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Introduction

Many marine species are characterized by a high fecundity, large population sizes, long distance dispersal via a planktonic larval stage, and, very often, low geographic differentiation. As a consequence, the extent of small-scale genetic structure has long been neglected for marine organisms.

However, many studies have shown that marine populations may exhibit strong genetic structure due to limited gene flow, genetic drift and unequal dispersion, caused by cryptic barriers or local adaptation in a heterogeneous environment [START_REF] Koehn | Maintenance of an aminopeptidase allele frequency cline by natural selection[END_REF][START_REF] Mitton | Selection in natural populations[END_REF][START_REF] Powers | Evolutionary adaptations of gene structure and expression in natural populations in relation to a changing environment: a multidisciplinary approach to address the million-year saga of a small fish[END_REF][START_REF] Schmidt | Adaptive maintenance of genetic polymorphism in an intertidal barnacle: habitat-and life-stage-specific survivorship of MPI genotypes[END_REF][START_REF] Riginos | Evidence for selection at multiple allozyme loci across a mussel hybrid zone[END_REF].

The Baltic Sea is a noteworthy system to study the impact of high environmental patchiness on the genetic structure of marine organisms. It is characterized by restricted water exchanges with other oceanic basins, shallow waters, and low salinities (3 to 7 PSU). Temperature and salinity are strongly stratified by depth, water below 20-50 m being colder and saltier [START_REF] Rheinheimer | Meereskunde der Ostsee[END_REF].

Moreover, oxygen concentration is often reduced, particularly in the bottom zone, due to an eutrophication-induced increase in primary production [START_REF] Cederwall | Biomass increase of benthic macrofauna demonstrates eutrophication in the Baltic Sea[END_REF] and total particulate matter content [START_REF] Maksymowska | Temporal variation in the accumulation of organic carbon and nitrogen in the suspended matter and silty surface sediment of the western Gulf of Gda sk (southern Baltic Sea) -comparisons with the Atlantic Bay of Marennes-Oleron[END_REF] along with a high sedimentation rate (of up to 1-2 mm yr -1 ; [START_REF] Witkowski | Reconstructing the development of human impact from diatom and 210 Pb sediment dating (The Gulf of Gda sk-Southern Baltic Sea)[END_REF]. In addition, the Baltic Sea suffers from chronic anthropogenic pollution. Southern waters are impacted by a constant input of heavy metals from the Vistula river (Gulf of Gdañsk, [START_REF] Sokolowski | Physiological responses of Macoma balthica to copper pollution in the Baltic[END_REF][START_REF] Sokolowski | The relationship between metal concentrations and phenotypes in the Baltic clam Macoma balthica (L.) from the Gulf of Gda sk, southern Baltic[END_REF][START_REF] Sokolowski | Metal sources to the Baltic clam Macoma balthica (mollusca: Bivalvia) in the southern Baltic Sea (the Gulf of Gda sk)[END_REF], which carries pollutant runoff from the industrial cities of Katowice, Kracow or Warsaw [START_REF] Rainbow | Geographical and seasonal variations of trace metal bioavailabilities in the Gulf of Gda sk, poland using mussels (Mytilus trossulus) and barnacles (Balanus improvisus) as biomonitors[END_REF][START_REF] Szefer | Metals, metalloids and radionuclides in the Baltic ecosystem[END_REF].

The infaunal bivalve, Macoma balthica is a dominant species of the benthic macrofauna in the Baltic Sea [START_REF] Rumohr | Zoobenthic succession in Baltic sedimentary habitats[END_REF], being present from the sub-littoral to the aphotic zone (Väinölä & Varvio, 1989). Populations from the Baltic Sea are genetically distinct from those of the Atlantic and the North Sea, resulting from a mixture of Atlantic and Pacific parental lineages that are maintained by a strong barrier to gene flow in the Kattegat straight [START_REF] Nikula | A broad transition zone between an inner Baltic hybrid swarm and a pure North Sea subspecies of Macoma balthica (Mollusca, Bivalvia)[END_REF]. Local genetic differentiation can be strong in this species, as evidenced by the sharp differences in allele frequencies recorded along a 60 m-long temperature gradient in the White Sea (allozymic locus Idh; Hummel et al., 1998). The contrasted environmental conditions in the Gulf of Gdañsk represent an ideal place to study fine-scale genetic structure among M. balthica subpopulations. In this work, we therefore used one mitochondrial and seven microsatellite markers [START_REF] Becquet | Microsatellite markers for the Baltic clam, Macoma balthica (Linné, 1758), a key species concerned by changing southern limit, in exploited littoral ecosystems[END_REF] to determine whether local genetic structure could be detected in these southern Baltic populations. We aimed at identifying putative barriers to gene flow at two nested geographic scales: a regional one (the Gulf of Gdañsk) and a local one (along a depth gradient, away from the mouth of the Vistula River).

