.40	0.05	-0.22
	Ni	0.31	-0.38	-0.36
	Pb	0.24	-0.34	0.60
	Zn	0.35	-0.17	0.40

Table S5 . Metal(loid)s correlation analysis associated p-values.

 S5 Values in bold indicate P values < 0.05.

	Ag	As	Cd	Co	Cu	Fe	Mn	Ni	Pb	Zn
	Ag	0.009	<0.001	0.524	<0.001	0.001	<0.001	0.654	0.726	0.1302
	As		0.082	0.857	0.103	0.031	0.030	0.370	0.191	0.321
		Cd		0.564	<0.001	0.001	<0.001	0.630	0.663	0.022
			Co		0.014	<0.001 <0.001 <0.001	0.076	0.012
				Cu		<0.001 <0.001	0.009	<0.001 <0.001
					Fe		<0.001 <0.001	0.045	<0.001
						Mn		<0.001	0.085	<0.001
							Ni		0.026	0.005
								Pb		<0.001
									Zn	
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Supplementary material

Table S1. Site location, code and description. Sites are indicated by the initial of the island, followed by the site name as in Fig. 1.

Island

Site Description 

Supplementary Text 2. Statistical analyses.

A Gamma Generalised Linear Mixed-Effects Model [START_REF] Bolker | Generalized linear mixed models: a practical guide for ecology and evolution[END_REF] was run to assess whether the site location influenced sediment contamination in metal(loid)s. PLI was used as the dependant variable and followed a gamma distribution. Replicate identity was included as a random factor to account for potential differences only due to technical issues. A top-down approach using Likelihood Ratio Tests and the Akaike Information Criterion (AIC) was used to assess the explanatory power of 
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