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Contrasting genetic diversity patterns in two sister kelp species co-distributed along the coast of Brittany, France

Introduction

The effect of spatial structure on genetic diversity and the consequences of small population size have been widely investigated (Mc Cauley 1991;Charlesworth et al. 2003;Walser & Haag 2012), particularly in the field of conservation genetics, because of their potential effect on the survival of populations and species (Frankel & Soulé 1981). In his pioneering article describing the phenomenon of isolation by distance (IBD) in continuously distributed populations, Wright (1943) predicted that a species whose range is essentially linear should show more genetic structure than a species whose range is two-dimensional. This difference in structure results in increased variability in gene frequencies among generations in linearly arranged populations compared to populations that are arranged in two dimensions.

Furthermore, more recent theoretical approaches (Rousset 1997;Barton et al. 2013), have confirmed Wright's prediction that species distributed in a linear fashion should show more differentiation than those spreading in two dimensions.

In addition to the intuitive result that genetic divergence increases with distance, the model of Wilkins and Wakeley (2002), based on the assumption of a finite continuous habitat (e.g. along a stretch of coastline) with realistic treatments of habitat boundaries, predicts that genetic diversity will be at its greatest near the centre of a species distribution. However, species are not always continuously distributed and may have fragmented populations at different locations within their range, particularly in peripheral populations located at range edges. Thus, population genetic structure is predicted to vary along the geographic range of a
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This article is protected by copyright. All rights reserved. species' distribution (Vucetich & Waite 2003;Bridle & Vines 2007). The 'abundant-centre' or 'central-marginal' model of species distributions predicts that peripheral populations exhibit lower genetic diversity and greater genetic differentiation relative to central populations (Eckert et al. 2008). Nevertheless, historical factors have been shown to interact with central-marginal trends and shape latitudinal patterns of genetic diversity across species' ranges (Guo 2012). In particular, populations occurring at rear edges (i.e. low latitude edges) are often located in areas that were refugia during the last glacial maximum and are, therefore, expected to retain high and unique genetic diversity compared to high latitude populations (Hewitt 1996;Ibrahim et al. 1996). Together with central-marginal trends, these predictions indicate that rear-edge populations should exhibit high differentiation, low within-population diversity but high and unique regional diversity (Hampe & Petit 2005). Despite the large number of empirical studies testing range-wide genetic diversity patterns (for review, see Guo 2012 and references therein), the effect of distribution width (i.e. one-dimensional versus twodimensional distribution and the entire gradient between these two extremes, according to dimension widths) early predicted by Wright (1943) on genetic structure remains surprisingly little investigated.

Nearshore marine organisms are distributed linearly along the coast; however, the width of the band they occupy may differ between intertidal and subtidal species. For example, intertidal species are often distributed in narrow bands while subtidal species, particularly in areas where the slope of the continental shelf is weak, may occupy wider, relatively more two-dimensional bands (e.g. seagrass meadows and kelp forests).

Nevertheless, in addition to the influence of distribution width, patterns of genetic differentiation in intertidal versus subtidal organisms may also result from the combination of other factors. Among the studies comparing levels of genetic differentiation in coastal
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This article is protected by copyright. All rights reserved. organisms at several tidal heights (Engel et al. 2004;Marko 2004;Kelly & Palumbi 2010;Valero et al. 2011;Krueger-Hadfield et al. 2013), most have revealed decreasing differentiation with decreasing tidal height and have explained this pattern either by differences in immersion time among organisms located at different tidal heights or differences in selective pressure along the tidal height gradient. However, to our knowledge, the hypothesis regarding the influence of distribution width has never been suggested as a putative explanation of the contrasted connectivity patterns observed across different tidal heights.

The geography of Brittany's coastline results from the erosion of the metamorphic and magmatic rocks that make up the Armorican Massif, and therefore most of its shores are rocky. This area harbours a high diversity of seaweed species (Kerswell 2006), including two emblematic kelp species: Laminaria digitata (Hudson) J.V. Lamouroux and Laminaria hyperborea (Gunnerus) Foslie. These foundation species form large underwater forests that play an essential ecological role by providing habitat, protection and food to numerous organisms (Lobban & Harrison 1994;Steneck et al. 2002). However, kelp-dominated habitats in the North-East Atlantic have not been studied as much as those in other regions such as Australia and North America in the past few decades (reviewed by Smale et al. 2013).

Laminaria digitata (Ld) and L. hyperborea (Lh) are two sister species (McDevit & Saunders 2010) that have similar overall gross morphology, consisting of a large blade atop an elongated, stem-like stipe (however, the stipe is more flexible in Ld than in Lh). Both species have the same life cycle in which a macroscopic sporophyte (diploid) alternates with a microscopic gametophyte (haploid). Furthermore, both species are currently harvested in Brittany for their alginate content. Populations of Ld are usually distributed in a narrow, linear band along the coast spanning the lower intertidal and upper subtidal zones, whereas
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Along the European coastline, both species overlap for most of their geographic range; however, the northern-most species Ld encounters its southern range limit in southern Brittany while Lh extends southward to mid-Portugal (Kain 1971;Lüning 1990).

