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ABSTRACT
Aim Disjunctly distributed peatmosses (Sphagnum) have been found to exhibit little genetic structure over regional and intercontinental scales, mainly caused by high ability for transoceanic long-distance dispersal. Although, most Northern Hemisphere peatmoss species have wide circumboreal/nemoral ranges, little is known about the magnitude and effects of long-distance dispersal and barriers in shaping the genetic structure of such species. We investigate whether high dispersal capacity has caused genetic homogeneity across broad areas of the Northern Hemisphere, or whether barriers act to shape genetic structure across different species with similar distribution ranges.
Location Northern Hemisphere
Methods We studied genetic variation and structure in six Sphagnum species using 19 microsatellite loci. 
Results Four out of six species were genetically structured in similar ways; with mainly one Beringian and one Atlantic group. Overall, both the North American and Eurasian continents seemed to act as a barrier to gene flow in several species. However, the most abrupt breakpoint between genetic groups was found in southeast Alaska. 
Main conclusions We found evidence for extensive gene flow between regions across the Northern Hemisphere among peatmosses, with oceans seemingly acting as weaker barriers to gene flow than landmasses. Plants from the amphi-Atlantic and amphi-Beringian regions of several species were genetically differentiated. Similar genetic structuring across several species, indicate that spore-producing species do not disperse freely across their entire distribution range, but are likely limited by wind directions, landmass barriers and/or habitat availability.
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INTRODUCTION
Constraints to dispersal are important factors in evolution, facilitating local adaptation (Kawecki & Ebert, 2004), leading to speciation by vicariance (Mayr, 1942), and shaping species distribution patterns (Procheș & Ramdhani, 2013). Species may have restricted distribution ranges because dispersal is constrained by physical barriers (Eidesen et al., 2013), large dispersal units (Gillespie et al., 2012), or particular habitat requirements (Schei et al., 2012). Conversely, high dispersal ability may allow worldwide spread of genetic variants and species over short time-scales. For instance, the broad ranges found in many seed plants across the arctic zone of the Northern Hemisphere may result from dispersal after the last glaciation, i.e., during the last 10 000 years (reviewed by Abbott & Brochmann, 2003; Brochmann et al., 2003; Alsos et al., 2007; Brochmann & Brysting, 2008).
Bryophytes (liverworts, hornworts, and mosses) often have exceptionally wide distributions throughout the Northern Hemisphere (Schofield, 1988; Shaw, 2001). This is likely due to the small dispersal units of bryophytes (spores), since dispersal capacity is closely associated with dispersal unit size (Gillespie et al., 2012; Wilkinson et al., 2012). Microorganisms and diaspores up to about 20 µm can theoretically be spread by wind across each hemisphere in a short time (Wilkinson et al., 2012). Spore diameter is typically less than 40 µm in bryophytes, usually around 20 µm, and frequent long-distance dispersal should be expected in many species (van Zanten & Pócs, 1982). In the moss genus Sphagnum, estimated annual spore output per m2 may be as much as 1 billion spores in some areas (Flatberg, 2013). Considering the enormous number of spores produced along with the efficient “air-gun” spore spreading mechanism (Sundberg, 2010), the number of Sphagnum spores that are dispersed even between continents must be quite high each year. Sundberg (2012) trapped spores in the arctic archipelago of Svalbard where Sphagnum species never have been observed with sporophytes (Flatberg & Thingsgaard, 2003), and estimated that as much as 1% of the ‘spore rain’ had continental origin.
There is a growing consensus that wide distribution patterns in bryophytes are shaped by long-distance dispersal between geographically well-separated regions (Muñoz et al., 2004; Heinrichs et al., 2009; Vanderpoorten et al., 2010), even though incomplete linage sorting, slow evolution (Stenøien, 2008; Szövényi et al., 2008; Stenøien et al., 2011), and cryptic speciation (Shaw, 2001) also contribute to these patterns. In the northernmost areas even seed plants may be exceptionally mobile (Alsos et al., 2007; Brochmann et al., 2013), although oceans, ice-caps and mountain ranges are recognised as barriers to gene flow in species having circum-Arctic distributions (Eidesen et al., 2013). It is presently unclear how seed plant dynamics relate to those in bryophytes as there are comparably few phylogeographical studies on circumboreal bryophytes (but see Hedenäs, 2012; Piñeiro et al., 2012).
The distribution pattern of Sphagnum spores has a fat-tailed kernel which can lead to homogeneous distribution of genetic variants at a regional scale (Szövényi et al., 2012). Single microsatellite haplotypes have even been found spanning thousands of kilometer in both S. subnitens on the North American continent (Karlin et al., 2011) and S. wulfianum across Northern Europe (Kyrkjeeide et al., 2012). Spore dispersal seems to happen frequently across the Atlantic Ocean contributing to low genetic differentiation between amphi-Atlantic populations of numerous Sphagnum species (Stenøien & Såstad, 1999; Hanssen et al., 2000; Thingsgaard, 2001; Szövényi et al., 2008; Stenøien et al., 2011), a pattern also found in amphi-Pacific populations of S. miyabeanum (Shaw et al., 2014a). Despite demonstrations of frequent transoceanic gene flow, we know much less about bryophyte genetic structuring and dispersal abilities across large continents (Hedenäs, 2012), and no comparisons of dispersal abilities across ocean and continents have been performed. Along the western coast of North America both extensive dispersal leading to one large homogenous population (Karlin et al., 2011) and strong genetic structure separating southern and northern plants (Shaw et al., 2014a) have been observed in Sphagnum. However, no other studies of Sphagnum have included species distributed over large areas of landmasses and the generality of these results are currently unknown. This is of interest since many Sphagnum species have circumboreal ranges, and given that spore dispersal might be limited by barriers such as mountain ranges, wind current directions (Muñoz et al., 2004), or spore establishment (Sundberg & Rydin, 2002), different patterns of genetic structuring could be expected on large spatial scales associated with global distribution of oceans and landmasses.
In this study we used six Sphagnum species that mainly occur in the circumboreal zone with disjunct to more continuous distributions to understand how dispersal across land and oceans affects contemporary distribution and genetic structure in spore plants. The species included are expected to have rather similar dispersal capacities, but their micro-habitat requirements vary from narrow to broad (Flatberg, 2013). In line with recent studies (Szövényi et al., 2008; Heinrichs et al., 2009; Vanderpoorten et al., 2010), we hypothesise that high dispersal capacity in bryophytes will lead to genetic homogeneity across wide areas of the Northern Hemisphere, and that disjunct distributions result from specialised habitat requirements. Specifically, we aim at investigating the spatial genetic diversity and structure among six Sphagnum species to assess whether genetic homogeneity is found across landmasses as well as oceans or whether barriers limit spore dispersal across the Northern Hemisphere, and to examine whether genetic diversity and structure are similar in disjunctly and continuously distributed species.

