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INTRODUCTION

Ongoing habitat destruction, mainly induced by human activities, is described as "the most serious threat to biological extinction crisis" by causing a reduction and fragmentation of species geographic range [START_REF] Wilcox | Conservation strategy: The effects of fragmentation on extinction[END_REF][START_REF] Saunders | Biological consequences of ecosystem fragmentation: a review[END_REF][START_REF] Sala | Global biodiversity scenarios for the year 2100[END_REF]. Consequently, natural populations became smaller and more isolated in anthropogenic landscapes [START_REF] Mcgarigal | Comparative evaluation of experimental approaches to the study of habitat fragmentation effects[END_REF][START_REF] Fahrig | Effects of Habitat Fragmentation on Biodiversity[END_REF], and more sensitive to demographic and genetic stochasticity [START_REF] Young | The population genetic consequences of habitat fragmentation for plants[END_REF][START_REF] Lowe | Genetic resource impacts of habitat loss and degradation; reconciling empirical evidence and predicted theory for neotropical trees[END_REF][START_REF] Ouborg | The rough edges of the conservation genetics paradigm for plants[END_REF][START_REF] Honnay | Susceptibility of common and rare plant species to the genetic consequences of habitat fragmentation[END_REF].

As gene flow appears to be restricted in fragmented species, an erosion of genetic diversity within isolated populations and an increase of the genetic divergence with other populations are expected [START_REF] Young | Genetics, demography and viability of fragmented populations[END_REF][START_REF] Newman | Experimental evidence for beneficial fitness effects of gene flow in recently isolated populations[END_REF]. In the initial stage after the isolation, both the number of polymorphic loci and the number of alleles per locus decrease, due to bottleneck and genetic drift [START_REF] Ellstrand | Population genetic consequences of small population size: Implications for plant conservation[END_REF][START_REF] Young | The population genetic consequences of habitat fragmentation for plants[END_REF]. If isolation persists, the population can experience a significant decrease of vigor and fecundity due to the increased inbreeding and the accumulation of deleterious alleles [START_REF] Lynch | Mutation accumulation and the extinction of small populations[END_REF][START_REF] Higgins | Metapopulation extinction caused by mutation accumulation[END_REF][START_REF] Keller | Inbreeding effects in wild populations[END_REF][START_REF] Reed | Correlation between fitness and genetic diversity[END_REF]. In the short-term, the fragmented population becomes more vulnerable face to environmental stochasticity, and population extinction risk can drastically increase [START_REF] Huenneke | Ecological implications of genetic variation in plant populations[END_REF][START_REF] Young | The population genetic consequences of habitat fragmentation for plants[END_REF]. On the long-term, genetic depletion reduces the population ability to adapt to any environmental change [START_REF] Barrett | Genetic and evolutionary consequences of small population size in plants: implications for conservation[END_REF]. Genetic drift, consequent to isolation, also contributes to increase the genetic differentiation between the isolated population and populations in the core distribution of the species [START_REF] Pironon | Geographic variation in genetic and demographic performance: new insights from an old biogeographical paradigm[END_REF]. Small populations are often more particularly affected [START_REF] Leimu | How general are positive relationships between plant population size, fitness and genetic variation[END_REF][START_REF] Richards | Inbreeding depression and genetic rescue in a plant metapopulation[END_REF], which can sometimes lead to the extinction of the population [START_REF] Lande | Effective population size, genetic variation, and their use in population management[END_REF][START_REF] Spielman | Most species are not driven to extinction before genetic factors impact them[END_REF]. The species vulnerability face to these negative consequences also varies according to any life-history trait that reduces the effective population size such as a short-life cycle [START_REF] Young | The population genetic consequences of habitat fragmentation for plants[END_REF], and selfing [START_REF] Hamrick | Allozyme diversity in plant species[END_REF]. In contrast, the ability to reproduce clonally may buffer the genetic events [START_REF] Gitzendanner | Patterns of genetic variation in rare and widespread plant congeners[END_REF][START_REF] Honnay | Prolonged clonal growth: Escape route or route to extinction?[END_REF].