In light of the contrasting characteristics of the closely related kelp species Ld and Lh, two hypotheses can be formulated regarding the differences expected in their genetic patterns.

First, because populations of Lh are distributed in a wider band than those of Ld and located at a lower tidal height than those of Ld, they should be more connected with higher levels of genetic diversity. Second, the genetic diversity and structure of Lh populations in southern Brittany should not differ from that of its other populations whereas Ld populations in this area should harbour higher differentiation, reduced local genetic diversity and high and unique regional genetic diversity compared to the other areas of the study, because southern Brittany is the rear edge of Ld's species distribution.

In this study, we implemented a hierarchical sampling design, sampling kelp populations in 21 sites across 500 km of the Brittany coast, to characterise the patterns of genetic diversity and structure in Ld and Lh using microsatellites and to test the aforementioned hypotheses.
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Materials and methods

Sampling design and study area

To investigate the patterns of genetic diversity and genetic structure occurring among populations of the kelps Laminaria digitata and L. hyperborea, whose characteristics are summarised in Fig. 1, a hierarchical sampling design was implemented. Three spatial levels were considered: (1) regions separated by 60-180 km, (2) localities separated by 10-15 km and (3) sites separated by 300-1000 m (Fig. 2a). Four regions were included in the study: St Malo Bay (SMB), Morlaix Bay (MoB), Iroise Sea (IrS) and southern Brittany (SBr), all located in Brittany (north-western France, Fig. 2b). In MoB and IrS, which are in the centre of the rocky shore continuum along the Brittany coastline, four localities, each consisting of one or two sites, were sampled. St Malo Bay is separated from this central rocky continuum by a long sandy beach; therefore, populations of both species in SMB can be considered as marginal/peripheral in terms of habitat continuity. SBr, which has a continuous rocky shore, represents the southern edge of the species range for Ld; therefore, in this region, populations of Ld can be considered as marginal in terms of species range, but not those of Lh which extend 80 km further south (Fig. 1). Within SMB and SBr, three localities, each one consisting of one or two sites, were sampled. In total, 21 sites were sampled; all GPS coordinates are given in Table1.

Tissue collection and DNA extraction

The objective was to collect a minimum of 30 sporophytes by site and by species, chosen at random among the individual sporophytes exceeding 30 cm size. However, in three sites (Guimereux, Nerput and St Mathieu) with low density, fewer than 30 Ld sporophytes were sampled. Tissue samples consisting of a small disc of tissue at the base of the blade (a non-
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This article is protected by copyright. All rights reserved. lethal procedure) were sampled from 829 Ld and 1057 Lh sporophytes, generally by scuba diving. At each site, both species were sampled except in Ile Téviec where wave conditions were too dangerous to collect Ld. Tissue samples were preserved in individual plastic bags containing silica gel and stored at room temperature. DNA extraction was performed on 5-10 mg of dried tissue using the NucleoSpin® 96 Plant II kit (Macherey-Nagel, GmbH & Co. KG, Düren, Germany) following the manufacturer's instructions, except for the lysis step during which samples were left at room temperature for 1 h rather than heating to 65 °C for 30 min and the elution step which was performed in 100 µL rather than 200 µL elution buffer.

Microsatellite amplification, scoring and correction

Six microsatellites previously developed for Ld (Ld148, Ld158, Ld167, Ld371, Ld531 and Ld704) (Billot et al. 1998) and seven additional ones developed for Laminaria ochroleuca were used. For Ld, 12 microsatellites were amplified by PCR in four different multiplex mixes MM1 (Ld148, Ld158, Ld167, Ld371, Ld531 and Ld704), MM2 (Lo454-23, Lo454-24 and Lo454-27), MM3 (Lo454-17 and Lo454-28) and MM4 (Lo4-24). For Lh, 11 microsatellites were amplified in three different mixes: MM1 (Ld148, Ld158, Ld167, Ld371, Ld531 and Ld704), . Multiplex PCRs were performed, amplifying several loci simultaneously, using a PT-200 thermocycler (MJ Research, Waltham, MA, USA) in 10 µL final volume containing 1X GoTaq® Flexi colourless reaction buffer (Promega Corp., Madison, WI, USA), 2 mM MgCl 2 , 150 µM dNTPs, 0.35 U GoTaq® DNA polymerase (Promega Corp.) and 2 µL of template DNA (diluted to 1:100). Primers, primer concentrations and amplification conditions differed according to the multiplex mix. For MM1, primer concentrations were 100 nM for Ld148, Ld167 and Ld371, 150 nM for Ld158 and 200 nM for Ld531 and Ld704. For MM2 to
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This article is protected by copyright. All rights reserved. MM6, all primer concentrations were 200 nM. For MM1, the PCR programme included an initial denaturation at 94 °C for 5 min, 5 cycles of a touchdown PCR (denaturation at 94 ºC for 45 s, annealing at 60 ºC for 1 min and extension at 72 ºC for 45 s; 1 ºC decrease of the annealing temperature every cycle), followed by 30 cycles of denaturation at 94 ºC for 45 s, annealing at 55 ºC for 45 s and extension at 72 ºC for 1 min and a final extension at 72°C for 30 min. For MM2, MM3, MM5 and MM6, the PCR program included an initial denaturation at 94 °C for 5 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s and extension at 72 °C for 45 s and a final extension at 72 °C for 20 min. These latter conditions were similar for MM4 except the annealing temperature which was 50 °C. Forward primers were fluorescently labelled with 6-FAM (Ld531, Lo454-15 and Lo454-24), NED (Ld158, Ld371, Lo454-23 and Lo454-28), PET (Ld148,Ld704, or VIC (Ld167 and Lo454-17) dye (Applied Biosystems, Foster City, CA, USA). The loading mix for sizing was prepared by adding 2 µL of each PCR product to 10 µL of loading buffer containing 0.5 µL of the SM594 size standard (Mauger et al. 2012) plus 9.5 µL of Hi-Di formamide (Applied Biosystems). This loading mix was denatured at 94 °C for 5 min and run in an ABI 3130 xl capillary sequencer (Applied Biosystems) equipped with 50 cm capillaries.