MATERIALS AND METHODS
Study species and sampling
Six gametophytically haploid (n=19) species with distributions in boreal and partly nemoral areas of the Northern Hemisphere were sampled: S. angustifolium (Warnst.) C.E.O. Jensen, S. austinii Sull., S. fuscum (Schimp.) H. Klinggr., S. quinquefarium (Lindb.) Warnst., S. rubiginosum Flatberg, and S. wulfianum Girg. (Table 1). All species show more or less similar patterns of spore output and fecundity: they all have spore sizes of 20-30 µm and occasional to frequent spore production (Flatberg, 2013). In contrast, distribution ranges (Fig. 1, see Fig. S1 in Appendix S1 in Supporting Information for exact distribution ranges) and habitat preferences differ among them. Sphagnum angustifolium, S. fuscum, and S. wulfianum are more or less continuously distributed, although the latter is rare along the Pacific coast. The three other species, S. austinii, S. quinquefarium and S. rubiginosum, have highly disjunct distributions, all confined to coastal areas. Sphagnum quinquefarium and S. rubiginosum are found on all northern continents, while S. austinii is not found in Asia. Sphagnum wulfianum and S. austinii have the most specialised habitat requirements, growing only on hummocks in swampy mire forests and exposed ombrotrophic mires, respectively. Similarly, S. fuscum forms hummocks, but has a wide distribution in nutrient-poor mire communities from sea level to the low alpine vegetation zone. Both S. quinquefarium and S. rubiginosum occur on moist soils in forests and heaths, but the former occurs more commonly in heath than the latter. The species with most generalised habitat requirements is S. angustifolium which occurs in nutrient-poor as well as nutrient-rich mires and on moist soils in forests and heaths.
We aimed to sample specimens from as many localities as possible to cover the distribution ranges of the species (Fig. 1). For this purpose, we sampled 730 herbarium collections from herbaria TRH (Trondheim, Norway), DUKE (Durham, USA), LN (St. Petersburg, Russia), MHA (Moscow, Russia), MA (Madrid, Spain) and UBC (Vancouver, Canada). One shoot was selected from each herbarium specimen for DNA extraction (vouchers are listed in Appendix S1 in Supporting Information). Due to some misidentifications of specimens in herbaria, 579 specimens were finally included in genetic analyses (Table 2). No samples of S. quinquefarium were obtained from Asia due to misidentification of specimens with this name in herbaria.

Molecular methods
DNA was extracted from dried specimens using a small part of the shoot apex. Extractions were performed using the CTAB protocol described in Shaw et al. (2003) or with the DNeasy 96 Plant Kit (Qiagen, Oslo, Norway) following the manufacture’s protocol.
Twenty microsatellite markers developed and commonly applied for Sphagnum species (Shaw et al., 2008; Stenøien et al., 2011; Shaw et al., 2013) were used. Eighteen markers were amplified in S. wulfianum and 19 markers in the other species. An overview of the markers used and the number of alleles found per marker in each species are listed in Appendix S1 (Supporting Information). Three to five markers were amplified in 8 µl of multiplex reactions using Qiagen Multiplex PCR Kit (Qiagen, Oslo, Norway). Multiplex reactions consisted of 2.5 µl multiplex mix, 1.7 µl doubled distilled H2O, 0.8 µl primer mix, and 3 µl DNA diluted 1:10 in distilled H2O. Primer mixes were made based on expected microsatellite length and fluorophores (HEX, FAM and NED) to avoid overlap between markers. The same thermocycling regime was implemented for all primer sets, with an initial step at 95°C for 15 minutes, then 33 cycles at 94°C for 30 seconds, 53°C for 90 seconds, and 72°C for 60 seconds, and a final step at 60°C for 30 minutes. 1 μL of PCR product, 8.85 μL of Hi-DiTM Formamide (Applied Biosystems, Norway) and 0.15 μL GSLizz500 were mixed for electrophoresis on an ABI 3730 sequencer. GENEMAPPER® software (Applied Biosystems) was used to size and genotype the alleles. A subset of the samples (5%) were amplified twice to check for reproducibility.
In addition, nucleotide sequences were obtained from the four most variable species based on microsatellite results (see below). From S. angustifolium, S. fuscum, S. quinquefarium and S. rubiginosum, five, five, three and three samples, respectively, representing genetically differentiated specimens, were screened for variation in two regions of the plastid genome (trnG and trnL). Only S. angustifolium samples differed with an indel (1 bp) in three of five samples, and no variation was found in the plastid marker trnL using the same samples. Since no segregating sites were found within species, no additional sequences were obtained and sequence data were omitted in the following analyses.