Integrating genetic variation has become a key element of practical conservation and adapted management [START_REF] Holsinger | Conservation of rare and endangered plants: principles and prospects[END_REF][START_REF] Hamrick | Conservation genetics of endemic plant species[END_REF][START_REF] Rieseberg | Conservation genetics of endangered island plants[END_REF][START_REF] Escudero | Spatial analysis of genetic diversity as a tool for plant conservation[END_REF] and is particularly relevant when reintroduction or reinforcement are planned [START_REF] Mistretta | Genetics of species re-introductions: applications of genetic analysis[END_REF][START_REF] Havens | The genetics of plant restoration[END_REF][START_REF] Falk | Population and ecological genetics in restoration ecology[END_REF][START_REF] Neale | Genetic considerations in rare plant reintroduction: practical applications (or how are we doing?)[END_REF]. For example, genetic studies are used to identify the most appropriate source of plant material for reintroduction operations [START_REF] Haig | Molecular contributions to conservation[END_REF][START_REF] Petit | Identifying populations for conservation on the basis of genetic markers[END_REF][START_REF] Lawrence | Reintroduction of Castilleja levisecta: effects of ecological similarity, source population genetics, and habitat quality[END_REF], giving the advantage to suitable level of genetic diversity [START_REF] Breed | Which provenance and where? Seed sourcing strategies for revegetation in a changing environment[END_REF]. Using the closest geographic population as source material for reinforcement is often recommended [START_REF] Mckay | How local is local?' -A review of practical and conceptual issues in the genetics of restoration[END_REF], while using multiple source populations appears relevant when populations exhibit a low genetic variability [START_REF] Vergeer | Single-family versus multi-family introductions[END_REF][START_REF] Maschinski | When is local the best paradigm? Breeding history influences conservation reintroduction survival and population trajectories in times of extreme climate events[END_REF]. However, it should be noted that, despite guidelines and recommendations, a few number of reintroduction success, or reinforcement, have been recorded yet in plant species [START_REF] Godefroid | Plant reintroductions: the need for a global database[END_REF].

Eryngium viviparum J. Gay, is a priority species of the European Habitats Directive and the Bern Convention. It occurs in vernal pools, highly specific of these open habitats maintained by the temporary flooded system and traditional farming practices [START_REF] Jovet | Notes sur quelques plantes de Carnac (Morbihan)[END_REF]. In the 1980's, Eryngium viviparum experienced a rapid population decline throughout its natural range, especially in France, leading to a highly fragmented Ibero-Armorican distribution (Fig. 1). The reduction of suitable habitats, due to change in farming practices and urbanization, is a significant threat for the survival of the species [START_REF] Magnanon | Plan national d'actions en faveur du panicaut vivipare[END_REF]. In France, it is considered as critically endangered [START_REF] Olivier | Livre rouge de la flore menacée de France. Tome 1 : espèces prioritaires[END_REF] as only one population remains. For these reasons, several protection measures has been applied since 1987, including annual monitoring, demographic studies, and conservation management of the population. More recently, a National Action Plan (NAP) was implemented, which supports the long-term conservation of Eryngium viviparum in France [START_REF] Magnanon | Plan national d'actions en faveur du panicaut vivipare[END_REF]. This program includes notably the restoration of extinct populations. This latter aspect implies to define the best genetic sources to be reintroduced. Despite the strong isolation of the French population and its reduced spatial distribution (0.1 ha), annual census showed an increasing population between 1994 and 2016 (from 1 500 to 10 000 individuals), including an average of 30% of flowering plants over the summer (Guillevic, unpublished data). However, considering the clonal ability of this species, the effective population size should be significantly lower than the demographic one.

The aim of this study is to investigate the genetic status of the remaining Eryngium viviparum French population. Using microsatellites markers, specifically designed for the study, we compared the within population genetic diversity between the French population and the Iberian populations (Spain and Portugal), to infer consequences of isolation. According to the theoretical models in population genetics, it is expected that this population has a low genetic diversity. We also identified which Iberian population is the most genetically related to the French one, in order to provide practical recommendations for the reintroduction plan. Under these objectives, ecological differentiation between Eryngium viviparum populations is also evaluated, based on climatic and vegetation data.

MATERIAL AND METHODS

STUDY SPECIES

Eryngium viviparum J. Gay (Apiaceae) is a diploid species, occurring in temporary ponds. These The species is distributed in the north-west of France (Brittany) and north-west part of the Iberian peninsula in three distinct geographical groups (North, Central and South, Fig. 1). Only one population is known in France, occurring in the protected area of "les Quatre-chemins" (Belz, department of Morbihan). This population is nowadays strongly isolated, whereas in the 80's, about 40 populations were known [START_REF] Magnanon | Plan national d'actions en faveur du panicaut vivipare[END_REF]. The North Iberian populations also experienced a decline in the last decades, due to habitat modification [START_REF] Romero | Conservation status of Eryngium viviparum Gay[END_REF].