Alleles were scored manually using the software GeneMapper® version 4.0 (Applied Biosystems). After two re-amplifications, individuals for which more than one locus did not amplify correctly were removed from the dataset. Loci were tested for null alleles and scoring errors using MICRO-CHECKER software version 2.2.3 (van Oosterhout et al. 2004). Linkage disequilibrium between pairs of loci was computed with FSTAT (Goudet 2001). The number of repeated multilocus genotypes at each site was calculated using GENALEX 6.5 (Peakall & Smouse 2012) and the genotypic diversity R was computed as the number of distinct
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This article is protected by copyright. All rights reserved. for effects of space ('region' or 'site'), species and their interaction on genetic diversity (AR and H e ) using each couple site/locus as a repetition, on the basis of a Bray-Curtis distance matrix and with 9999 unrestricted permutations of raw data as our data did not fit the assumptions of normality and homogeneity of variance. Homogeneity of multivariate dispersion was also tested by inferring deviations from a centroid using a distance-based test.

These analyses were carried out on a dataset restricted to the eight loci common to both species and the 17 sites where both species presented a number of individuals with complete genotypes ≥ 19, using PRIMER 6 version 16.1.13 and PERMANOVA+ version 1.0.3 (Clarke & Gorley 2006;Anderson et al. 2008). Finally, in each site, departure from random mating (inbreeding coefficient: F IS ) was tested using FSTAT (Goudet 2001) by permuting alleles among individuals within populations.
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Genetic structure

Pairwise F ST (as defined by Weir & Cockerham 1984) values were calculated for all site pairs within each species and, for each pairwise value, the significance of differentiation at the level of 5% was tested by permuting genotypes among sites using FSTAT (Goudet 2001). Overall genetic structure for both species was analysed using two complementary approaches. First, principal components analyses (PCA) based on allele frequencies were implemented in PCAGEN (Goudet 1999). Second, analyses of molecular variance (AMOVA) were carried out in Arlequin (Excoffier et al. 2005) with sites grouped into regions. Additionally, regional AMOVAs for each region were implemented with sites grouped into localities. Significance of the genetic structure was tested using 9999 permutations.

To perform tests of IBD, geographic distances between each pair of sites were calculated using the shortest path by the sea. IBD was tested for Ld and for Lh, both over all populations and within each region, by implementing Mantel tests between a matrix of genetic distances (F ST /(1-F ST )) and a matrix of geographic distances (in kilometres), using 1000 resamples. Since Ld and Lh have linear ranges, we used the untransformed geographic distances for both species, in accordance with Rousset (1997). Calculations of geographic distances and Mantel tests were performed in the free software R (R Development Core Team 2005), using the packages gdistance (van Etten 2012) and ncf (Bjørnstad 2009), respectively.
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Results

Microsatellite amplification

Allelic size profiles were unambiguous, and scoring was straightforward. All loci were polymorphic across all sites except Lo454-27 for Ld and Ld531 for Lh; they were therefore removed from subsequent analyses. We did not detect any null alleles in Ld populations; however, Ld371 and Ld704 showed evidence of null alleles in Lh populations; these two loci were therefore eliminated from subsequent analyses. The final datasets consisted of 764 individuals genotyped at 10 to 11 loci for Ld (Table S1) and 1031 individuals genotyped at 8 to 9 loci for Lh (Table S2). No linkage disequilibrium between pairs of loci was detected in either species. For Ld, only one site (Primel) showed significant departure from random mating (F IS = 0.145, Table1a), and none for Lh (Table1b). The efficiency of the microsatellite loci to discriminate among individuals was very high, with more than 80% of sites harbouring samples that consisted only of unique multilocus genotypes (R = 1) for both species (16/20 sites for Ld and 17/21sites for Lh, Tables 2a andb, respectively). The lowest value of genotypic diversity was observed in Santec (R = 0.90) for Ld with four pairs of individuals sharing the same genotype and in Guimereux (R = 0.95) for Lh with two pairs of individuals sharing the same genotype.