Materials and methods

Adult specimens of M. balthica were collected between 1997 and 1999 at 11 locations with various environmental conditions (Fig. 1 and Table 1). Puck lagoon (MW30) is characterized by strong eutrophication and anoxia. Three populations were sampled in the lee of the Hel Peninsula at 45 m (HEL45), 60 m (HEL60) and 85 m (HEL85) depth. GN40 was sampled in the main seaway between the ports of Gdynia and Gdañsk. Finally, 6 populations were sampled at the mouth of the Vistula, along a gradient of increasing depth and various pollutant concentrations (SW5 to SW60). Specimens were stored in 95% ethanol until DNA extraction. Total DNA was purified from <15 mg of muscle using the Dneasy TM Tissue Kit (Qiagen, Germany).

Multiple mitochondrial lineages with distinct colonization histories can co-occur in the Baltic Sea [START_REF] Luttikhuisen | Disjunct distribution of highly diverged mitochondrial lineage clade and population subdivision in a marine bivalve with pelagic larval dispersal[END_REF][START_REF] Nikula | Diversity and trans-arctic invasion history of mitochondrial lineages in the North Atlantic Macoma balthica complex (Bivalvia: Tellinidae)[END_REF][START_REF] Nikula | A broad transition zone between an inner Baltic hybrid swarm and a pure North Sea subspecies of Macoma balthica (Mollusca, Bivalvia)[END_REF]. If specimens from multiple lineages are indiscriminately used, an older historical signal may mask a younger and weaker geographical signal. We therefore first tested for the presence of multiple mitochondrial lineages in our collection.

313 bp of the COI gene were successfully sequenced for 232 individuals, as in [START_REF] Becquet | Glacial refugium versus range limit: conservation genetics of Macoma balthica, a key species in the Bay of Biscay (France)[END_REF].

In addition to the mitochondrial data, seven microsatellite loci (Mb-mac4, Mb-mac19, Mb-mac10, Mb-mac17, Mb-mac40, Mb-mac84 and Mb-mac64) were genotyped for 165 individuals, according to [START_REF] Becquet | Microsatellite markers for the Baltic clam, Macoma balthica (Linné, 1758), a key species concerned by changing southern limit, in exploited littoral ecosystems[END_REF]. We have attempted to genotype all individuals for which a COI sequence was obtained. All individuals for whom more than 3 microsatellite loci failed to amplify were removed from the analysis (Table S1).

Phylogenetic analyses were performed on mitochondrial sequences with the Network software v.4.0.0.0 [START_REF] Bandelt | Median-joining networks for inferring intraspecific phylogenies[END_REF] that builds haplotype networks based on the median-joining algorithm [START_REF] Cassens | The phylogeography of dusky dolphins (Lagenorhynchus obscurus): a critical examination of network methods and rooting procedures[END_REF]. Pairwise linkage disequilibrium between microsatellite loci was tested using GENEPOP version 4.0.10 [START_REF] Rousset | GENEPOP'007: a complete re-implementation of the genepop software for Windows and Linux[END_REF], and the significance of each test was evaluated using a Markov-chain randomization procedure (MCMC) with 1000 dememorization steps, 100 batches and 1000 iterations per batch. The numbers of alleles per population and locus (N all ), and the observed (H o ) and expected (H e ) heterozygoties under Hardy-Weinberg equilibrium were calculated using Genetix 4.05.2. (Belkhir et al., 1996(Belkhir et al., -2004!. !. Allelic richness (R all ) was computed using FSTAT 2.9.3.2 [START_REF] Goudet | FSTAT version 2.9.3.2. Available from Jerome[END_REF] to account for differences in sampling sizes across populations.