Genetic structure and diversity analyses
Genetic structuring were investigated using Principal Coordinate Analyses (PCoA) in GENALEX 6.501 (Peakall & Smouse, 2012) and Bayesian cluster analyses implemented in STRUCTURE 2.3.4 (Pritchard et al., 2000). The same analysis regime was used for all species in STRUCTURE, i.e., burn-in period of 50 000 iterations followed by 200 000 iterations per run, replicated ten times for each K from 1-10 assuming an admixture model with independent allele frequencies. STRUCTURE HARVESTER (Earl & vonHoldt, 2012) was used for collating and visualizing likelihood values obtained from STRUCTURE. The mean likelihood of the K-value (L(K)) and standard deviations for K-values, as well as ΔK (Evanno et al., 2005) were used to evaluate the most likely number of genetic groups within each species. Alignments of the different replicated analyses for the chosen K-values were made using the greedy option and 1 000 random input orders in the software CLUMPP 1.2.2. (Jakobsson & Rosenberg, 2007). The program DISTRUCT 1.1 (Rosenberg, 2004) was used to graphically display STRUCTURE results. 
Samples for each species were pooled into regional groups according to major patterns of genetic structuring across species and geographical distribution of samples within species. Thus, six regional groups were defined: Europe, eastern North America, Pacific Northwest, Alaska, Asia, and central Eurasia. High genetic differentiation was found along the western coast of North America (see below), with one genetic group dominating in Southeast Alaska and southwards (Pacific Northwest) and another dominating northwards (Alaska). Therefore, two regional groups were defined in the western North American area. Sphagnum austinii was divided in three regional groups, S. quinquefarium, S. rubiginosum, and S. wulfianum in four regional groups, and S. angustifolium and S. fuscum in six regional groups (Fig. S1 in Appendix S1 in Supporting Information). To further investigate genetic structure and differentiation, pairwise FST and Nei’s genetic distance were estimated between pairs of regional groups for each species. Furthermore, genetic diversity was estimated for each regional group in all species using number of polymorphic loci, expected heterozygosity, and mean number of alleles per locus. These analyses were performed in GENALEX 6.501 (Peakall & Smouse, 2012). 
To test for isolation by distance, Mantel tests were performed comparing genetic and geographical distances for each species using 999 permutations to assess significance. Additionally, isolation by distance across oceans and landmasses was compared by running Mantel tests for assemblies of regional groups separated by either ocean or land. Land included North America (eastern North America, Pacific Northwest and Alaska) and Eurasia (Europe, central Eurasia and Asia). Oceans were represented by regional groups situated along the coasts, i.e., Atlantic (Europe and eastern North America) and Pacific (Pacific Northwest, Alaska and Asia). Geographical distances were log transformed and all tests were run in GENALEX 6.501 (Peakall & Smouse, 2012). The mean of the slope values from ocean (Atlantic+Pacific) were compared to the mean of slope values from landmasses (Eurasia+North America) using t-test in the R environment (R, Development Core Team. 2011). Slopes not significantly different from 0 were set to 0 in all calculations of means used in the t-test. Amplicon sizes rather than microsatellite repeat numbers were used in all statistical analyses above.

Historical demography estimation
Sphagnum angustifolium, S. fuscum and S. quinquefarium were further analysed to investigate historical demography; i.e., population splits and mixing, and divergence times between genetic clusters recognised by Structure. These three species have the highest levels of genetic variation observed, are abundant in all regions where they occur, and are genetically structured across the Northern Hemisphere (see below). In the following analyses, microsatellite data were scored as the number of repeats at each locus, as recommended in the manuals of the programs used (see below for references). Seven loci were excluded from the analysis of S. angustifolium, as several alleles at each of these loci were separated by only one base, making it difficult to calculate reliable repeat numbers.
Historical relationship and migration events between populations within species were inferred using TREEMIX 1.12 (Pickrell & Pritchard, 2012). This program builds a maximum likelihood tree by considering the covariance of population allele frequencies. Next it compares all pairs of populations to identify population pairs that are more related to each other than shown by the maximum likelihood tree. The outcome is a residual plot of standard errors showing which pairs of populations might have been mixed; i.e., where migration events may have occurred. Optionally, migration events can then be added to model multiple ancestries of populations not fitting well to the bifurcating tree. TREEMIX analyses were performed using the microsatellite option. The six regional groups defined for S. angustifolium and S. fuscum were used as populations for these two species. For S. quinquefarium, subregions within the regional groups were used to increase the number of populations and hence putative migratory routes (Europe: Central Europe, Great Britain and Ireland, and Fennoscandia; eastern North America: southeast North America and northeast North America), while all samples from Pacific Northwest and Alaska were grouped together in one population due to high genetic similarity between these regional groups (see below). To root the trees, the genetically most differentiated population within each species based on genetic distance (FST), was chosen as outgroup. For S. fuscum, the closely related S. beothuk was used as outgroup (data from Kyrkjeeide et al. unpublished).
Divergence times between populations of Sphagnum species were estimated by the isolation with migration model implemented in the program IMA (Hey & Nielsen, 2004). In each species, migration rates were excluded to increase statistical power of minimum divergence time estimates; i.e., the m parameter was set to 0. This approach implies that estimated divergence time will be lower than actual divergence time if historical gene flow has taken place. The results of STRUCTURE analyses (see below) were used to pool regional groups in two populations from each species for IMA analyses: Europe and eastern North America versus Asia and Alaska in S. angustifolium, Europe, eastern North America, and Pacific Northwest versus Alaska and Asia in S. fuscum, and Europe and eastern North America versus Pacific Northwest and Alaska in S. quinquefarium. Preliminary analyses were performed with prior values suggested in the software manual and the data were analysed with a burn-in of 100,000 steps followed by 50 million steps using 30 Metropolis-coupled chains and a geometric heating scheme with parameters set to 0.8 and 0.9. Two independent analyses were performed per species. The upper boundary for the divergence time estimate was set at 0.5. A mutation rate (µ) of approximately 1.0x10-5 per year has been estimated as mutation rate averaged across microsatellite loci in Sphagnum (see Szövényi et al., 2008 for mutation rates in peatmosses) and was applied here.