SAMPLING DESIGN AND MICROSATELLITE ANALYSES

Leaves were sampled in 2014 on 247 individuals from 11 populations (Fig. 1). Sampled individuals were sufficiently spaced from each other, to reduce the probability of sampling identical genotypes. Samples were dried and stored in silica gel. The number of samples per population ranged from 15 to 27 individuals for the Iberian populations, depending on population size, and 37 individuals were sampled from the French population (Table 1).

Genomic DNA was extracted from dried leaves using the CTAB protocol from [START_REF] Doyle | Isolation of Plant DNA from fresh tissue[END_REF].

The genotypes of each individual were characteized using 7 operational microsatellite markers (Table 2) specifically developed for Eryngium viviparum by the biotechnology company "Genoscreen" (Lille, France). Microsatellite loci were isolated by Titanium pyrosequencing [START_REF] Malausa | High-throughput microsatellite isolation through 454 GS-FLX Titanium pyrosequencing of enriched DNA libraries[END_REF] and designed using QDD pipeline [START_REF] Meglécz | QDD: A user-friendly program to select microsatellite markers and design primers from large sequencing projects[END_REF]. The PCR were processed performing two reactions, multiplexing markers based on size compatibility, and using fluorescent labeling of the forward primers (Applied Biosystems). The PCR were carried out in a final volume of 10 µL, including 1 µL of the extracted DNA, 0.2 µL of the forward and reverse primers, and 2X QIAGEN Multiplex Master Mix (5 µL, QIAGEN, France). All the microsatellites amplifications were performed using a thermocycler (Eppendorf Pro) under the following temperature conditions: initial denaturation at 95°C for 15 min, followed by 30 cycles of 94°C for 30 seconds (denaturation), 90 seconds at 60°C (annealing) and 60 seconds at 72°C (elongation), finished by the final extension step at 60°C during 30 min. The sizes of PCR products were analysed by electrophoresis using a 24 capillary Genetic analyser (ABI3500XL, Applied Biosystems). The raw data were visualized with GeneMapper 5.0 (Applied Biosystems).

POPULATION SIZE AND ECOLOGY

Individual censuses were performed each year in the French population, but no comparable estimation exists for Iberian populations. Therefore population size was estimated using the population surface and the abundance of Eryngium viviparum individuals evaluated by [START_REF] Glemarec | La phytosociologie, un outil d'aide à la conservation d'Eryngium viviparum[END_REF], and was summarized in 5 classes: 1: < 500 individuals; 2: 500 to 2 000 individuals; 3: 2 000 to 10 000 individuals; 4: 10 000 to 50 000 individuals; 5: > 50 000 individuals. Geographic distance to the nearest existent population was estimated from GPS coordinates and used as connectivity indice (Table 1).

Ecological distances among populations were considered using both climatic and vegetation data.

Three climatic data were extracted from WorldClim 2 database [START_REF] Hijmans | The WorldClim interpolated global terrestrial climate surfaces[END_REF][START_REF] Trabucco | Global aridity index (global-aridity) and global potential evapotranspiration (global-PET) geospatial database[END_REF] with 30 arc second spatial resolution (about 1km): maximum and minimum annual temperature (TMAX and TMIN, respectively) and annual precipitation (PP, Table 1). Mean values between 1970 and 2000 were used for each population.

For eight of the sampled populations (S1, S2, C1, C3, C4, N1, N2 and FRENCH), vegetation communities have been characterized by [START_REF] Glemarec | La phytosociologie, un outil d'aide à la conservation d'Eryngium viviparum[END_REF] according to the phytosociologial approach. From this dataset, presence/absence of co-occuring species have been extracted (Supplementary Material, Table S1), as they appeared relevant to characterized global ecological factors [START_REF] Gillet | La phytosociologie synusiale intégrée: guide méthodologique[END_REF]. These qualitative data have been preferred to abundance/dominance values since species abundances vary according to the management regime which is very heterogeneous among Eryngium viviparum populations.

DATA ANALYSES

MICROSATELLITE POLYMORPHISM AND DIVERSITY PARAMETERS

The presence of null alleles was checked using Micro-Checker 2.2.3 [START_REF] Van Oosterhout | MICRO-CHECKER: software for identifying and correcting genotyping errors in microsatellite data[END_REF].

Linkage disequilibrium for each pair of loci within each population and the conformity to Hardy-Weinberg equilibrium were tested with a significance level of 5% using GENEPOP 4.0 [START_REF] Rousset | GENEPOP'007: A complete re-implementation of the GENEPOP software for Windows and Linux[END_REF].