Fixation indices (F IS , F IT , F ST ) were calculated using Genetix 4.05.2 according to [START_REF] Weir | Estimating F-statistics for the analysis of population structure[END_REF]. The significance of pairwise population differentiation, as measured by F ST , was estimated based on 1000 permutations. Population self-assignment tests were conducted using Geneclass v2.0 [START_REF] Piry | GeneClass2 : a software for genetic assignment and first-generation migrant detection[END_REF], based on the Bayesian method of [START_REF] Rannala | Detecting immigration by using multilocus genotypes[END_REF], and incorporating the exclusion-simulation significance test of [START_REF] Cornuet | New methods employing multilocus genotypes to select or exclude populations as origins of individuals[END_REF]. The level of statistical significance was set to  = 0.05. Spatial population structure was further explored using bayesian clustering analyses. These analyses were performed using the BYM admixture model implemented in TESS v.2.3 [START_REF] Durand | Spatial inference of admixture proportions and secondary contact zones[END_REF], using 12,000 MCMC steps and a burnin period of 2,000 steps. Based on the results of preliminary test runs, the presence of two to 4 genetic clusters was evaluated, with 10 replicate runs of each Kmax (spatial interaction parameter set to 0.6, linear degree of trend). The most likely Kmax was selected based on the Deviance Information Criterion (DIC), by minimizing its value and its variance, and by examining plots of individual membership probabilities. The most likely run among 10 replicates was then selected based on DIC.

Results

A total of 32 COI haplotypes were detected among 232 individuals, 6 of which being putatively endemic to the Baltic Sea. Three closely-related clades were observed: clade 3, clade 4 and clade 8, separated by 1 to 3 mutations along the 313 bp examined (Fig. 1 and Fig. 2). clade 4, characterized by 12 haplotypes, was the most prevalent group, with 123 individuals. clade 3 (12 haplotypes) and clade 8 (6 haplotypes) group 35 and 70 individuals, respectively. There was no spatial or bathymetric trend in the distribution of haplotypes (Fig. 1 and Fig. 2).

A multilocus nuclear genotype was obtained for 165 individuals collected at 11 sampling sites with seven microsatellite markers. No linkage disequilibrium was detected (p ≥ 0.2). Overall, the number of alleles (N all ) ranged from 2.5 (SW40) to 6.8 (HEL60 and MW30) with a total of 11.2 over the whole dataset (Table 2). There was little variation in allele number between populations (mean = 5.1 ± 1.7), as confirmed by the allelic richness analysis (R all ); R all varied from 1.5 (SW40) to 1.6 (HEL45) even in the population with small number of individuals (HEL85, SW40, SW60, mean value = 1.6 ± 0.03).

The observed heterozygosity (H o ) varied from 0.3 (SW5) to 0.5 (SW30) and the mean value obtained for the 11 populations was 0.4 (standard error = 0.1). The expected heterozygosity (H e ) showed little variation across the whole dataset (mean and standard deviation across the 11 populations equals 0.538 ± 0.048) and the heterozygote deficiency was quite high for all populations (mean F IS value and standard deviation equals 0.334 ± 0.135). At the regional scale, the overall structure observed (F IT = 0.557) was essentially due to the high heterozygote deficiency within populations (F IS = 0.554) as genetic differentiation between populations was quite low (F ST = 0.007, p = 0.27). Pairwise differentiation between populations was globally non significant (data not shown). Nevertheless, the SW60 population was significantly divergent from HEL60, SW5, SW10, SW20, SW30, GN40 and MW30 (0.094 < F ST < 0.186).

Bayesian assignment of individuals to populations highlighted a great rate of self-recruitment varying from 30% (MW30) to 87% (SW60) with a mean value of 57% (Fig. 3). Excluding HEL85 (50%), the self-recruitment rate was function of depth (Linear regression test between paired samples, R 2 = 0.65, t = 2.45, df = 8, p = 0.039, Fig. 4). This result was confirmed for the Vistula populations (SW5 to SW60) for which self-recruitment rate varied from 40% for SW5 to 87% for SW60 (Fig. 3 and Fig. 4). Furthermore, beyond 40 m depth, this rate was higher than 80% (40% < SW5-SW30 < 50% and 80% < SW40-SW60 < 87%). Thus, no individual from the shallowest sites were recruited in populations located between 30 and 60 m depth (Fig. 3).