Patterns of genetic diversity along the Brittany coastline

Multilocus genetic diversity estimates are shown in Table1a for Ld and in Table1b for Lh (details locus by locus are given in Tables S3 andS4, respectively). For Ld, the number of alleles (N a ) ranged from 2.5 (SMB region) to 7.3 (IrS region). Rarefied allelic richness (AR) varied from 2.9 (SMB region) to 6.1 (IrS region). Expected heterozygosity varied between 0.349 (SMB region) and 0.624 (IrS region). Therefore, the sites with the lowest genetic
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For Lh, N a ranged from 3.1 (SMB region) to 6.6 (SBr region). AR varied from 2.9 (SMB region) to 5.2 (IrS region). H e varied between 0.429 (SMB region) and 0.622 (IrS region).

Therefore, as for Ld, both AR and H e showed their lowest values in SMB and their highest in IrS. At the regional level, i.e. when individuals from all the sites within a region were pooled, the lowest AR and H e values for Ld were observed in SMB and the highest in IrS. In contrast, for Lh, while both AR and H e were also at their lowest in SMB, the highest AR value was detected in SBr whereas H e was highest in IrS. The lowest P a value for Ld was found in SBr but in SMB for Lh and both species held their maximum P a value in IrS.

Genetic diversity indices varied significantly both between species and geographically (i.e. across regions and across sites); however, different responses were obtained according to the diversity estimate (i.e. AR or H e , Table 2, Fig. 3). Multivariate dispersion was homogeneous among regions (P = 0.236), among sites (P = 0.902) and between species (P = 0.439); therefore, the differences observed between the levels of these three factors were could be attributed to the factors tested and not to statistical bias in the distribution of the data.

The pattern of allelic richness varied significantly between species and across regions, and the interaction was significant (Table 2a, Fig. 2a). Allelic richness was globally higher in Lh (mean AR ± standard error over sites = 4.6 ± 0.1) than in Ld (4.2 ± 0.2). For both species, AR was significantly lower in the SMB region and higher in the two central regions of MoB and IrS, whereas in SBr, the pattern differed according to species, with AR being much higher in Lh than in Ld (Fig. 3a, see pairwise tests in Table S3). The same pattern was observed at the site level except that only the factor 'site' was significant (Fig. 3b, Table 2b).
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The pattern of gene diversity also varied significantly between species and across regions but the interaction between these factors was not significant (Table 2c). H e was always higher in Lh (mean H e ± standard error over sites = 0.570 ± 0.013) than in Ld (0.488 ± 0.019). For both species, H e followed the same pattern across regions with lower values in SMB and higher values in the three other regions (Fig. 3c). At the site level, only the factor 'species' remained significant (Table 2d) with Lh showing higher H e values than Ld at all sites (Fig. 3d).

Patterns of genetic structure along the Brittany coastline

Global analyses of genetic structure revealed significant genetic differentiation between most sites for Ld (153 out of 190 pairwise F ST values, i.e. 81%, Table S4), even at very small scales: the minimum distance for which significant differentiation was observed was less than 1 km (i.e. within SMB, between Nerput and Le Moulin). In contrast, fewer pairs of sites were significantly differentiated in Lh (138 out of 210 pairwise F ST values, i.e. 66%, Table S5) and the minimum distance for which a significant differentiation was observed was between 10 and 15 km. Moreover, mean pairwise F ST was lower in Lh (mean ± standard error 0.085 ± 0.006) than in Ld (0.094 ± 0.005). This difference between species regarding global genetic structure was confirmed by results of principal components analyses (PCA, Fig. 4). The first two axes explained 71.3 % (resp. 86.2 %) of the total variance for Ld (resp. Lh), the first axis explaining more than 50 % in both species (53.5 % for Ld and 67.1 % for Lh). For both species, sites of SMB were separated from sites of SBr along the first axis and sites of MoB were close to the ones of IrS.

However, for Ld sites of MoB were separated from the ones of IrS along the second axis (Fig. 4a) while these regions were inseparable for Lh (Fig. 4b). This article is protected by copyright. All rights reserved.

Hierarchical analyses of molecular variance revealed significant partitioning of genetic variation among regions and among localities within regions for Ld (Table 3a) and Lh (Table 3b). Although the amount of variation associated with the regional level was similar for both species (~ 10% of total variance), the variation associated with the partitioning among localities within regions was almost three times higher in Ld than in Lh. Analyses of molecular variance within each region revealed contrasting patterns between species (Table 4). In MoB and IrS, patterns were similar for both species with a significant partitioning at the level of localities and a non-significant partitioning at the site level. This pattern was also observed for Lh in the two other regions; hence, partitioning did not differ among regions for this species (Table 4b). In contrast, for Ld, partitioning at the level of localities was nonsignificant in SMB but significant at the site level and, in SBr, partitioning was significant at the locality and site levels (Table 4a).

There was a pattern of IBD in both species when examining all sites together (Fig. 5a,b); however, in Ld, most genetic distances were proportional to geographic distance (Fig. 5a), in Lh, for a given geographic distance, a large range of genetic distances was observed (Fig. 5b). This variability was mainly due to the fact that sites of SMB were highly differentiated from sites of other regions, whatever their distance. Patterns of IBD within each of the four regions were consistent between species although they varied among regions (Fig. 5c,d): for both species, there was a significant IBD pattern in MoB and IrS but not in SMB or SBr.