RESULTS
Genetic structure and diversity
In total, 516 samples were successfully amplified for 15 to 19 microsatellite loci across the six Sphagnum species (Table 2). Reproducibility was 100%. For all species, the limit of missing data in a sample (loci not amplified) was set arbitrarily to 30%, except for S. wulfianum. This species had only two polymorphic loci (see below), thus, 50% missing data was accepted as long as one polymorphic locus was present. Sixty-three specimens were excluded from analyses because of missing data (Table 2). The highest level of total missing data across all species (6.1%) was found in S. wulfianum. 
The number of genetic clusters in each species, as inferred from STRUCTURE, was overall low, ranging from two to four. Both the mean likelihood of K (L(K)) and ΔK values indicated approximately the same number of genetic groups, but ΔK tended to estimate fewer groups (see Appendix S2 in Supporting Information for details on selection of the most likely number of genetic clusters). Four genetic groups were found in S. angustifolium, three in S. quinquefarium and S. rubiginosum, two in S. fuscum and S. wulfianum, and only one in S. austinii. The genetic groups were clearly structured geographical in S. angustifolium, S. fuscum, S. quinquefarium, and S. rubiginosum (Fig. 1), and their geographical structuring was similar. Sphagnum quinquefarium was the only species showing different genetic groups in eastern North America and Europe, whereas the amphi-Atlantic area was genetically homogeneous in the other species. In S. angustifolium, S. fuscum and S. rubiginosum, different genetic groups were found in the Pacific Northwest and Alaska regions. Furthermore, the genetic groups dominating in Alaska were also the ones dominating in Asia for these species. No genetic differentiation was found along the western North American coast in S. quinquefarium. In S. wulfianum, the two genetic groups inferred were more or less equally distributed across the Northern Hemisphere, however, only one genetic group was found in the Pacific Northwest. The results of PCoA showed the same patterns of genetic structuring as the STRUCTURE analyses (plots not shown).
To further explore genetic structure and differentiation, Nei’s genetic distance and FST were calculated between pairs of regional groups in S. angustifolium, S. fuscum, S. quinquefarium and S. rubiginosum (Table 3). These analyses were omitted for S. austinii as this species did not show any genetic structuring. There were few specimens of S. wulfianum sampled outside the European and eastern North American regions. Thus, distance values were only calculated between the European and eastern North American regional populations in this species. Nei’s genetic distance and FST were 0.01 and 0.05 (p<0.01), respectively, in S. wulfianum. The average FST-values between regions were 0.55 in S. quinquefarium, 0.16 in S. fuscum, 0.21 in S. rubiginosum, and 0.08 in S. angustifolium (p<0.01). In general, genetic distance measurements were found to be low between Alaska and Asia, and also between Europe and eastern North America (Table 3). The highest distance values were found between Alaska/Asia and Europe/eastern North America, in agreement with STRUCTURE results. 
Genetic diversity measures for regional groups in all species are shown in Table 4. The lowest genetic variation was found in S. austinii with only six haplotypes detected, one accounting for more than 85% of the samples and each of the other five observed only once in the dataset. Low genetic variation was also found in S. wulfianum with only four polymorphic loci out of 18, and two of these loci had the same allele in 92%-99% of the samples. The two disjunctly distributed species S. rubiginosum and S. quinquefarium showed similar levels of variation, while the more widely distributed S. fuscum and S. angustifolium had higher levels of genetic variation. The highest genetic diversity was found in S. angustifolium. Genetic variation among regional groups varies across species, with no region having generally higher or lower genetic variability than others (Table 4). 
Isolation by distance was most profound in S. quinquefarium (slope=2.51, p<0.01), while S. austinii showed no isolation by distance (slope=0.07, p=0.13). The slopes of the regression lines were slightly lower across oceans than across landmasses (Table 5, Fig. 2). However, comparing slope means between ocean and landmasses gave no significant difference (results not shown).

