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35 Summary 

36

37  Sphagnum magellanicum is one of two Sphagnum species for which a reference-quality

38 genome exists to facilitate research in ecological genomics.

39  Phylogenetic and comparative genomic analyses were conducted based on

40 resequencing data from 48 samples and RADseq analyses based on 187 samples.

41  We report herein that there are four clades/species within the S. magellanicum complex

42 in eastern North America, and that the reference genome belongs to S. divinum. The

43 species exhibit tens of thousands (RADseq) to millions (resequencing) of fixed

44 nucleotide differences. Two species, however, referred to informally as S. diabolicum

45 and S. magni because they have not been formally described, are differentiated by only

46 hundreds (RADseq) to thousands (resequencing) of differences. Introgression among

47 species in the complex is demonstrated using D-statistics and f4-ratios. One ecologically

48 important functional trait, tissue decomposability, which underlies peat (carbon)

49 accumulation does not differ between segregates in the S. magellanicum complex,

50 although previous research showed that many closely related Sphagnum species have

51 evolved differences in decomposability/carbon sequestration.

52  Phylogenetic resolution and more accurate species delimitation in the S. magellanicum

53 complex substantially increase the value of this group for studying the early evolutionary

54 stages of climate adaptation, and ecological evolution more broadly.

55
56
57 Key words: peat mosses, bryophytes, ecological genomics, introgression, peatlands, speciation, 
58 Sphagnum  
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59 INTRODUCTION

60
61 Understanding phylogenetic relationships is critical to the development and value of 

62 model organisms. In the angiosperms, recognizing close relatives of Arabidopsis thaliana has 

63 enabled research on genome evolution and speciation across closely related species and 

64 genera of Brassicaceae (Beilstein et al., 2010; Koch, 2019; Nikolov et al., 2019; Brukhin et al., 

65 2019). Recent phylogenetic work on the moss family Funariaceae has provided new insights 

66 into relationships and evolution of the widely utilized model, Physcomitrium patens (formerly 

67 Physcomitrella patens), opening new lines of research into the evolution of plant life cycles and 

68 morphological evolution (McDaniel et al., 2009; Beike et al., 2014).  

69 The moss genus Sphagnum (peatmoss) comprises some 250-450 species and a genus-

70 wide genome sequencing project is underway to assess inter- and intraspecific phylogenetic 

71 relationships and genome evolution (Weston et al., 2018). An overarching goal of developing 

72 Sphagnum as a model is to link genome variation with phenotypic traits of ecological 

73 importance. Toward that end, a reference quality genome is available for a species thought to 

74 be widespread globally, S. magellanicum. However, we now know that S. magellanicum sensu 

75 stricto is restricted to South America and that Northern Hemisphere plants formerly named S. 

76 magellanicum comprise multiple closely related and morphologically similar taxa (Yousefi et al., 

77 2017; Hassel et al., 2018). The current research was designed to resolve phylogenetic 

78 relationships within the S. magellanicum complex to further enable development of this 

79 important resource for ecological genomics and speciation research. We sampled plants from 

80 around the Northern Hemisphere as well as in Central and South America where they are 

81 abundant and important components of high elevation peatlands south to Tierra del Fuego 

82 (where they occur at sea level). We investigate phylogenetic divergence at whole-genome and 

83 chromosomal scales and show that the genome data generated to represent “S. magellanicum” 

84 (from Minnesota) belong to the segregate species, S. divinum. We also show that the S. 

85 magellanicum complex comprises at least four species-level clades in North America, with 

86 additional clades in South America and Asia. Segregate species in the complex differ in 

87 geographic ranges and the climate zones they occupy, and co-occurring species typically 

88 occupy different niches that vary relative to local-scale hydrological, light, and nutrient gradients. 

89 Because of this variation, and well-supported phylogenetic resolution for the group, the S. 

90 magellanicum complex takes on even greater value as a model for ecological and evolutionary 

91 genomics. We further argue herein that speciation in the group is at an early stage, which 
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92 further empowers the group for research on the evolutionary origins of traits that scale up to 

93 impact global ecosystems.