However, in SBr, there were fewer comparisons (three and six comparisons for Ld and Lh, respectively) than in the other regions, which probably affected the power of the statistical test.
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Discussion

As hypothesised, Laminaria digitata (Ld) and Laminaria hyperborea (Lh) displayed distinct patterns of genetic diversity and structure, with populations of Lh being more diverse and more connected than those of Ld (Table1, Figs. 2 &3). The comparison of the genetic diversity patterns between these two sister species can be used to discuss how distribution width, tidal height, latitudinal distribution and historical factors can lead to contrasting patterns of genetic diversity.

Differences in minimum dispersal scale

Laminaria digitata and L. hyperborea exhibit quite restricted dispersal, within the range of what has been reported for most macroalgal species (Santelices 1990;Kinlan et al. 2005). The significant partitioning of molecular variance among and within regions revealed that gene flow is reduced and populations are differentiated (Tables 4 &5) at the scale of 10-15 km in both kelp species (and even at a scale of less than 1 km in Ld). The minimum dispersal scale estimated in this study is similar to the values reported in a review of seven kelp species, including Ld (Valero et al. 2011).

The linear costal habitat favours isolation by distance in Brittany for both kelp species

Our study provided evidence of isolation by distance (IBD) along the Brittany coast (500 km) for both kelp species (Fig. 5) in spite of recent studies that suggest that Euclidian distances may not be appropriate for modelling gene flow in the marine environment; natural selection, historical factors or models of oceanographic currents appear to better explain patterns of genetic structure in many marine species (for review, see Hedgecock et al. 2007 
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This article is protected by copyright. All rights reserved. rather than contemporary processes because the establishment of IBD patterns requires sufficient time and equilibriums are generally not reached. However, Kimura and Weiss (1964) have demonstrated that equilibrium should be reached faster along a linear stretch than in a two-dimensional area. In the present study, the relatively short distance dispersal and almost continuous distribution of two kelps species along the rocky shoreline of Brittany likely explain the fact that our data better fit an IBD pattern than populations of non-linearly distributed and fragmented marine organisms that are connected by larval dispersal for which non-visible oceanic barriers may occur. This hypothesis is supported by a recent review showing clear evidence of IBD across a multitude of macroalgal species (Durrant et al. in press).

Alternation of generations does not favour selfing in the two kelp species

Both Ld and Lh exhibit a typical kelp life-history with an alternation of free-living microscopic, haploid, male and female gametophytes with macroscopic diploid sporophyte; this type of life history has consequences on fertilisation success, recruitment and dispersal (see, for example, Reed 1990, Billot et al. 2003, Raimondi et al. 2004). The dispersal of male gametes is considered to be less than a few centimetres (see Reed 1990 for review) because a pioneering study (Lüning & Muller 1978) demonstrated that male gametophytes release sperm in response to a pheromone produced by female gametophytes to guide the sperm to the non-motile egg. Furthermore, observations in the kelp species Macrocystis pyrifera and Pterygophora californica show that sporophyte recruitment depends mainly on meiospore density to ensure sperm-egg encounters (Reed 1990). Consequently, meiospore dilution is considered to be a major limitation in kelp dispersal distances. This may also favour selfing, especially when sporophyte density is low, even if high levels of inbreeding depression have been observed in M. pyrifera (Raimondi et al. 2004). In addition, spores of M. pyrifera are

Accepted Article

This article is protected by copyright. All rights reserved.

produced in sporangia that occur on specialised blades called sporophylls located near the base of the alga, further restricting dispersal. However, in Ld and Lh, meiospores are produced on the blade, the distal portion of the plant, and are therefore released 1 to 3 m above the substratum at high tide, which may facilitate their transport in the water column.

When released, spores are probably dispersed away from their parent sporophyte and related sibs. Kelp blades within the kelp forest may also act as paddles increasing water movement and consequently enhancing meiospore dispersal. Accordingly, no significant departure from random mating was observed within most sites for either species (Table1). In addition to localised dispersal, rare events of long-distance dispersal are also possible by fertile drifting blades that continue to produce and release meiospores, as shown in the giant kelp Macrocystis spp. (Macaya et al. 2005).

Differences in genetic structure between the two kelp species: life history traits versus spatial arrangement of populations

Although both species are perennial, Lh lives three times longer than Ld . Several comparative studies (Hamrick & Godt 1996;Nybom 2004) have reported that longer-lived species retain most of their genetic variability within populations and those with a shorter life span allocate most of their genetic variability among populations. Likewise, this pattern was observed in the present study. However, the effects of longer longevity on higher genetic diversity are not easy to explain and covariation between life span and dispersal mechanisms may introduce some biases to these comparative studies (Duminil et al. (2007).