When multiple tests were involved the sequential Bonferroni correction was applied to adjust significance values [START_REF] Rice | Analyzing tables of statistical tests[END_REF].

Several genetic diversity parameters, including average number of alleles per locus, the observed heterozygosity, the unbiased expected heterozygosity, and the fixation index were computed using GENETIX 4.05 [START_REF] Belkhir | GENETIX 4.05, logiciel sous WindowsTM pour la génétique des populations[END_REF]. Correlations between population size and diversity parameters, and between connectivity and diversity, were tested using Spearman ranks correlations (significance level of 0.05).

PAST DEMOGRAPHY DYNAMICS

Demographic changes in effective population sizes were inferred using the Migraine software (Version 0.5, [START_REF] Leblois | Maximumlikelihood inference of population size contractions from microsatellite data[END_REF]. A detailed procedure can be found in [START_REF] Zenboudji | Conservation of the endangered Mediterranean tortoise Testudo hermanni hermanni: The contribution of population genetics and historical demography[END_REF]. Briefly, we estimated two parameters: the ancestral θanc=4Nancμ, and the actual θact=4Nactμ, where Nact is the current effective population size, Nanc is the ancestral population size, and μ is the mutation rate per locus per generation. The parameter Nratio=Nact/Nanc allows to detect, either a reduction (ratio <1) or an expansion (ratio >1) in population size. For each Nratio estimated, its 95 % confidence intervals was used to test for significant difference with 1. All Migraine runs were done using the pGSM model for mutation model [START_REF] Leblois | Maximumlikelihood inference of population size contractions from microsatellite data[END_REF], with 2000 trees per iteration and 512 points per tree and 9 iterations.

DIFFERENTIATION AMONG POPULATIONS

Pairwise FST values were calculated with GENEPOP 4.0 [START_REF] Rousset | GENEPOP'007: A complete re-implementation of the GENEPOP software for Windows and Linux[END_REF]. Isolation by distance was tested using Mantel test between FST/(1-FST) and log (linear distance), with a significance level of 5%. Furthermore, we used Nei's DA distances [START_REF] Nei | Accuracy of estimated phylogenetic trees from molecular data[END_REF], to study the relationship among populations and groups of populations. Overall genetic differentiation was evaluated using a principal components analysis (PCA) using the "adegenet" R package [START_REF] Jombart | Adegenet: a R package for the multivariate analysis of genetic markers[END_REF]. Bayesian analysis of genetic structure was also applied using STRUCTURE v.2.3.4 [START_REF] Pritchard | Inference of population structure using multilocus genotype data[END_REF].

The admixture models were performed for eleven independant runs (K=1 to 11), with 10 replicates at each value of K. Each run consisted of 5 000 Markov Chain Monte Carlo (MCMC) repetitions following a burn-in period of 5 000 iterations. The optimum value of K was determined according to the Δ(K) method developped by [START_REF] Evanno | Detecting the number of clusters of inividuals using the software STRUCTURE: a simulation study[END_REF] with the STRUCTURE HARVESTER tool [START_REF] Earl | STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE output and implementing the Evanno method[END_REF].

Ecological data were used to compute a dissimilarity matrix among the 8 concerned populations using the R "Vegan" package [START_REF] Oksanen | Vegan: community ecology package. R package version 2[END_REF]R Development Core Team 2016). We used the Gower coefficient [START_REF] Gower | A general coefficient of similarity and some of its properties[END_REF], since it allows to combine continuous variables (climatic data) and binary data (vegetation data).

Correlations among genetic distances (FST/(1-FST) and Nei's DA), geographical distances (logtransformed, and obtained from GPS coordinates) and ecological distances were tested, at an alpha level of 0.05, using Mantel tests implemented in the R "Vegan" package (R Development [START_REF] Core | R: A language and environment for statistical computing[END_REF][START_REF] Oksanen | Vegan: community ecology package. R package version 2[END_REF] with 1000 permutations. Following [START_REF] Guillot | Dismantling the Mantel tests[END_REF], we did not perform partial Mantel tests.

RESULTS

MICROSATELLITE POLYMORPHISM

The number of alleles per locus varied from 5 (pmEV01) to 19 (pmEV04). Only the locus pmEV05 showed sign of null alleles with frequencies ranging from 0.08 to 0.41. This locus is the only one showing a significant heterozygote deficiency (P < 0.01, Table 2).