94 Sphagnum-dominated peatlands are estimated to cover about 10% of the Northern 

95 Hemisphere boreal zone yet store approximately 25-30% of the total global terrestrial carbon 

96 pool (Yu et al., 2012).  Sphagnum grows most abundantly in bogs and fens where they engineer 

97 peatland habitats in ways that promote their own persistence and dominance. Sphagnum 

98 species in general have low decomposition rates that promote carbon accumulation (Rydin & 

99 Jeglum, 2013). Peatlands typically have a hummock-hollow (mound-valley) physiognomy 

100 created by the peatmosses themselves, as hummock-forming species grow relatively slowly but 

101 decompose even more slowly such that hummocks are formed through the accumulation of 

102 partially decomposed plant material (Sphagnum peat).  Hollow-inhabiting species, in contrast, 

103 grow quickly but also decompose rapidly (preventing hummock formation) and the plants lie 

104 close to or at the water table (Rydin & Jeglum, 2013, Piatkowski et al., 2021). A second 

105 microenvironmental gradient within peatlands is the poor-rich axis (pH and nutrients), also 

106 engineered by Sphagnum itself through metabolic processes and cation exchange. Even closely 

107 related species of peatmoss vary in traits that scale up to impact ecosystem processes (e.g., 

108 Piatkowski et al., 2021). In other words, species matter. Species-specific niche differentiation 

109 allows 20 or more Sphagnum species to occur sympatrically in some peatlands. Because of the 

110 well-documented niche differences among species and the relatively simple structure of 

111 Sphagnum-dominated peatlands, the plants and their ecology have long served as a model for 

112 studies of community assembly and structure (e.g., Vitt & Slack, 1984; Rydin & Jeglum, 2013).

113 Several of the clades resolved in our phylogenetic research do not yet have taxonomic 

114 names. We refer to the three well-documented and published species by their established 

115 binomials, S. divinum Flatberg & K. Hassel, S. magellanicum Brid., and S. medium Limpr. and 

116 refer to unpublished taxa informally without italics; i.e., S. asiaticum, S. diabolicum, S. magni, S. 

117 magellanicum-NW.  The formal taxonomic name, S. magellanicum, is used for plants derived 

118 from Tierra del Fuego (Chile, Argentina) as that is where the species was described from. 

119 Plants from northern South America and Central America form a distinct clade and are referred 

120 to as S. magellanicum-NW. Formal taxonomic establishment of these unnamed clades as 

121 species will follow in a subsequent publication.

122   

123 MATERIALS AND METHODS

124
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125 Plant Sampling - We obtained whole genome data from 48 accessions representing the S. 

126 magellanicum complex plus two outgroup taxa in the subgenus Sphagnum, S. affine Renauld & 

127 Cardot and S. perichaetiale Hampe. RADseq data were obtained from 185 samples 

128 representing the complex plus the same two outgroups. Of the 187 samples included in the 

129 RADseq data set, 144 were derived from new extractions and 43 represented in silico digests 

130 from the resequencing data so those samples could be included in both data sets. Sixteen of 

131 the new extractions were from the same collection as an in silico digest to test for differences 

132 between these methods of generating RADseq data. Samples representing the S. 

133 magellanicum complex came most abundantly from eastern North America but with additional 

134 samples from Central and South America, Europe, Siberia, China, Taiwan, and Japan. Sample 

135 localities are shown in Fig. 1. Voucher specimens for each extraction are deposited in the Duke 

136 University Herbarium (DUKE). Extractions for RADseq utilize only part of an individual 

137 gametophyte; any remaining parts of that plant were placed in a smaller envelope and returned 

138 to the specimen herbarium packet. As whole plants were required for the resequencing, each 

139 sample is vouchered by a sample from the same clump (handful). A complete list of samples 

140 with locality information is provided as Table S1.

141
142 DNA extraction, library preparation, and sequencing – Genomic DNA was extracted from 

143 each sample using the CTAB protocol as described in Shaw et al. (2003). DNA purity was 

144 measured with Nanodrop, DNA concentration measured with Qubit HS kit, and DNA size was 

145 validated by pulsed field gel electrophoresis.  Illumina libraries for the references were prepared 

146 as Tight Insert Fragment libraries, 400bp - 2 ug of DNA was sheared to 400 bp using the 

147 Covaris LE220 and size selected using the Pippin (Sage Science). The fragments were treated 

148 with end-repair, A-tailing, and ligation of Illumina compatible adapters (IDT, Inc) using the 

149 KAPA-Illumina library creation kit (KAPA biosystems). The prepared libraries were quantified 

150 using KAPA Biosystem's next-generation sequencing library qPCR kit and run on a Roche 

151 LightCycler 480 real-time PCR instrument. The quantified libraries were then prepared for 

152 sequencing on the Illumina HiSeq sequencing platform utilizing a TruSeq Rapid paired-end 

153 cluster kit, v2, with the HiSeq2500 sequencer instrument to generate a clustered flowcell for 

154 sequencing. Sequencing of the flowcell was performed on the Illumina HiSeq2500 sequencer 

155 using HiSeq Rapid SBS sequencing kits, v2, following a 2x150 indexed run recipe.