The differences in spatial structure between the two sister species revealed in our study can be attributed to factors other than longevity, such as differences in the spatial arrangement of their populations: Ld occupies a narrow band in the low-intertidal zone while
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Marginality of populations: limit of habitat continuity versus edge of distributional range

Although Lh generally exhibited more genetic diversity and connectivity than its sister species (Figs. 2 & 3), patterns of genetic diversity and structure varied greatly among the regions studied (Table 2). Core populations located in the regions of MoB and IrS, inhabiting the centre of the continuous rocky habitat of the Brittany coast, harboured a typical pattern of large interconnected populations for both species (highest level of genetic diversity, lowest level of population structure and significant IBD). Moreover, north of SMB, Brittany is flanked by a large sandy stretch of coast (more than 20 km of sandy beach of the famous Mont Saint Michel Bay) unsuitable for settlement of either kelp species. In addition, the region of SBr corresponds to the southern edge of Ld's distributional range, whereas Lh's
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This article is protected by copyright. All rights reserved. range extends down to Portugal. For both species, the typical pattern of fragmented marginal populations was found in the region of SMB (lower genetic diversity, increased genetic differentiation and no significant IBD). The fact that neither species showed significant IBD patterns in these marginal populations and only in core continuous populations (Fig. 5) suggests that these marginal populations are not at demographic equilibrium probably because they undergo regular and/or recent perturbations. These results confirm previous studies on Ld showing that marginal populations of SMB exhibit low genetic diversity as a result of habitat discontinuity in comparison to populations of MoB and IrS located within the continuum of rocky substratum (Billot et al. 2003;Valero et al. 2011;Couceiro et al. 2013).

Examination of genetic samples collected over time in this species detected genetic changes only for the populations located in the region of SMB (Valero et al. 2011), confirming that these marginal populations are subject to recent demographic effects. Here, we demonstrated that, despite showing higher genetic diversity than its sister species, Lh is also affected by habitat discontinuity, hence reinforcing the importance of this factor in shaping kelp genetic patterns. This effect of habitat discontinuity leading to chaotic patterns of population genetic structure with weak relationships to inter-population distances has been demonstrated in several rocky shore species such as fishes (Riginos & Nachman 2001;Watts & Johnson 2004;Johansson et al. 2008), red macroalgae (Faugeron et al. 2001;Faugeron et al. 2004) and, in particular, kelps (Alberto et al. 2010;Fraser et al. 2010 and references therein).

Regarding the populations of the SBr region, genetic diversity remained high for Lh and comparable to core populations. In contrast, at the southern edge of its distributional range, Ld exhibited reduced within population genetic diversity. The reduced genetic diversity observed in Ld probably reflects the small size of populations due to their occurrence in suboptimal habitats. A recent study showed that higher temperatures affect sporulation in Ld
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This article is protected by copyright. All rights reserved. (Bartsch et al. 2013), which may contribute to meiotic dysfunction and the supposed occurrence of asexual reproduction observed in some populations of SBr. However, these populations were located around Belle-Île-en-Mer, i.e. slightly south of the populations of the present study (Oppliger 2010;Oppliger et al. submitted). We did not detect any patterns of asexual reproduction in our study: genotypic richness was not systematically lower in SBr. In addition, our study revealed that the pool of Ld populations in SBr exhibited neither high nor unique regional genetic diversity as expected according to the rear-edge hypothesis (Hampe & Petit 2005). This hypothesis is based on the historical effect of the last glacial maximum and, therefore, it predicts that rear edges, because they often correspond to refuges from the last glacial maximum, should harbour high and unique regional diversity (Hewitt 1996;Ibrahim et al. 1996). In contrast to our findings and in accordance with the rear-edge hypothesis, field studies have highlighted that some species display high regional genetic diversity towards their rear edge. In the particular case of seaweeds and plants, several papers have been published recently showing this pattern of low levels of intra-population genetic diversity but 
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). In the case of Ld, we contend that the populations in SBr do not constitute a long-term storage of genetic diversity as in classical rear edges. Refugia from the last glacial maximum for Ld were probably not located in SBr, but most likely further north in the western part of the Channel (e.g. Hurd Deep) as reported for several macroalgae (Provan et al. 2005;Maggs et al. 2008). Moreover, for both Ld and Lh, the highest levels of regional genetic diversity and unique diversity were found in the IrS and MoB (i.e. closer to the Hurd Deep) suggesting that this area sheltered refugia during the last glacial maximum.
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Recommendations for the harvest and management of natural stocks

In Brittany, Ld and Lh are both harvested to extract alginates and most of the crop comes from MoB and IrS, the two regions that store high and unique genetic diversity. On the one hand, the high genetic diversity of these two kelp species in MoB and the IrS ensure a high evolutionary potential for recovery despite harvesting. On the other hand, these populations harbour rare and unique genetic diversity, which is fragile: if lost, it is lost forever. In addition, MoB and the IrS have been described as potential refuges from recent climate change for several species of red seaweeds living under the kelp canopy (Gallon et al.

submitted). To avoid the loss of rare genetic diversity and its potential negative effects at the community level (reviewed by Hughes et al. 2008), harvesting practices in Brittany should avoid fragmenting the kelp populations. Currently, Lh is harvesting using the Norwegian comb, a dragging device which scrapes the substratum leading to substantial breakage and crushing of its surface (pers. obs., L. Le Gall & M. Robuchon). This substratum damage likely causes negative side-effects that have received little attention (Leclerc 2013) because most monitoring efforts are devoted to quotas. Although we do not have enough information yet to assess the impact of the Norwegian comb on the connectivity of Lh populations, it would be judicious to design a more efficient device to harvest Lh that will have less impact on the rocky substratum.