Among the 231 tests used to detect for linkage disequilibrium between loci, only three were significant after the Bonferroni correction: pmEV04/pmEV17, pmEV04/pmEV09, and pmEV05/pmEV09 (P < 0.001). Hardy-Weinberg equilibrium was tested at each locus for each population and only three tests (out of 77) showed a significant deviation from Hardy-Weinberg expectations after Bonferroni correction for loci pmEV04 and pmEV05 in the N3 population and locus pmEV05 in N2 population (P < 0.001). This is congruent with presence of null alleles for pmEV05.

GENETIC DIVERSITY WITHIN POPULATIONS

As expected, the French population showed the lowest values for the three parameters estimating the within-population diversity (Table 3). The French population was the only one with a significant heterozygote deficit (FIS=0.17, P < 0.05, Table 3). Genetic diversity was quite similar among the Iberian populations, with the exception of the smallest population (S2), which had the lowest genetic diversity (Table 3), but which was nevertheless twice that in the French population. These results are congruent with the ratio between the number of multilocus genotypes and the sample size (Table 3). The French population showed the lowest value and all the Iberian populations showed high values. However, no similar multilocus genotype was detected across populations.

None of the genetic diversity parameters were correlated with population size (P > 0.05), with or without the French population. In contrast, distance to the closest population, used as a connectivity index, was correlated to NA, HOBS and FIS (R=-0.61, -0.66, and 0.69 respectively, P < 0.05) when considering the French population, but not anymore when excluding it (P > 0.05).

PAST DEMOGRAPHIC DYNAMICS

According to the N ratio estimates produced by Migraine, no population showed a significant demographic expansion (P > 0.05). A bottleneck (N ratio> 1) was detected in most of the sampled populations, and all of them have recovered allelic diversity (Table 3). Consistent with the low diversity, a bottleneck was also detected for the French population (Table 3).

DIFFERENTIATION AMONG POPULATIONS

Genetic differentiation

Global FST value (0.29) indicated high differentiation among populations. For the Iberian populations, the genetic differentiation was also high (FST=0.24). Pairwise FST values ranged from 0.04 to 0.6, and 26 values out 55 were > 0.25 (Table 4). Isolation by distance tested using the correlation between FST/(1-FST) and log(geographical distance) was significant considering the 11 populations (R=0.65, P < 0.01, Fig. 2), and was also significant excluding the French population (R=0.41, P=0.01). Correlation between Nei DA and log (geographical distance) was also significant whether the French population was included, or not, in the analysis (R > 0.58, P < 0.001).

The PCA also suggested differentiation between the FRENCH and Iberian populations (Fig. 3A). This observation is also consistent with the structure analysis. According to the Δ(K) method, the most appropriate value of K given for our data was K=4 (Fig. 3B). These four clusters of individuals match the four geographical regions were Eryngium viviparum occurs (FRENCH, North, Central and South of Iberian peninsula, Fig. 3C).

Ecological differentiation

Gower distances ranged from 0.19 (N2 & N1) to 0.67 (French & S1). Genetic and Gower distances were positively correlated using Nei DA values (R=0.59, P < 0.001), but not when using linearized FST (R=0.43, P > 0.05). These correlations, using both Nei DA and linearized FST, were not significant when considering only the Iberian populations (P > 0.05).

Among populations, the plant communities share common species, characterized by pioneer species 

DISCUSSION

ASSESSMENT OF GENETIC DIVERSITY FOR THE ONLY FRENCH POPULATION

Among the 11 studied populations, a reduction of effective size was detected in eight populations.

These bottlenecks are consistent with the historical data of the species, known from the botanical literature and herbarium specimens [START_REF] Magnanon | Plan national d'actions en faveur du panicaut vivipare[END_REF]. For instance, in France, since the first description of the species in 1839, 36 populations had been recorded in a limited area in Brittany, and all of them except one, have disappeared. However, the genetic consequences of these bottlenecks appear very different according to the geographic area. Indeed, all the Iberian populations, even the smallest one (<500 individuals) appear to have recovered genetic diversity. In contrast, the French population shows an extremely low level of genetic diversity and an evidence of inbreeding.