156
157 For RADseq analyses, aliquots of five extractions were included twice in the library as 

158 duplicates to allow identification of likely clones in the sample set. RADseq libraries were 
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159 prepared following the double digestion restriction site-associated DNA sequencing (ddRADseq) 

160 protocol of Parchman et al. (2012) with the modifications described in Duffy et al. (2020). Each 

161 library was cleaned and size-selected for fragments of approximately 350bp using AMPur XP 

162 beads (Beckman Coulter), inspected for quality on a BioAnalyzer (Agilent), and sequenced on a 

163 single lane of Illumina NextSeq 500 with 150bp single-ended reads at the Genome Sequencing 

164 Shared Resource at the Duke Center for Genomic and Computational Biology 

165 (https://oit.duke.edu/comp-print/research/). 

166
167 SNP discovery using genome resequencing data - Illumina reads were screened for PhiX 

168 and organellar contamination. Reads composed of greater than 95% simple sequence were 

169 removed.  Libraries were aligned to the S. divinum v1.1 reference genome (https://phytozome-

170 next.jgi.doe.gov/info/Smagellanicum_v1_1) using bwa-mem 0.7.12 (Li & Durbin, 2009). 

171 Duplicates in these BAM files were marked using Picard v2.2.6.2 

172 (http://broadinstitute.github.io/picard/). Autosomal variants were called for individual samples 

173 using HaplotypeCaller and joint genotyping was performed for the cohort using 

174 GenotypeGVCFs in GATK v4.2.2.0 (Van de Auwera & O’Connor, 2020). Samples were treated 

175 as haploid because this is the dominant phase of the bryophyte life cycle. Biallelic SNPs were 

176 separated from indels and invariant sites. The SNPs were then filtered using the following 

177 criteria: QD ≥ 2.0, MQ ≥ 40.0, FS ≤ 60.0, SOR ≤ 3.0, MQRankSum ≥ -12.5, and 

178 ReadPosRankSum ≥ -8.0. Four datasets were generated that included biallelic sites genotyped 

179 in at least 70%, 80%, 90%, and 100% of samples to allow for investigation of the sensitivity of 

180 downstream analyses to missing data. For our phylogenetic analyses, variant sites were further 

181 filtered to retain those with a minor allele frequency of at least 0.10 and then pruned for linkage 

182 disequilibrium (LD) using PLINK v1.90b6.24 (Chang et al. 2015) with a window size of 50 

183 variants, a window shift of 10 variants at the end of each pruning step, and a variance inflation 

184 factor threshold of 1.5.

185
186 RADseq processing – Raw Illumina reads were quality checked with FastQC v0.11.9 

187 (Andrews, 2010) and RADseq loci were identified with ipyrad v.0.9.50 (Eaton, 2014) using 

188 default settings except as noted here. The in silico digested reads from 43 genomic 

189 resequencing samples were included with the Illumina reads of 149 samples (including 

190 duplicates) after the demultiplexing step. Reads were filtered for adapter sequences or low-

191 quality bases, trimmed to a maximum of 92 bases after removing the barcode, and filtered to 

192 remove reads shorter than 35bp after trimming. Loci were identified using the reference 
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193 assembly method against the S. divinum reference genome. Samples were treated as haploid. 

194 Three datasets were generated including loci present in at least 70, 80, and 90% of samples to 

195 allow for investigation of the sensitivity of downstream analyses to missing data or number of 

196 loci.

197 To generate RADseq-like data from genomic resequencing assemblies, each 

198 resequencing assembly was digested in silico with EcoRI and MseI using the program “restrict” 

199 from the EMBOSS package (Rice et al., 2000). Contigs from Illumina libraries were assembled 

200 using HipMer (Georganas et al., 2015) with a kmer size of 51. Custom scripts were used to filter 

201 for digested sequence fragments with an EcoRI cutsite at one end and an MseI cutsite at the 

202 other, to mimic the size-selection steps of a RADseq library preparation, to trim the fragments to 

203 match the length of Illumina reads, and to write the sequences to a FASTQ formatted file. Each 

204 resulting “read” was given a quality score and number of copies sufficient to pass filters during 

205 downstream processing.