Concluding remarks

Our study provides empirical evidence to the prediction that a species whose distribution is essentially one dimensional shows more genetic structure than a species whose distribution tends to spread in two dimensions. This "distribution width effect" is probably an important factor shaping genetic diversity in a coastal habitat, which, together with other effects related
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to the location of species along a tidal height gradient (i.e., immersion time and selective pressure), predicts that intertidal species are less connected than subtidal species across the same shore. In addition, our study confirms that populations located at habitat discontinuities show reduced genetic diversity and connectivity. However, our results do not support the predictions of the rear-edge hypothesis because the regional genetic diversity at the southern limit of the species range (i.e., putative refugium) was not high, probably due to historical or demographic effects. Comparative studies in other nearshore marine species would be valuable to determine which aspects of species distributions exert the most influence on population genetic diversity and structure. This article is protected by copyright. All rights reserved.

(16), Pointe du Grand Gouin (17), Ile Téviec (18), Houat 2 (19), Houat 1 (20) and Hoedic (21). For site coordinates, see Table1. 
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  genotypes (G) /number of individuals and corrected for sample size (R=G-1/N-1, Dorken & Eckert 2001) Genetic diversity Standard measures of genetic diversity (mean number of alleles per locus (N a ), unbiased expected heterozygosity (H e ; Nei 1987), allelic richness (AR) rarefied to 19 individuals) were calculated at each site using FSTAT (Goudet 2001). Allelic richness by site was not calculated for the sites Guimereux, Nerput and St Mathieu because the Ld sample size was too small. Additionally, these three estimates of genetic diversity were calculated for each region by pooling sites within a region, and AR was rarefied to 132 individuals. The number of private alleles (P a ) per site and per region was calculated using GENALEX 6 (Peakall & Smouse 2005). Permutational analyses of variance (PERMANOVA) were performed to test

  ; and more recent studies in whelks, White et al. 2010; in fucoids, Coleman & Kelaher 2009 and in kelps, Alberto et al. 2010). In these species, genetic differentiation patterns reflect past disturbances

  tidal height: several studies have reported a decrease in genetic structure with increasing tidal height (see for example the reviews based 50 nearshore marine invertebrate species in Kelly and Palumbi (2010) and on 17 kelp species in Valero et al. (2011)). There are two arguments that can explain this pattern. The first argument is that intertidal organisms spend less time immersed than subtidal ones and thus their propagules have less opportunity to disperse in the water column. The second argument is that intertidal species undergo a greater variety of environmental stresses than subtidal ones (Helmuth & Hofmann 2001). In this stressful environment, selection may favour restricted dispersal (either via differential larval behaviour of fishes, Kelly & Palumbi 2010; or selfing in seaweeds, Billard et al. 2010) to maintain local adaptation, and therefore indirectly affect genetic structure.

  high regional genetic diversity of pooled populations typical of rear edges along the European Atlantic coast (in the seagrass Zostera marina, Diekmann & Serrão 2012; in the red alga Chondrus crispus, Provan & Maggs 2012; and in the kelp Saccorhiza polyschides, Assis et al.

Fig. 3

 3 Fig. 3 Comparison of genetic diversity estimates between Laminaria digitata (Ld) and

Fig. 4

 4 Fig. 4 Principal components analysis (PCA) based on allele frequencies of (a) Laminaria

Fig. 5

 5 Fig. 5 Isolation by distance of (a) all pairs of Laminaria digitata populations, (b) all pairs of

P

  a , the number of private alleles; R, genotypic diversity (G-1/N-1, where G is the number of distinct genotypes Dorken & Eckert 2001); F IS , inbreeding coefficient as defined by Weir & Cockerham (1984) calculated overall loci. For N a , AR and H e , values are mean and standard errors over loci. Significant values of F IS (P < 0.05) are indicated with an asterisk (*). Regional (pooled site samples) sample size and genetic diversity estimates are shown in bold.

  

  

  

  

Table S1

 S1 Microsatellite genotypes of Laminaria digitata individuals in GeneAlex formatTable S2 Microsatellite genotypes of Laminaria hyperborea individuals in GeneAlex formatTableS3Results of the pairwise tests testing the differences in allelic richness between species within each region and among regions within each species Table S4 Genetic diversity estimates by locus for Laminaria digitata Table S5 Genetic diversity estimates by locus for Laminaria hyperborea Table S6 Laminaria digitata pairwise F ST and their associated probabilities as calculated in FSTAT

Table S7

 S7 Laminaria hyperborea pairwise F ST and their probabilities as calculated in FSTAT

Table 1

 1 Geographic locations, size, multilocus genetic and genotypic diversity estimates for samples (a) of Laminaria digitata on 11 microsatellite loci and (b) of Laminaria hyperborea on 9 microsatellite loci; to see which sites belong to the same locality, see Fig.2Sampling was carried out at the same sites for both species except Ile Téviec where L. digitata was not sampled and Duons Est and Les Amas du Cap where species' sites were separated by a few hundred meters. N is the number of individuals per sample; N a , number of alleles; AR, rarefied allelic richness; H e , expected heterozygosity as defined by Nei (1987);