Bayesian clustering analyses suggested the presence of four clusters among 165 individuals examined. No spatial or bathymetric trend could be detected among these clusters.

Mapping clades 3, 4 and 8 onto these clusters revealed no association between multi-locus genotypes and haplotypes, suggesting strong introgression (Fig. S1).

Discussion

1-Genetic structure at the regional scale: the Gulf of Gdañsk

1-1 Large genetic diversity and depth stratification

Populations in the Gulf of Gdañsk were characterized by a large gene diversity (0.440 < H e < 0.591).

These diversity levels were similar to that obtained by [START_REF] Becquet | Glacial refugium versus range limit: conservation genetics of Macoma balthica, a key species in the Bay of Biscay (France)[END_REF], who observed a mean H e of 0.63 among 18 European populations sampled from France to Russia. As their European counterparts, Baltic populations were heterozygote deficient (F IS = 0.55), as currently observed in marine mollusks [START_REF] Zouros | Possible explanation of heterozygote deficiency in bivalve molluscs[END_REF]. However, populations were probably not subjected to inbreeding, given their high genetic diversity. In comparison with European populations (mean Rall = 4.39), the allelic richness in the Gulf of Gdañsk was reduced (1.53 < Rall < 1.62). This result might be due to the rarefaction method used to standardize allele counts [START_REF] El Mousadik | High level of genetic differentiation for allelic richness among populations of the argan tree (Argania spinosa (L.) Skeels) endemic to Morocco[END_REF], which is known to underestimate the allelic richness especially when there is a large difference in the sample size among populations (5 < N < 30).

No genetic structure was detected among shallow-water subpopulations. In addition to tests of significance on fixation statistics, TESS runs confirmed the absence of genetic structuring. This result was probably linked to the ability of M. balthica larvae to disperse over long distances (e.g. Günther et al., 1998). Private alleles were not correlated with environmental factors (salinity, pollution…), but gene flow was reduced between deep (40-50 m depth) and shallow stations. This pattern, concordant with previous results [START_REF] Hummel | Ecophysiological and genetic traits of the Baltic clam Macoma balthica in the Baltic: differences between populations in the Gda sk Bay due to acclimatization or genetic adaptation ?[END_REF], is probably linked to the thermo-haline stratification of water masses occurring in the Gulf of Gdañsk at around 40 meters [START_REF] Cyberska | Environmental conditions in the Polish zone of southern Baltic sea during 1997[END_REF][START_REF] Rheinheimer | Meereskunde der Ostsee[END_REF], Rumhor et al., 1996).

1-2 Strong self-recruitment

The assignment probability of individuals to each population highlights a great rate of self-recruitment (30 to 87%). It is now well accepted that panmixia is not the rule in the marine environment [START_REF] Swearer | Evidence of selfrecruitment in demersal marine populations[END_REF], Hellberg et al., 2002). On the contrary, larvae may recruit locally, because (i) spatiotemporals movements of water masses influence larval trajectories [START_REF] Gaines | Avoiding current oversights in marine reserve design[END_REF][START_REF] Siegel | Lagrangian descriptions of marine larval dispersion[END_REF], (ii) survival conditions vary in space and time [START_REF] Gaines | Dispersal of juveniles and variable recruitment in sessile marine species[END_REF][START_REF] Morgan | Spatial variability in red sea urchin (Strongylocentrotus franciscanus) recruitment in northern California[END_REF][START_REF] Ellien | A modeling study of the respective role of hydrodynamic processes and larval mortality on larval dispersal and recruitment of benthic invertebrates: example of Pectinaria koreni (Annelida: Polychaeta) in the Bay of Seine (English Channel)[END_REF]) and (iii) reproductive success is random (Hedgecock, 1994a(Hedgecock, , 1994b)). The thermohalocline present in the Bay of Gdañsk might be a strong vertical barrier to larval exchange and might explain the different self-recruitment rate for populations living above or below this cline. The low self-recruitment rate recorded at HEL85 (50% compared to > 70% at other deep-water locations), does not contradict this hypothesis, and may be explained by the specific sea-floor morphological features found near the Hel Cape. Indeed, there is a relatively steep slope descending to a depth of 50+ m on the open-sea side of the cape (Rucinska-Zjadacz & Rudowski, 2009). Upwelling and downwelling events occur often in this region [START_REF] Kowalewski | Coastal up-and downwelling in the southern Baltic[END_REF] and maybe responsible for crossslope larval transport.