206
207 Phylogenetic reconstruction using nuclear data - A combination of maximum likelihood, 

208 distance, and multi-species coalescent methods were used to reconstruct phylogeny. SNPs 

209 from genome resequencing data that had been pruned for LD were analyzed using IQ-TREE2 

210 (Minh et al., 2020a), SplitsTree (Huson & Bryant, 2006), ASTRAL (Zhang et al. 2018), and 

211 SVDquartets (Chifman & Kubatko, 2014). For the maximum likelihood analyses in IQ-TREE2 

212 v2.1.2, we used ModelFinder (Kalyaanamoorthy et al., 2017) to perform automatic model 

213 selection and kept the most likely tree from 10 independent runs. Model selection incorporated 

214 corrections for ascertainment bias (Lewis, 2001). Bipartition support was assessed using the 

215 ultrafast bootstrap method with 1E3 pseudoreplicates (Hoang et al., 2018) and site concordance 

216 factors were estimated from analysis of 1E2 quartets (Minh et al., 2020b). To visualize 

217 conflicting signals within the dataset, we used SplitsTree v.4.17.1 to estimate a NeighborNet 

218 phylogenetic network based on K2P genetic distance with the dataset in which at least 80% of 

219 the samples were genotyped at each site. SVDquartets in PAUP* v4.0a build 166 for Unix/Linux 

220 was used to identify relationships among species under the multispecies coalescent model and 

221 support was evaluated with 200 standard non-parametric bootstrap pseudoreplicates. Additional 

222 coalescent analyses were performed using ASTRAL v5.7.8 to reconstruct species trees from 

223 the maximum likelihood genealogies of 100-kb non-overlapping genomic windows. To explore 

224 how phylogenetic signal was distributed throughout the genome, we also performed the 

225 likelihood and coalescent analyses on individual chromosomes using the dataset in which at 

226 least 80% of the samples were genotyped at each site. We performed approximately unbiased 
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227 (AU) tree topology tests (Shimodaira, 2002) using each dataset in IQ-TREE2 with 1E4 bootstrap 

228 replicates generated using the resampling estimated log likelihoods (RELL) method to evaluate 

229 statistical support for the various species relationships recovered across analyses. Maximum 

230 likelihood and SVDquartets analyses were also performed for the RADseq data.  

231
232 Phylogenetic reconstruction using plastid data – Plastid reads from 49 resequenced 

233 genomes were identified and assembled into contigs using NOVOPlasty (v2.6.7- plastid range 

234 120,000-200,000) (Dierckxsens et al., 2017). One resequencing library, IUXC, did not have a 

235 plastid assembly. For each genome, contigs were manually aligned to the published S. palustre 

236 plastid genome (KU726621) and to each other to identify the Inverted Repeat boundaries and 

237 generate a single incomplete plastid genome sequence (with missing data represented by 

238 strings of Ns) including the Long Single Copy region, one copy of the Inverted Repeat, and the 

239 Small Single Copy region. Sequences were aligned with MAFFT v7.490 (Katoh & Standley, 

240 2013) and used to infer phylogeny under maximum likelihood with IQ-TREE2 as described in 

241 the preceding section. A cophylogenetic plot showing topological differences between nuclear 

242 and plastid phylogenies was generated using the R package phytools v0.7-90 (Revell, 2012). 

243 AU tests were performed for each nuclear resequencing dataset (70%-100% of samples 

244 genotyped) to determine the significance of topological differences between nuclear and plastid 

245 phylogenies.

246
247 Cluster analyses – Using RADseq data, one SNP per locus was used for clustering analyses 

248 to analyze SNPs in putative linkage equilibrium. after removing data from the outgroup samples, 

249 extraction duplicates, and likely clones. Clones cannot be directly identified from RADseq data 

250 due to error, but samples were considered likely clones if they were from the same collection or 

251 site, sister to each other in the maximum likelihood analysis, and separated by branch lengths 

252 similar to those of the extraction duplicates. Genetic structure among the remaining 141 

253 samples was explored using Bayesian model-based cluster analysis with STRUCTURE v2.3.4 

254 (Pritchard et al., 2000). The method of Evanno et al. (2005) as implemented in 

255 structureHarvester vA.2 (Earl & vonHoldt, 2012) was used to evaluate the most likely number of 

256 clusters (K), based on ten independent runs using an admixture model with correlated allele 

257 frequencies. Each value of K from 1 to 10 was evaluated with 1E5 steps of burn-in and 1E6 

258 iterations per run. Matrices of membership coefficients across the multiple runs were used to 

259 search for the optimal alignment in CLUMPP version 1.1.2 (Jakobsson & Rosenberg, 2007).  A 

260 second dataset with groups downsampled to reduce uneven sampling was analyzed to ensure 
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261 this was not biasing inferences. For groups with over 15 samples, 15 samples were selected to 

262 minimize missing data and maintain geographic coverage.