	(a) L. digitata								
	Site	GPS coordinates Harvesting	N N a AR	H e	P a R	F IS
	(number)			#		§			
	Guimereux	48.69658	-	No	7 2.5	× 0.412	0 1.00 0.150
			1.96063		±		±		
	(1)				0.3		0.069		
	La Bigne (2) 48.69452	-	No	46 4.1	3.3	0.390	6 0.96	-
			1.98453		±	±	±		
					0.6	0.4	0.065		0.054
	Nerput (3)	48.65248	-	No	12 2.7	× 0.356	0 1.00	-
			2.14033		±		±		
					0.4		0.073		0.065
	Le Moulin	48.65113	-	No	40 3.3	2.9	0.415	0 0.97	-
			2.11750		±	±	±		
	(4)				0.6	0.5	0.069		0.054
	Les Amas du	48.68785	-	No	59 4.0	3.2	0.349	1 1.00 0.058
			2.32502		±	±	±		
	Cap (5)				0.8	0.6	0.082		
	St Malo Bay				164 5.7	5.4	0.394	8	
	(SMB)				±	±	±		
					0.8	0.8	0.069		
	Primel (6)	48.72933	-	No	55 5.1	4.2	0.496	1 1.00 0.145
			3.78566		±	±	±		
					0.8	0.6	0.077		

This article is protected by copyright. All rights reserved. This article is protected by copyright. All rights reserved.

Table 2

 2 Results of the PERMANOVA (permutational analysis of variance) testing the effects of the factors (a) 'species' and 'region' on allelic richness (AR), (b) 'species' and 'site' on the AR, (c) 'species' and 'region' on the expected heterozygosity (H e ) and (d) 'species' and 'site' on the H e ; df, degrees of freedom; SS, sum of squares; Pseudo-F, the Pseudo-F statistic; and P(perm), the probablity calculated by permutations.

	(a)

Effects of the factors 'species' and 'region' on AR

  

	Accepted Article	Source of variation Species Region Species*Region Residuals Total (b) Effects of the factors 'species' and 'site' on AR df 1 3 3 264 1.032 × 10 5 SS 1870 16024 3609 271 1.239 × 10 5 Source of variation df SS Species 1 1025 Site 16 17723 Species*Site 16 4793 Residuals 238 1.032 × 10 5 Total 271 1.239 × 10 5 (c)	Pseudo-F 4.8 13.6 3.1 Pseudo-F 2.4 2.6 0.7	P(perm) 0.021 < 0.001 0.017 P(perm) 0.107 < 0.001 0.820
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Effects of the factors 'species' and 'region' on H e

  

	Source of variation	df	SS	Pseudo-F	P(perm)
	Species	1	451	6.4	0.011
	Region	3	1116	5.3	0.002
	Species*Region	3	97	0.5	0.713
	Residuals	264	18517		
	Total	271	20181		
	(d)				

Effects of the factors 'species' and 'site' on H e Source of variation df SS Pseudo-F P(perm)

  

	Accepted Article	Species Site Species*Site Residuals Total	1 16 16 238 271	451 1172 181 18377 20181	5.8 0.9 0.1	0.016 0.518 1
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Table 3

 3 Results of the analysis of molecular variance (AMOVA) averaged over loci for localities grouped by region for (a) Laminaria digitata and (b) Laminaria hyperborea ST among localities without hierarchy is 0.109, P < 0.001

	(a) L. digitata					
	Source of variation	Sum of	Variance	%	F-statistic	P
		squares	components	variation		
	Among regions	378.8	0.303	9.4	F CT = 0.094 < 0.001
	Among localities within	99.2	0.075	2.3	F SC = 0.026 < 0.001
	regions					
	Within localities	4278.4	2.836	88.3		
	Total	4756.5	3.213			
	Global F ST among localities without hierarchy is 0.117, P < 0.001		
	(b) L. hyperborea					
	Source of variation	Sum of	Variance	%	F-statistic	P
		squares	components	variation		
	Among regions	455.7	0.284	10.1	F CT = 0.101 < 0.001
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Table 4

 4 Analysis of molecular variance (AMOVA) of sites grouped by locality for eachWithin St Malo Bay (Global F ST among sites without hierarchy is 0.050, P < 0.001) Within Morlaix Bay (Global F ST among sites without hierarchy is 0.020, P < 0.001) Within Iroise Sea (Global F ST among sites without hierarchy is 0.022, P < 0.001) Within St Malo Bay (Global F ST among sites without hierarchy is 0.016, P < 0.001) Within Morlaix Bay (Global F ST among sites without hierarchy is 0.001, P = 0.362) Within Iroise Sea (Global F ST among sites without hierarchy is 0.010, P < 0.001) Within Southern Brittany (Global F ST among sites without hierarchy is 0.013, P < 0.001)

	Source of variation	Sum of	Variance	%	F-statistic	P
		squares	components	variation		
	-Among localities	23.2	-0.006	-0.3	F CT = -0.003	0.648
	-Among sites within	11.2	0.116	5.3	F SC = 0.052	< 0.001
	localities					
	-Within sites	672.7	2.089	95.0		
	-Total	707.1	2.199			

region of (a) Laminaria digitata and (b) Laminaria hyperborea (a) L. digitata This article is protected by copyright. All rights reserved. This article is protected by copyright. All rights reserved.
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