Moreover, only one rare allele was found for the French population for the pmEV09 locus (frequency <5%), and no private allele was observed, suggesting an absence of specificity for this population considering these seven microsatellites. Conversely, some Iberian populations display private alleles and a global high multi-locus allelic diversity, except for S2, the smallest one, which appeared twice diversified than the French population. The level of genetic diversity detected in the French population appeared especially lower than those noticed in other endangered Apiaceae, such as its congeneric Eryngium alpinum L. [START_REF] Gaudeul | Genetic structure of the endangered perennial plant Eryngium alpinum (Apiaceae) in an alpine valley[END_REF], or other species under similar isolated context [START_REF] Wiberg | The genetic consequences of long term habitat fragmentation on a self-incompatible clonal plant, Linnaea borealis L[END_REF][START_REF] Tamaki | Genetic diversity and structure of remnant Magnolia stellata populations affected by anthropogenic pressures and a conservation strategy for maintaining their current genetic diversity[END_REF][START_REF] Aavik | Genetic consequences of landscape change for rare endemic plants -A case study of Rhinanthus osiliensis[END_REF].

In this study, population size is not correlated with genetic diversity, while genetic diversity and heterozygosity are commonly expected to be positively correlated with population size [START_REF] Ellstrand | Population genetic consequences of small population size: Implications for plant conservation[END_REF][START_REF] Frankham | Relationship of genetic variation to population size in wildlife[END_REF][START_REF] Leimu | How general are positive relationships between plant population size, fitness and genetic variation[END_REF]. Among the eleven populations studied, the French population showed the lowest genetic variability, despite a population size estimated to 10 000 individuals in 2016, which was considered as intermediate when compared to Iberian populations.

Therefore, according to our results, isolation appeared to have more negative influence than population size on the genetic diversity for Eryngium viviparum, and connectivity seems to reduce the effect of bottleneck. This isolation effect has been reported in some genetic studies on other plant species (Eucalyptus albens Benth., [START_REF] Prober | Conservation of the grassy white box woodlands: population genetics and fragmentation of Eucalyptus albens[END_REF]; Anthyllis vulneraria L., [START_REF] Honnay | Low impact of present and historical landscape configuration on the genetics of fragmented Anthyllis vulneraria populations[END_REF], which suggest to avoid population fragmentation when possible or to reestablish connectivity among populations. The demographic size of the French population reveals the efficiency of the management strategy to sustain the population. However, the absence of genetic diversity due to the combined effect of bottleneck and spatial isolation could cast doubt on the long-term persistence of the population.

The species is also characterized by clonal propagation, which often contributes to decrease genetic diversity [START_REF] Hamrick | Allozyme diversity in plant species[END_REF][START_REF] Watkinson | Seedling recruitment and the maintenance of clonal diversity in plant populations -A computer simulation of Ranunculus Repens[END_REF][START_REF] Young | Breeding system, genetic diversity and clonal structure in the sub-alpine forb Rutidosis leiolepis F. Muell. (Asteraceae)[END_REF][START_REF] Vallejo-Marín | The ecological and evolutionary consequences of clonality for plant mating[END_REF]. It could ultimately lead to a monoclonal genotypic pattern [START_REF] Balloux | The population genetics of clonal and partially clonal diploids[END_REF][START_REF] Honnay | Prolonged clonal growth: Escape route or route to extinction?[END_REF]. However, in some cases, clonal propagation may benefit species under isolated context, by maintaining allelic diversity, polymorphism and heterozygosity, but only on the short-term [START_REF] Ellstrand | Patterns of genotypic diversity in clonal plant species[END_REF][START_REF] Auge | Demographic and random amplified polymorphic DNA analyses reveal high levels of genetic diversity in a clonal violet[END_REF][START_REF] Meloni | Effects of clonality on the genetic variability of rare, insular species: The case of Ruta microcarpa from the Canary Islands[END_REF]. The monocarpy (short-lived species) and the poor dispersal ability observed for Eryngium viviparum are also factors that are well-known to induce a loss of genetic diversity [START_REF] Young | The population genetic consequences of habitat fragmentation for plants[END_REF].

STRONG STRUCTURE BETWEEN GEOGRAPHIC GROUPS

Consistent with the low dispersal ability of the species, but despite the putative contribution of genetic drift, isolation by distance revealed that geographical distance appears to be a major component of the genetic differentiation among populations. The French population appears less distant from the North Iberian populations, as suggested by [START_REF] Rodriguez-Gacio | Genetic diversity among genotypes of Eryngium viviparum (Apiaceae): A plant threatened throughout its natural range[END_REF] with RAPD analyses. This relative genetic proximity is probably the result of a common biogeographical history. Nevertheless, the FST showed a high differentiation between the French population and the Iberian ones, which is consistent with the spatial isolation. Such high FST levels are regularly found for rare plants [START_REF] Maguire | Microsatellite analysis of genetic structure in the mangrove species Avicennia marina (Forsk.) Vierh. (Avicenniaceae)[END_REF].