Historical demography
Maximum likelihood trees obtained by TREEMIX were also in agreement with the results of STRUCTURE analyses (see Appendix S3 in Supporting Information). Outgroups in S. quinquefarium and S. angustifolium were Pacific Northwest+Alaska and Pacific Northwest, respectively. Migration events could not be reliably detected for any species due to instability and different suggested migration patterns among different runs.
Divergence times estimated with IMA were extremely low in all three species analysed (see Appendix S3 in Supporting Information for confidence intervals and graphs). The Atlantic and Beringian populations likely diverged less than 1 600 years ago (95% confidence interval: 180-7 910 years ago) in all three species when the estimated mutation rate was applied to calculate divergence time in years (t/µ). Using a more conservative mutation rate (1.0x10-6), the major genetic groups in S. angustifolium, S. fuscum, and S. quinquefarium were estimated to have separated minimum 15 200 (95%: 15 200-79 100), 10 000 (95%: 3 700-40 600) and 4 900 (95%: 1 800-45 300) years ago, respectively.  

DISCUSSION
Our findings show that Sphagnum austinii and S. wulfianum are genetically homogenous across their distribution ranges, indicating very high gene flow rates across large distances. On the other hand, S. angustifolium, S. fuscum, S. quinquefarium and S. rubiginosum are profoundly genetically structured across the Northern Hemisphere, indicating limitations to dispersal and/or establishment across their distribution ranges. In all of the structured species, we found that differentiated genetic groups mainly occur in the amphi-Atlantic and amphi-Pacific areas. In contrast to patterns observed in many seed plants (Eidesen et al., 2013) but in concordance with other studies (Szövényi et al., 2008; Stenøien et al., 2011), we find that the Atlantic Ocean seems to be a weak barrier to dispersal in Sphagnum, whereas the North American and Eurasian continents represent stronger barriers to gene flow in some species. Thus, our results confirm the role of long-distance dispersal in shaping the wide distribution ranges found in many bryophytes (Muñoz et al., 2004; Szövényi et al., 2008; Heinrichs et al., 2009; Piñeiro et al., 2012; Shaw et al., 2014b), but we also find that barriers cause significant genetic structuring in several species. Hence, one can no longer assume that “unlimited gene flow” occurs between all Sphagnum populations spread across large areas.

Long-distance dispersal and barriers
Our results support the growing consensus that the Atlantic Ocean is relatively easy to cross for Sphagnum spores (Szövényi et al., 2008; Stenøien et al., 2011), as we find that European and eastern North American populations belong to a single genetic group in all species but S. quinquefarium. This is in contrast to circum-Arctic seed plants, for which the Atlantic Ocean is a stronger barrier to dispersal than continuous landmasses, even though trans-Atlantic dispersal has been demonstrated in many species (Abbott & Brochmann, 2003; Eidesen et al., 2013). Spores are more easily wind-born than seeds, and wind connectivity across the Atlantic Ocean could likely explain the high genetic similarity between populations in Europe and eastern North America in Sphagnum. Regarding the amphi-Pacific differentiation, patterns are more complicated. Plants from Alaska form a single genetic group together with Asian plants in S. angustifolium, S. fuscum and S. rubiginosum. Thus, there is seemingly no barriers to gene flow between Alaska and eastern Asia. The same genetic pattern has been observed in seed plants, explained by migration across the Beringian land bridge which connected Asia and Alaska during the glaciations (Abbott & Brochmann, 2003; Eidesen et al., 2013). Wind directions across the Pacific Ocean could be an alternative factor shaping genetic structure in wind-dispersed organisms such as Sphagnum (sensu Muñoz et al., 2004), as the main direction of Pacific storms seem to head from Asia northwards to Alaska (Mendelsohn et al., 2012). We hypothesise that gene flow occurs readily across the Pacific Ocean between Asian populations and northern Alaskan populations for many Sphagnum species (cf. Shaw et al. 2014a), as demonstrated for the Atlantic Ocean.
On the other hand, plants in the Pacific Northwest belong to other genetic groups than Alaskan and Asian plants. It is noteworthy that S. angustifolium, S. fuscum and S. rubiginosum show clear genetic structuring over relatively short geographical distances in south-eastern Alaska. There are several possible reasons for this. Wind directions in the Pacific region could prevent dispersal to and from the Pacific Northwest (Mendelsohn et al., 2012). Alternatively, Sphagnum spores do not germinate easily on naked peat and phosphorus is often a limiting factor for germination (Sundberg & Rydin, 2002). If suitable habitats within an area already have been colonized, this may prevent later colonizers from establishing (Tilman, 2004), and this may contribute to the patterns observed.
The genetic pattern observed along the western North American coast could also be the outcome of separation of populations in northern and southern refugia during the last glaciation, as suggested for vascular plants (Beatty & Provan, 2010; Marr et al., 2012). Thus, post-glacial colonization of the region may have occurred from two sources and caused the current breakpoint in genetic variation in the Alaskan panhandle. In contrast to the pattern seen in most Sphagnum species distributed along the Pacific coast, no southeastern Alaskan breakpoint was detected in S. quinquefarium. One might speculate that this species colonized western North America from only one source, thus, habitats could have been available for colonizers along the entire coastline. Similarly, the Atlantic area may have been colonized mainly from one refugium, explaining the overall lack of structure in this region. The species showing no genetic structure, S. austinii and S. wulfianum, did probably not survive the last glaciation in the Pacific area, as they are only found in the southern parts of the region today. In Europe, similar differences in demographic histories explain the differences in genetic structuring between the two peatmosses S. fimbriatum and S. squarrosum (Szövényi et al., 2007). The former is genetically structured, while the latter is not, probably due to differences in glacial survival and post-glacial colonization. Number and location of glacial refugia and extent of long-distance dispersal have possibly also shaped the genetic structure observed in our study.
It should be noted that long-distance dispersal may have had an impact only in a brief period of time at the beginning of the Holocene. In this short period, continental interiors became available for colonization, as opposed to later periods, when habitats likely were occupied and excess of diaspores of local origin created few opportunities for establishment of spores from distant sources. However, regardless of whether long-distance dispersal has been more important in the past or not, it seems plausible that wind connectivity acting together with historical factors and perhaps niche availability, explains the overall patterns of genetic structuring found in Sphagnum species.
The Pacific Northwest (including south-east Alaska) is separated from the rest of Alaska by the Coast Mountains, perhaps preventing dispersal between north and south. However, such strong genetic differentiation was not found around the Ural Mountain (or other major mountain ranges around the world), indicating that mountain ranges are usually not efficient barriers to spore dispersal. On the other hand, the Ural Mountains act as a barrier for seed plants and often represent a secondary contact zone where European and Beringian genetic groups meet (Eidesen et al., 2013). We see the same tendency in S. angustifolium and S. fuscum, where the genetic groups overlap around the Ural Mountains. Similarly, the two genetic groups in S. wulfianum were admixed throughout Eurasia, showing no particular structuring around the Urals. It might be that the admixture zone around the Urals in general are broader in Sphagnum than in seed plants (Ehrich et al., 2008; Eidesen et al., 2013). It is also possible that the genetic patterns in vascular plants and bryophytes are more similar than they appear from available studies, because of different molecular markers used (microsatellites in peatmosses and AFLPs in vascular plants, see discussion in Skrede et al., 2009). It is possible that more distinct structuring can be detected when using a large number of loci as in AFLP analysis, and high mutation rates in microsatellites may potentially lead to homoplasy. Bryophyte mutation rates in general (Stenøien, 2008) and Sphagnum microsatellite mutation rates in particular (Szövényi et al., 2008; Karlin et al., 2012) have been inferred to be low compared to levels observed in many vascular plants (Lundemo et al., 2009), thus, arguing against the possibility that homoplasy blurs worldwide genetic structuring in Sphagnum.