263
264 Isolation by distance (IBD) analysis – Using RADseq data, the relationship between genetic 

265 distance and the log of geographic distance (IBD) was explored within each of the named 

266 groups in the S. magellanicum complex and for the S. diabolicum+S. magni clade. One SNP per 

267 locus was selected and within-site likely clones were removed.  IBD was tested using Mantel 

268 tests with the R package adegenet (Jombert, 2011) with 1E3 replicates.

269
270 Analysis of introgression - We used the program Dsuite v0.4 r38 (Malinsky et al., 2021) to 

271 detect signals of admixture among samples in the S. magellanicum species complex. This 

272 analysis used the genome resequencing dataset with at least 80% of individuals genotyped. We 

273 calculated Dmin (Malinsky et al., 2018) for each species trio, which represents the minimum D 

274 statistic across all possible topologies and tested the null hypothesis that there is no excess 

275 allele sharing. We also calculated f4-ratios that represent the fraction of the genome that is 

276 introgressed. Significance of the Dmin statistic was determined using 1E2 jackknife blocks and 

277 the resulting P-values were adjusted using the Benjamini-Hochberg procedure. The f-branch 

278 statistic was calculated with both maximum likelihood and coalescent species tree topologies to 

279 determine whether gene flow might have involved internal branches of the phylogeny.

280
281 Genetic differentiation and diversity statistics – We estimated relative genetic differentiation 

282 between species using Hudson’s FST (Hudson et al., 1992; Bhatia et al., 2013) for both genome 

283 resequencing and RADseq datasets with at least 80% of samples genotyped. Genome 

284 resequencing data were filtered for a minor allele frequency of at least 0.10, were not pruned for 

285 linkage disequilibrium, and included invariant sites from the GATK pipeline that were absent in 

286 our phylogenetic analyses. We also estimated absolute genetic divergence (dXY) between 

287 species and nucleotide diversity (π) within species. All three statistics were calculated using pixy 

288 v1.2.5.beta1 (Korunes & Samuk, 2021) for 10-kb non-overlapping windows of the genome. We 

289 report median values from across these windows and provide a 95% confidence interval from 

290 bootstrapping with 1E4 pseudoreplicates using the R package boot v1.3-28 (Canty & Ripley, 

291 2021).

292 We also sought to estimate the number of fixed differences between species in the S. 

293 magellanicum complex. For genome resequencing data, we used bcftools v1.13  (Danecek et 

294 al., 2021) and VCFtools v0.1.17 (Danecek et al., 2011) to subset and identify loci that were 
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295 alternatively fixed in all samples of each species pair with no missing data allowed. For RADseq 

296 data, we used a custom script to identify SNPs present in 50% or more of samples from both 

297 species of a species pair and alternatively fixed.

298
299 Microhabitat occupancy and decomposability – In order to assess whether species in the 

300 complex differ in microhabitat as described for S. divinum and S. medium in Europe (Yousefi et 

301 al., 2017) we tallied microhabitat data for samples for which collection notes included a 

302 statement about whether the collection was made in an “open bog”, “bog margin”, or 

303 [surrounding] “forest”. These were a subset of all samples, comprising specimens collected by 

304 AJS in New England. Most other samples did not include this information specifically. 

305 As even closely related Sphagnum species that differ relative to the hummock-hollow 

306 gradient are known to differ in decomposability and peat formation (Bengtsson et al., 2016; 

307 Piatkowski et al., 2021), we measured tissue decomposability in the field at the McLean Bog 

308 (Tompkins Co., NY), where a larger genus-wide experiment was undertaken in 2017-2019 using 

309 comparable methodologies (Piatkowski et al., 2021). The sampling for this experiment included 

310 56 samples representing the four North American species in the S. magellanicum complex. 