Consistently with the geographical distances, bioclimatic data also revealed that the French population is distant from all other populations. This population occurs on temperate hyperoceanic domain, while 

IMPLICATIONS FOR CONSERVATION

With its strong isolation (<500 km), excluding any genetic exchange with other populations, the French population of Eryngium viviparum is a suitable model to discuss implications of genetic studies for conservation purposes. The very low genetic diversity, on the edge of monoclonality, can reduce the environmental adaptability of the species [START_REF] Frankham | Stress and adaptation in conservation genetics[END_REF]. This low allelic diversity can also lead to inbreeding depression and affect the viability of individuals by fixation of deleterious alleles [START_REF] Lynch | Mutation accumulation and the extinction of small populations[END_REF][START_REF] Higgins | Metapopulation extinction caused by mutation accumulation[END_REF][START_REF] Keller | Inbreeding effects in wild populations[END_REF][START_REF] Reed | Correlation between fitness and genetic diversity[END_REF]. Correlation between population size and reduction in fitness is a common pattern for plants [START_REF] Reed | Relationship between population size and fitness[END_REF]. Indeed, a decrease of the viability of both seeds and seedlings seems already to occur in the French population (Guillevic, pers. com.). Moreover, ex situ germination experiments show lower germination rates for seeds sampled on French individuals (30%) than seeds collected on Iberian individuals (80%, Gautier, pers. com.). These observations combined to our results imply that restoring the genetic diversity in the French population should be considered.

However, introduction of new genotypes in an endangered population always remains problematic for stakeholders concerned with the species conservation, arguing that it will alter the genetic identity of the local population [START_REF] Maurice | Mixing plants from different origins to restore a declining population: ecological outcomes and local perceptions 10 years later[END_REF]. An alternative solution is to reestablish connectivity by restoring populations, as planned within the framework of the NAP [START_REF] Magnanon | Plan national d'actions en faveur du panicaut vivipare[END_REF]. The longterm and ambitious objective is to re-create a sustainable metapopulation of E. viviparum in Brittany.

Nevertheless, guidelines for reintroduction suggest avoiding low genetic diversity [START_REF] Montalvo | Restoration biology: a population biology perspective[END_REF][START_REF] Weeks | Assessing the benefits and risks of translocations in changing environments: a genetic perspective[END_REF], and studies have shown that reintroducing material from multiple populations can increase translocation success [START_REF] Vergeer | Single-family versus multi-family introductions[END_REF][START_REF] Maschinski | When is local the best paradigm? Breeding history influences conservation reintroduction survival and population trajectories in times of extreme climate events[END_REF] and restore significantly the genetic diversity [START_REF] Zavodna | A long-term genetic study reveals complex population dynamics of multiple-source plant reintroductions[END_REF]. This would suggest that in absence of other French sources, reintroduction could be implemented using Iberian genetic material. It is also generally recommended choosing source material from the nearest populations [START_REF] Brown | A basic sampling strategy: theory and practice[END_REF][START_REF] Mckay | How local is local?' -A review of practical and conceptual issues in the genetics of restoration[END_REF][START_REF] Bottin | Re-establishment trials in endangered plants: A review and the example of Arenaria grandiflora, a species on the brink of extinction in the Parisian region (France)[END_REF], in order to avoid environmental maladaptation. As the French population clearly appears strongly ecologically distant from the Iberian populations, it should be necessary to test for a possible outbreeding depression between French and Iberian populations before any reintroductions [START_REF] Yardeni | Reproductive isolation between populations of Iris atropurpurea is associated with ecological differentiation[END_REF]. Populations from the Northern part of the Iberian distribution range should be favored, as they present the lesser distance for both ecological and genetic data. Experimental crossing should also be considered beforehand, to test the viability of first generations, and their adaptability to survive in the natural habitat of E.viviparum.

CONCLUSION

This study brings new elements of the genetic status of Eryngium viviparum, an important requirement for the French National Action Plan. Seven microsatellites markers were developed and validated specifically for the genetic characterization of E. viviparum. Our results clearly contribute to guide management and restoration operations for the species, and suggest that the restoration of extinct populations is a priority. Experimental reintroductions, using only the French genotypes, had already occurred in order to optimize technical modalities and to identify factors that influence the success of E. viviparum reintroductions [START_REF] Rascle | Identification of success factors for the reintroduction of the critically endangered species Eryngium viviparum J. Gay (Apiaceae)[END_REF]. However, the origin of the material must be clarified by some complementary studies in order to test the viability and the environmental adaptation of offspring from controlled crosses.
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  monocarpic species combines sexual and clonal reproduction. The flowers are hermaphroditic and pollinated by insects. Numerous clonal rosettes emerge at the root plate level of the mother plants and on the flower stems. Seed germination and clonal plants development occur mostly in Autumn. The dispersion appears limited as clonal individuals and seedlings are mainly observed at the foot of the mother plants, causing a patchy distribution.