Disjunct versus continuous distributions
In organisms with very high dispersal rates one could expect disjunctions often to result from specialised niche requirements, i.e., species are limited by habitat availability rather than dispersability. Thus, disjunctly distributed species may exhibit more abrupt genetic patterns if long-distance dispersal is rare, while those in continuously distributed species may be transitional. We found however, no clear-cut differences in genetic patterns or genetic diversity between species with different distribution ranges. 
In the disjunctly distributed species S. austinii, a single haplotype dominates in Europe and is the only one found in North America. Another disjunct species, S. subnitens, showed a similar pattern with only one haplotype occurring across western North America, but this haplotype was not found in Europe where the genetic diversity was high as in many other Sphagnum species (Karlin et al., 2011). Sphagnum austinii is therefore the most genetically uniform Sphagnum species studied so far. In seed plants, differences in genetic diversity are often connected to post-glacial history. In some species, only few genotypes colonized the North Atlantic region, but the source populations are typically much more variable (Schönswetter et al., 2006; Ehrich et al., 2007). We did not observe similar patterns in S. austinii or S. wulfianum. It is possible that the low diversity in these species is connected to their narrow habitat requirements and limited habitat availability during glaciations resulting in strong bottlenecking.
Among the remaining four species, two are disjunctly distributed (S. quinquefarium and S. rubiginosum) and less variable than the two more continuously distributed ones (S. angustifolium and S. fuscum). Sphagnum rubiginosum also has narrow habitat requirements, but it is widespread in the Beringian area where it could have survived glaciations and preserved more diversity than the more depauperate S. austinii or S. wulfianum. We found that the species with the broadest habitat requirements, S. angustifolium, is genetically most diverse of all species. It has previously been found to vary across microhabitats (Såstad et al., 1999) and to have small clone sizes and probably large effective population sizes (Stenøien & Såstad, 1999). Our findings show that S. angustifolium is highly variable across the whole distribution range as well. In comparison, the widespread S. fuscum and the disjunct S. quinquefarium have intermediate habitat specificity, and are less variable genetically. Thus, we found that the levels of genetic variation within species are highly variable, and not clearly associated with geographical distribution or habitat requirements. 
It has recently been shown that both microhabitat preference and sexual condition are associated with levels of diversity in Sphagnum (Johnson et al., 2014). In our study, all species except S. rubiginosum are more or less hummock-growing but show considerable variation in diversity, contrary to the idea that hummock species in general have low levels of diversity (Johnson et al., 2014). However, we found that the outcrossing dioecious species (S. angustifolium and S. fuscum) are more variable than the monoecious species, in agreement with Johnson et al. (2014). Thus, a complex combination of habitat requirements, mating system, and glacial/postglacial history probably influences levels of genetic diversity, whereas long-distance dispersal, wind connectivity patterns, historical factors and continental barriers are major drivers shaping distribution ranges and genetic structuring in widespread Sphagnum species.
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TABLES
Table 1 Subgenus, sexuality, frequency of sporophyte production (Sporophytes), spore diameter (SD), vegetation section (Section), continents the species occur at (Continents), and the distribution pattern (Distribution), habitat, and habitat requirements (Type) for six Sphagnum species.
	Species
	Subgenus
	Sexuality1
	Sporophytes
	SD (µm)1
	Section2
	Continents2
	Distribution
	Habitat1
	Type1