2-Genetic structure at the local scale, among Vistula populations

2-1 Asymmetric gene flow

Genetic connectivity among Vistula populations from different depths was asymmetric, as gene flow was stronger from deep to shallow stations (Fig. 3). Even if these populations are geographically close to each other (horizontal distance is about 7 km), they are located along a clear environmental gradient (Table 1). While shallower populations (SW5 and SW10) are directly impacted by the freshwater of the Vistula River, carrying heavy metal pollution [START_REF] Sokolowski | Physiological responses of Macoma balthica to copper pollution in the Baltic[END_REF][START_REF] Sokolowski | The relationship between metal concentrations and phenotypes in the Baltic clam Macoma balthica (L.) from the Gulf of Gda sk, southern Baltic[END_REF][START_REF] Sokolowski | Metal sources to the Baltic clam Macoma balthica (mollusca: Bivalvia) in the southern Baltic Sea (the Gulf of Gda sk)[END_REF], deeper populations (> 20 m) are challenged by saltier waters from the open part of the Gulf of Gdañsk and impacted by the release of metallic elements from the upper sediment layer that might exert toxic effects on bivalves (Janas et al., 2004[START_REF] Sokolowski | Metal sources to the Baltic clam Macoma balthica (mollusca: Bivalvia) in the southern Baltic Sea (the Gulf of Gda sk)[END_REF]. Moreover bivalves leaving in the self-recruitment rate (87%), which further supports the idea of genetic isolation between this population and shallower ones. The fact that SW60 is also characterized by a great genetic diversity (H e = 0.52) suggests that this population is not declining, or suffering from source-sink dynamics or inbreeding.

The challenging environmental conditions recorded at the SW60 site, associated with the high genetic polymorphism and reduced connectivity observed with other sites, may promote local adaptation via divergent natural selection within this population [START_REF] Hasting | Can spatial variation alone lead to selection for dispersal ?[END_REF]. However, populations in this region deal with many natural (salinity, temperature) and/or anthropogenic stressors (eutrophication, heavy metals contamination) that may have synergistic effects on population structure. It was therefore difficult to distinguish which processes are directly implicated in structuring this deep population, and a more thorough sampling may address this issue in the future. Thus, given the observed variation in spawning time and the existence of physical barriers to gamete and larval dispersal (limited cross fertilization), SW populations may be far from panmixia. 
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 1 Fig.1: Sampling locations and haplotype distribution in the Gulf of Gdañsk. HEL populations
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 3 Fig.3: Assignment results. For each population, percentage of individuals was assigned to
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 4 Fig. 4: Relationship between sampling depth and the level of self-recruitment as estimated by

  

Table 1 :

 1 Physico-chemical characteristics of sampling locations in the Vistula river mouth. Data are presented as means. More detailed 1 information about metallic contamination can be found inSokolowski 1999. 2 

	vcdng Enkem"jgtg"vq"fqypnqcf"vcdng<"Vcdngu0fqe"			
	Population	Depth	Salinity	Temperature	
					Specific environmental features
	Code	(m)	(PSU)	(°C)	
					Anoxia, hydrogen sulphide contamination,
	SW60	60	9.6	5.1	
					metallic pollutant release from sediments
	SW40	40	8.2	13	Thermo-halocline
	SW30	30	7.6	14.2	Intermediate zone
	SW20	20	7.3	14.2	Vistula inflow
	SW10	10	6.7	14.1	Vistula inflow
	SW5	5	6.7	14.4	Vistula inflow

Table 2 :

 2 Nuclear diversity for each sample site. N nuc : number of individuals analyzed for microsatellite markers; N all : allele number; R all : allelic richness; H o : observed heterozygoty; H s : gene diversity; F IS : heterozygote deficiency. N mito corresponds to the number of individuals for which a mitochondrial sequence was obtained. See also TableS1.