  growing in seasonally flooded open habitats, such as Exaculum pusillum (Lam.) Caruel (Gentianaceae), Chamaemelum nobile (L.) All. (Asteraceae), Baldellia ranunculoides (L.) Parl. (Alismataceae) and Eleocharis multicaulis (Sm.) Desv (Cyperaceae). However some ecological vicariances were observed among Eryngium viviparum co-occurring species. For example, Agrostis canina L. (Poaceae) was observed only in the French population, while Agrostis hesperica Romero Garcia, Blanca López & Morales Torres was identified in North and Central Iberian population, and Agrostis pourrettii Willd. only in South Iberian populations. Considering only the presence/absence of species, the French population seems closer to North Iberian populations, sharing several Atlantic species, such as Aristavena setacea (Huds.) F.Albers & Butzin (Poaceae) and Galium debile Desv. (Rubiaceae), which are not reported in the other two clusters. S1 is the furthest population from the French one, characterized by the occurence of Mediterranean species such as Agrostis pourrettii (Poaceae), Pulicaria paludosa Link. (Asteraceae) and Mentha cervina L. (Lamiaceae).

  northern and central Iberian populations are located respectively under temperate oceanic and temperate submediterranean bioclimate (Rivas-Martínez, Rivas-Sáenz & Penas-Merino, 2011). However, Glemarec et al. (2017) considered that the French population and the northern Iberian populations occur under the same bioclimatic region, as temperate oceanic, and highlight similar plant associations. In these two regions, E. viviparum communities are characterized by Atlantic wetland species which belong to the floristic associations of Eleocharitetum multicaulis Allorge 1922 ex Tüxen 1937 and Deschampsio setaceae-Agrostietum caninae Lemée 1937. The populations S1 and S2 located in the southern limit of the E. viviparum distribution range, are characterized by a Mediterranean pluvioseasonal oceanic bioclimate (Rivas-Martínez et al., 2011) and the occurrence of Atlantic and Mediterranean species. According to Glemarec et al. (2017), these floristic composition may be linked to the associations of Pulicario uliginosae-Agrostietum salmanticae Rivas Goday 1956 and Periballio laevis-Illecebretum verticillati Rivas Goday 1954. These two populations also appeared more genetically differentiated from the other Iberian populations. Therefore, both ecological and genetical data confirm the differentiation between the French population and the Iberian populations, and also between the three Iberian clusters.

Fig. 1 .

 1 Fig. 1. Global distribution and location of the 11 sampled populations of E. viviparum. A. Actual and historic distribution in France. B. Actual distribution in the Iberian Peninsula. Dotted line ellipses delimit the three population geographical clusters.

Fig. 2 .

 2 Fig. 2. Correlation between FST (FST/1-FST) and log(geographical distance, in km) for pairwise comparisons of the ten E. viviparum Iberian populations. r² indicates the coefficient of correlation from the Mantel test.

Fig. 3 .

 3 Fig. 3. Population structure analyses. a. First plan of the principal components analysis (PCA) of Eryngium viviparum's genetic structure among eleven populations and based on seven microsatellites multilocus genotypes. Each point represent the individual genotypes and are connected by lines to the centroid of the 95% confidence interval ellipse of each population. b. Delta(K) values from K=1 to 11. c. Average assignment probability of Eryngium viviparum individuals for K=4.

Table 2 .

 2 Characteristics of the seven microsatellites primers used for genotyping Eryngium viviparum populations. Ta: annealing temperature. NA: average number of alleles. HOBS: observed heterozygosity. HEXP: expected heterozygosity. FIS: intrapopulation fixation index. FIS values statistically different from zero, at the 0.05 level, appeared in bold.

	Location

Table 3. Genetic diversity (number of alleles per locus=NA , observed heterozygosity=HOBS, unbiased expected heterozygosity=HEXP, fixation index=FIS) within each population of Eryngium viviparum and Migraine outputs of past demographic analyses expressed by N ratio (current effective population size =Nact/ancestral population size=Nanc, the 95% confidence intervals are given into brackets). Populations with an N ratio significantly different from 1 are in bold. FIS values statistically different from zero, at the 0.05 level, are in bold.