	
	
	
	
	
	
	
	
	
	

	S. angustifolium
	Cuspidata
	D
	Occasional-frequent
	20-25
	Co,Oc
	E, NA, A
	Continuous
	Fo,He,Mi
	Generalist

	S. austinii
	Sphagnum
	D
	Occasional-frequent
	23-28
	Oc
	E, NA
	Disjunct
	Mi
	Specialist

	S. fuscum
	Acutifolia
	D
	Occasional-frequent
	25-30
	Co,Oc
	E, NA, A
	Continuous
	Mi
	Generalist

	S. quinquefarium
	Acutifolia
	M/P
	Common-abundant
	20-25
	Oc
	E, NA, A
	Disjunct
	Fo,He
	Generalist

	S. rubiginosum
	Acutifolia
	M/P
	Common-abundant
	20-25
	Oc
	E, NA, A
	Disjunct
	Fo,He
	Specialist

	S. wulfianum
	Acutifolia
	M/P
	Occasional-common
	20-25
	Co
	E, NA, A
	Continuous
	Mi
	Specialist

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Abbreviations: D-dioecious, M-monoecious, P-polyoicious, Co-continental. Oc-oceanic, E-Europe. NA-North America, A-Asia, Fo-forest, He-heath, Mi-mire

	Literature: 1Flatberg (2013), 2Referances in Appendix S1 in Supporting Information




Table 2 Number of herbarium specimens after excluding misidentifications, number of samples used in analyses after excluding those with more than 30% missing data (Samples), percentage of missing data (Missing %), and number of loci successfully amplified (Loci) for six Sphagnum species.
	Species
	Specimens
	Samples
	Missing %
	Loci

	
	
	
	
	

	S. angustifolium
	169
	140
	2.8
	19

	S. austinii
	49
	38
	2.5
	15

	S. fuscum
	105
	100
	3.0
	19

	S. quinquefarium
	76
	73
	5.5
	17

	S. rubiginosum
	66
	54
	1.6
	16

	S. wulfianum
	114
	111
	6.1
	17

	 
	 
	 
	 
	 





Table 3 Nei’s genetic distance (above diagonal) and ΦPT (below diagonal, significant values, p<0.01, in bold) for Sphagnum angustifolium, S. fuscum, S.quinquefarium, and S. rubiginosum comparing six regional groups.
	Geographical region
	Europe
	East North America
	Pacific Northwest
	Alaska
	Asia
	Central Eurasia

	
	
	
	
	
	
	

	S. angustifolium
	
	
	
	
	
	

	Europe
	
	0.09
	0.28
	0.17
	0.16
	0.07

	East North America
	0.02
	
	0.29
	0.16
	0.17
	0.11

	Pacific Northwest
	0.16
	0.15
	
	0.33
	0.34
	0.36

	Alaska
	0.04
	0.001
	0.16
	
	0.14
	0.15

	Asia
	0.07
	0.05
	0.19
	0.01
	
	0.13

	Central Eurasia
	0.004
	0.002
	0.19
	0.003
	0.03
	

	
	
	
	
	
	
	

	S. fuscum
	
	
	
	
	
	

	Europe
	
	0.10
	0.14
	0.21
	0.36
	0.14

	East North America
	0.12
	
	0.14
	0.17
	0.35
	0.11

	Pacific Northwest
	0.18
	0.17
	
	0.26
	0.40
	0.22

	Alaska
	0.21
	0.17
	0.25
	
	0.10
	0.08

	Asia
	0.35
	0.34
	0.38
	0.08
	
	0.15

	Central Eurasia
	0.14
	0.09
	0.21
	0.01
	0.11
	

	
	
	
	
	
	
	

	S. quinquefarium
	
	
	
	
	
	

	Europe
	
	0.07
	0.51
	0.44
	-
	-

	East North America
	0.17
	
	0.40
	0.32
	-
	-

	Pacific Northwest
	0.57
	0.39
	
	
	-
	-

	Alaska
	0.54
	0.33
	0.12
	
	-
	-

	Asia
	-
	-
	-
	-
	
	-

	Central Eurasia
	-
	-
	-
	-
	-
	

	
	
	
	
	
	
	

	S. rubiginosum
	
	
	
	
	
	

	Europe
	
	0.11
	0.07
	0.28
	0.12
	-

	East North America
	0.13
	
	0.05
	0.23
	0.13
	-

	Pacific Northwest
	0.16
	0.00
	
	0.23
	0.11
	-

	Alaska
	0.45
	0.38
	0.40
	
	0.09
	-

	Asia
	0.23
	0.16
	0.22
	0.14
	
	-

	Central Eurasia
	-
	-
	-
	-
	-
	

	 
	 
	 
	 
	 
	 
	 



Table 4 Number of samples, percentage of polymorphic loci (PPL%), mean number of alleles (NA), and expected heterozygosity (HE) for six Sphagnum species divided into six geographical groups. The total distribution range of the species determine the number of geographical groups presented in each species (see Fig. 1 for distribution). In S. wulfianum, Central Eurasia and Asia were grouped together as only two individuals sampled from Asia.
	Species
	Samples
	PPL (%)
	Na
	HE

	
S. angustifolium
	
	
	

	
	
	
	
	