311 Dried litter was placed in 5 x 5 cm fiber 25-micron mesh bags (Product F57, ANKOM 

312 Technology), with two technical replicates for most samples. Litter bags were buried in McLean 

313 bog just beneath the surface of living plants and left to decompose for approximately 1.85 years. 

314 Following harvest of the litter bags, we calculated the exponential decay constant (K, yr-1) for 

315 each sample using percent mass loss data (Olson, 1963; Turetsky et al., 2008). Analysis of 

316 variance was performed using R v4.1.1 (R Core Team, 2021) to test whether species differed in 

317 tissue decomposability.

318
319 RESULTS

320
321 Genome-wide phylogenetic relationships
322
323 Genome resequencing: Analyses were conducted with four genome-wide data sets that varied 

324 in amounts of missing data (Table S2). Ancestor-descendent relationships differ among data 

325 sets (Figs. S1-3). The genome resequencing data do not include two taxa that are resolved in 

326 RADseq analyses as separate clades, S. asiaticum and S. magellanicum (from Tierra del 

327 Fuego, where the species was described). Phylogenetic relationships among samples in the S. 

328 magellanicum complex are shown in Fig. 2 (left: nuclear data, right: plastid data). For clarity, 
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329 clade support values are not included in that figure but results for nuclear data are provided in 

330 Figs. S1-3. 

331 In nearly all phylogenetic analyses, S. medium is resolved as reciprocally monophyletic 

332 to a clade containing the other taxa among which there exist three plausible histories. (1) Plants 

333 from northern South America (S. magellanicum-NW) are sister to a clade containing S. divinum, 

334 S. diabolicum, and S. magni. These relationships appear most frequently in the ML analyses. 

335 (2)  S. divinum is sister to a clade containing S. magellanicum-NW, S. diabolicum, and S. magni. 

336 This topology comes from the 70% dataset under ML, most of the coalescent analyses, and is in 

337 the credible set of trees for the 90% dataset under ML based on AU tree topological tests. (3)  

338 S. magellanicum-NW and S. divinum form a clade reciprocally monophyletic to S. magni plus S. 

339 diabolicum. This topology comes from the ML analysis of the 70% and 80% RADseq datasets 

340 and the SVDquartets coalescent analysis of the 90% resequencing dataset, the 100% 

341 resequencing dataset, and several chromosome resequencing datasets. A summary of these 

342 analyses is presented in Fig. 3. Despite ambiguities in the backbone, all named groups (e.g., S. 

343 magni or S. divinum) are resolved as monophyletic with high support (Fig. S1). These 

344 inferences are corroborated by the SplitsTree analysis (Fig. 4) which also demonstrates 

345 substantial topological conflict. 

346 Analysis of plastid data resolve S. magellanicum-NW as sister to the rest of the complex 

347 (Fig. 2; support values shown in Fig. S4), a topology seen in analysis of the 100% nuclear 

348 dataset under maximum likelihood. The only taxon that forms a clade in the plastid-only data is 

349 S. magellanicum-NW. Most samples of S. divinum fall within a single clade that also contains 

350 two samples of S. diabolicum. Most samples of S. medium form a clade, but one sample is 

351 placed in a clade that includes all S. magni and most of S. diabolicum. There appears to be no 

352 differentiation between S. diabolicum and S. magni in terms of plastid sequences. The AU tree 

353 topology tests provide strong statistical support for the incongruence between plastid and 

354 nuclear phylogenies: the plastid tree is rejected for the nuclear genome resequencing datasets 

355 and the nuclear trees are rejected for the plastid dataset (P < 0.001 in every test).

356
357 RADseq analyses: We initially analyzed three data sets varying in levels of missing data (Table 

358 S3, Fig. S5). RADseq loci are distributed across all of the 19 chromosomes (Fig. S6). A 

359 maximum likelihood reconstruction with all samples is shown in Fig. S7, with a summary of 

360 relationships among clades for the 80% sample coverage dataset provided in Fig. 5. RADseq 

361 data support monophyly of the same clades as resolved from genome resequencing: S. 

362 divinum, S. medium, S. magni, S. diabolicum, and S. magellanicum-NW. In addition, RADseq 
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363 analyses provide evidence of additional clades that were not sampled for resequencing: S. 

364 magellanicum s. str. (from Tierra del Fuego) and S. asiaticum from China and Taiwan. 

365 Reconstructions based on maximum likelihood versus the coalescent methods are completely 

366 congruent except for the placement of the S. divinum and S. magellanicum-NW clades (Fig. 5). 