		N nuc	N mito	N all	R all	H o	H s	F IS
	HEL85	8	5	4.33	1.58	0.405	0.511	0.328
	HEL60	26	28	6.83	1.59	0.408	0.578	0.315
	HEL45	17	29	6.16	1.62	0.394	0.591	0.373
	GN40	11	24	4.33	1.51	0.313	0.493	0.417
	MW30	21	20	6.83	1.61	0.410	0.588	0.382
	SW5	18	19	5.14	1.56	0.282	0.534	0.539
	SW10	18	20	5.83	1.60	0.461	0.586	0.255
	SW20	23	21	5.83	1.58	0.370	0.565	0.373
	SW30	10	25	3.83	1.58	0.535	0.519	0.049
	SW40	5	23	2.5	1.53	0.447	0.440	0.183
	SW60	8	18	4.16	1.55	0.317	0.520	0.464
	Total	165	232	11.16	1.61	0.281	0.600	0.558
	Mean	15.45	21.09	5.07	1.57	0.394	0.538	0.334
	(S.D.)	7.59	6.42	1.36	0.03	0.073	0.048	0.135

deeper parts of the Gulf of Gdañsk can be subjected to hypoxia or anoxia and even hydrogen sulphide (Janas et al., 2004), because of the strong eutrophication occurring in this zone [START_REF] Laine | Distribution of soft-bottom macrofauna in the deep open Baltic Sea in relation to environmental variability[END_REF].

These heterogeneous environmental conditions might favor chaotic genetic patchiness [START_REF] Johnson | Chaotic patchiness in an intertidal limpet, Siphonaria sp[END_REF]. Indeed, we observed a greater genetic heterogeneity between close populations (e.g. Vistula populations), than between more distant populations (e.g at the scale of the entire Gulf of Gdañsk populations, Fig. 3). The asymmetric gene flow in the Gulf of Gdañsk might be the result of natural selection impacting larval and/or recruit survival induced by environmental conditions (e.g. [START_REF] Johnson | Chaotic patchiness in an intertidal limpet, Siphonaria sp[END_REF], 1984[START_REF] Watts | Effects of recruitment on genetic patchiness in the urchin Echinometra matchaei in Western Australia[END_REF], Hedgecock, 1994a[START_REF] Edmands | Allozyme and mitochondrial DNA evidence of population subdivision in the purple sea urchin Strongylocentrotus purpuratus[END_REF][START_REF] David | Fine-grained spatial and temporal population genetic structure in the marine bivalve Spisula ovalis[END_REF].

The gene flow from deep (30 to 60 m) to shallow populations is probably due to the specific water mass dynamics in the Vistula Estuary. In this salt wedge estuary, a sharp boundary exists between an upper layer of brackish water and an intruding wedge-shaped bottom layer of denser saltwater. Under the typical circulation for such estuary, low salinity surface water moves toward the open sea (flushing larvae away from the mouth of the estuary), whereas sea bottom water moves toward the land (and transporting larvae from deep to shallow). Moreover, the thermo-halocline may act as a physical barrier to larvae dispersal, leading to genetic differentiation at a microscale, as was already found in many marine organisms (e.g. [START_REF] Torrents | Upper thermal thresholds of shallow vs. deep populations of the precious Mediterranean red coral Corallium rubrum (L.): Assessing the potential effects of warming in the NW Mediterranean[END_REF][START_REF] Bongaerts | Genetic divergence across habitats in the widespread coral Seriatopora hystrix and its associated Symbiodinium[END_REF], Mokhtar-Jamai et al., 2011).

Depth-dependent timing of gonadal development and reproductive period might also influence genetic differentiation. Between 0 and 25 m depth, spawning is regulated by the warming of surface waters following air temperatures changes [START_REF] Wenne | Microgeographic differentiation of the reproductive cycle of Macoma balthica (L.) in the Gdañsk Bay (South Baltic), and the relationship between this cycle and energy reserve changes[END_REF][START_REF] Wenne | Zró nicowanie przestrzenne i ewolucja wybranych gatunków mał y morskich[END_REF], while at intermediate depths (25 -35 m) the spawning period is extended because of the longer persistence of colder water temperatures. In the deeper waters (70 -75 m), spawning is uncorrelated with surface water temperatures and often depends on food availability [START_REF] Wenne | Zró nicowanie przestrzenne i ewolucja wybranych gatunków mał y morskich[END_REF]after Pier cieniak et al., 2010).

2-2 Are SW60 populations subjected to local adaptation?

Microsatellite markers revealed a significant genetic differentiation between the deepest SW population (SW60) and others (except with SW40). Moreover, the SW60 population has the highest