	Europe
	65
	84
	8.84±1.75
	0.56±0.08

	East North America
	16
	89
	5.74±0.86
	0.63±0.08

	Pacific Northwest
	22
	79
	4.95±0.87
	0.47±0.08

	Alaska
	7
	89
	3.52±0.42
	0.59±0.07

	Asia
	17
	79
	4.42±0.70
	0.52±0.08

	Central Eurasia
	13
	79
	4.32±0.60
	0.58±0.08

	
	
	
	
	

	Total mean
	140
	83±2
	5.30±0.42
	0.56±0.03

	
	
	
	
	

	S. austinii
	
	
	
	

	
	
	
	
	

	Europe
	21
	33
	1.40±0.16
	0.04±0.02

	East North America
	5
	0
	1.00±0.00
	0

	West North America
	12
	0
	1.00±0.00
	0

	
	
	
	
	

	Total mean
	38
	11±11
	1.13±0.06
	0.01±0.01

	
	
	
	
	

	S. fuscum
	
	
	
	

	
	
	
	
	

	Europe
	24
	68
	3.11±0.59
	0.32±0.07

	East North America
	22
	68
	2.84±0.54
	0.32±0.07

	Pacific Northwest
	18
	79
	2.42±0.33
	0.32±0.06

	Alaska
	13
	68
	3.21±0.53
	0.41±0.08

	Asia
	12
	58
	2.16±0.34
	0.31±0.07

	Central Eurasia
	11
	68
	2.47±0.32
	0.41±0.07

	
	
	
	
	

	Total mean
	100
	68±3
	2.70±0.18
	0.35±0.03

	
	
	
	
	

	S. quinquefarium
	
	
	

	
	
	
	
	

	Europe
	40
	47
	1.94±0.34
	0.19±0.07

	East North America
	20
	47
	2.24±0.47
	0.27±0.08

	Pacific Northwest
	8
	29
	1.41±0.19
	0.13±0.06

	Alaska
	5
	35
	1.59±0.21
	0.24±0.09

	
	
	
	
	

	Total mean
	73
	40±4
	1.79±0.16
	0.21±0.04

	
	
	
	
	

	S. rubiginosum
	
	
	

	
	
	
	
	

	Europe
	19
	38
	1.63±0.27
	0.17±0.07

	East North America
	2
	19
	1.19±0.10
	0.19±0.10

	Pacific Northwest
	2
	50
	1.94±0.43
	0.22±0.07

	Alaska
	5
	31
	1.44±0.18
	0.19±0.08

	Asia
	12
	50
	2.31±0.51
	0.26±0.08

	
	
	
	
	

	Total mean
	54
	38±6
	1.69±0.15
	0.21±0.04

	
	
	
	
	

	S. wulfianum
	
	
	

	
	
	
	
	

	Europe
	74
	18
	1.82±0.46
	0.07±0.04

	East North America
	25
	24
	1.65±0.36
	0.11±0.06

	Pacific Northwest
	5
	0
	1.00±0.00
	0

	Central Eurasia/Asia
	7
	12
	1.18±0.13
	0.07±0.05

	
	
	
	
	

	Total mean
	111
	13±5
	1.41±0.15
	0.06±0.02

	
	
	
	
	


 
Table 5 Mantel tests comparing genetic distance with geographical distance (log transformed) was performed to test for isolation by distance. The table shows slope value (Slope), the correlation coefficient (Rxy), and the probability of positive autocorrelation (p; P(random>=data)) for six Sphagnum species and six regional groups occurring across ocean or land, and the total distribution.
	Species
	Ocean
	Landmasses
	

	
	Atlantic
	Pacific
	Eurasia
	North America
	Total

	
	Slope
	Rxy
	p
	Slope
	Rxy
	p
	Slope
	Rxy
	p
	Slope
	Rxy
	p
	Slope
	Rxy
	p

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	S. angustifolium
	0.77
	0.18
	<0.01
	1.97
	0.51
	<0.01
	0.48
	0.12
	<0.01
	1.92
	0.46
	<0.01
	1.08
	0.26
	<0.01

	S. austinii
	-0.15
	-0.16
	0.14
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0.07
	0.07
	0.13

	S. fuscum
	0.88
	0.21
	<0.01
	1.14
	0.37
	<0.01
	2.40
	0.43
	<0.01
	0.97
	0.23
	<0.01
	1.39
	0.26
	<0.01

	S. quinquefarium
	1.34
	0.38
	<0.01
	-
	-
	-
	-
	-
	-
	1.83
	0.52
	<0.01
	2.51
	0.55
	<0.01

	S. rubiginosum
	-
	-
	-
	0.90
	0.40
	<0.01
	1.01
	0.46
	<0.01
	-
	-
	-
	0.86
	0.33
	<0.01

	S. wulfianum
	0.68
	0.17
	<0.01
	-
	-
	-
	0.77
	0.17
	0.02
	0.66
	0.13
	0.10
	0.16
	0.10
	0.02

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mean
	0.73
	
	
	1.34
	
	
	1.17
	
	
	1.18
	
	
	1.00
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


 

FIGURES
Figure 1 Population structures of Sphagnum species inferred from the program Structure based on microsatellite data. Sphagnum angustifolium, S. fuscum, and S. wulfianum (the upper three maps) have more or less continuously distribution ranges around the Northern Hemisphere and S. austinii, S. quinquefarium, and S. rubiginosum (the three lower maps) are disjunctly distributed around the Northern Hemisphere. Genetic groups recognised by Structure are indicated with different colours (number of K for each species are indicated in the lower left corner of each map).
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