367 In the coalescent reconstruction these two clades are sister whereas in the likelihood 

368 reconstruction they comprise steps in a paraphyletic grade leading to S. diabolicum and S. 

369 magni. Both reconstruction methods indicate that S. asiaticum is sister to the rest of the 

370 complex, S. medium is then sister to the remaining clades, and Fuegan S. magellanicum is 

371 sister to S. diabolicum and S. magni from eastern North America. These inferences are largely 

372 compatible with the results from genome resequencing, notwithstanding the absence of 

373 samples representing the S. asiaticum and S. magellanicum clades in our genome data set. 

374
375 Chromosome-level phylogenetic relationships
376 We assessed whether inferences about phylogenetic relationships varied across the 

377 genome by reconstructing relationships at the chromosomal level. Chromosome by 

378 chromosome reconstructions from genome resequencing are illustrated in Figs. S8 (likelihood), 

379 S9 (SVDquartets), and S10 (ASTRAL). RADseq-based chromosome-level reconstructions are 

380 shown in Figs. S11 (likelihood) and S12 (SVDquartets).

381 Resolved topologies varied with chromosome (1-19), dataset (resequencing, RADseq), 

382 and analytical method (coalescent, likelihood). With all seven clades represented, RADseq data 

383 provide evidence for nine topologies across chromosomes with varying levels of support (Fig. 

384 S13). RADseq analyses of six individual chromosomes resolve S. diabolicum as reciprocally 

385 monophyletic relative to S. magni, but all topologies converge on the inference that these two 

386 groups are at least partially divergent. All RADseq analyses also converge on a close 

387 relationship between S. diabolicum+S. magni and the South American plants. The most likely 

388 tree for loci mapped to chromosome 3 is alone in strongly supporting a sister group relationship 

389 between the S. diabolicum+S. magni clade and S. divinum, rather than with South American 

390 samples. Sphagnum medium is resolved as sister to the rest of the complex for some 

391 chromosomes and S. asiaticum for other chromosomes, but inferences about specific 

392 chromosomes are hampered by discordance between results across analytical methods.

393 Genome resequencing data identify three topologies supported by different 

394 chromosomes (Fig. 3). The first two differ in the placement of S. divinum versus S. 

395 magellanicum-NW as sister to the S. diabolicum+S. magni clade and the third suggests a clade 

396 containing both S. divinum and S. magellanicum-NW is sister to the S. diabolicum+S. magni 
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397 clade. Comparing results from three analytical methods for the resequencing data and two for 

398 RADseq, most chromosomes yield discordant results whereas for six, inferences are 

399 concordant across analyses (Fig. 3). Genome resequencing lacked several of the clades 

400 (species) resolved by the RADseq data, so we compare phylogenetic inferences from the two 

401 data sets with a focus on the S. diabolicum+S. magni subclade because these two taxa are 

402 especially closely related. 

403 Based on maximum likelihood analysis of genome resequencing data, all 19 

404 chromosomes indicate that S. magni and the more inclusive S. diabolicum+S. magni clade are 

405 both monophyletic (Table S4). All but five chromosomes resolve the reciprocal monophylly of S. 

406 diabolicum and S. magni; chromosome LG04 suggests monophyly but the branch subtending S. 

407 diabolicum is not supported while the other 4 chromosomes indicate that S. diabolicum is 

408 paraphyletic, with S. magni nested within it. Based on RADseq data, 18 of the 19 chromosomes 

409 support the S. diabolicum+S. magni clade as monophyletic (Table S5). Eleven of the 19 

410 chromosomes resolve S. magni as monophyletic with ultrafast bootstrap support ranging from 

411 95 to 100%. Chromosome LG16 suggests that S. diabolicum is non monophyletic because the 

412 Fuegan S. magellanicum samples are nested within the clade. Moreover, six chromosomes 

413 yield a topology wherein S. diabolicum and S. magni are reciprocally monophyletic (Table S5). 

414 Data from only two of those chromosomes (LG08, LG11) provide strong support for that 

415 inference (ultrafast bootstrap > 95%). However, eight chromosomes yield a topology where 

416 either both groups would be monophyletic or a monophyletic S. magni would be nested within 

417 (paraphyletic) S. diabolicum, except for the misplacement of one or two samples from Delaware, 

418 New Jersey, or the mountains of North Carolina.

419 Monophyly of the other five species in the complex is supported by all 19 individual 

420 chromosomes and it is clear that S. diabolicum and S. magni are phylogenetically closer to one 

421 another than are any other pair of species in the group. Discordant patterns across 

422 chromosomes, sister group relationships among the major clades (species), and the relationship 

423 between S. diabolicum and S. magni could reflect incomplete lineage sorting or introgression, or 

424 some combination of these evolutionary processes.

425
426 Population genomics and introgression
427 Admixture analyses of the RADseq data were accomplished using STRUCTURE, and 

428 levels of K (number of Hardy-Weinberg genetic groups) from 1 to 10 were explored (Fig. S14). 

429 K=2 was considered optimal but K=5 is also informative, so both results are shown in Fig. 6. At 

430 K=2, S. divinum is distinct from all other species in the complex as it is almost fixed for the 
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431 orange genotype group; only two Russian samples show evidence of admixture. South 

432 American plants (S. magellanicum and S. magellanicum-NW) and S. asiaticum are admixed for 

433 that group. At K=5, the green genotype group is substantially represented in plants from Chile 

434 and Argentina and in S. asiaticum (Fig. 6). The two Russian plants of S. divinum have that 

435 group and it is minimally represented in plants of S. diabolicum and S. magni. Sphagnum 

436 medium is clearly distinct at K=5, comprised of the blue genotype group that does not occur in 

437 any other species, and S. magellanicum-NW is distinct with a yellow group that also occurs at 

438 low levels of admixture in S. asiaticum. Sphagnum diabolicum and S. magni are only 

439 distinguishable at K=5 by the amount of the green genotype present; both are mostly comprised 

440 of the grey genotype group. In fact, these two species are not further distinguished at higher 

441 levels of resolution for genotype groups (i.e., K=5-10; Fig. S14).  Reducing the number of 

442 samples in each group to have more equally-sized groups does not affect these inferences (Fig. 

443 S15).

444 Nucleotide diversity (π) calculated from genome resequencing data indicates that S. 

445 diabolicum and S. magni have the highest levels of genetic diversity in the complex. Much lower 

446 levels were detected within S. magellanicum-NW. Sphagnum medium and S. divinum, the most 

447 common species, are characterized by an intermediate level of genetic diversity (Table 1).

448 Genome-wide FST and dXY values based on resequencing data corroborate the inference 

449 from phylogenetic reconstructions that clades within the S. magellanicum complex are strongly 

450 differentiated, except for S. diabolicum versus S. magni (Table 2). FST estimates based on 

451 RADseq data provide similar inferences; S. diabolicum and S. magni are weakly differentiated 

452 relative to other species pairs (Table 3; Fig. S16), and further corroborate a close genetic 

453 relationship between these species and South American plants.

454 Fixed nucleotide differences among clades/species support inferences from 

455 phylogenetic reconstructions and statistics quantifying genetic differentiation (Table 4). The 

456 highest number of fixed differences (2,515,839) in the resequencing data is between S. medium 

457 and S. magellanicum-NW, which are entirely allopatric. Fixed differences among the other 

458 species range from 584,419 between S. divinum and S. diabolicum to 1,685,899 between S. 

459 divinum and S. magellanicum-NW. Only 37,565 fixed differences were detected between S. 

460 diabolicum and S. magni. Similar patterns are evident from the RADseq data (Table 4; Fig. 

461 S16), but here the highest numbers of fixed differences occur between S. medium and S. 

462 divinum, two northern species that sometimes occur sympatrically. In agreement with the 

463 resequencing data, plants belonging to S. medium and S. magellanicum-NW also exhibited a 

464 high number of differences, only slightly lower than between S. medium and S. divinum. Also in 
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465 agreement with results from the resequencing data, S. diabolicum and S. magni exhibit the least 

466 fixed differences, 210. RADseq data corroborate the relatively high level of genetic similarity of 

467 both S. diabolicum and S. magni to plants from South America, and support a closer 

468 relationship of those eastern North American species to plants from southernmost South 

469 America (S. magellanicum) than to those from northern South and Central America (S. 

470 magellanicum-NW). Interestingly, the number of fixed differences between plants in the S. 

471 magellanicum versus S. magellanicum-NW are as high as between most of the northern 

472 Hemisphere pairs, and lower than (Fuegan) S. magellanicum to either S. diabolicum or S. magni 

473 (Table 4).

474 As genealogical discordance can reflect retention of standing ancestral polymorphism 

475 (i.e., deep coalescence) as well as introgression, we conducted tests to distinguish these 

476 processes. Using the resequencing data, we detected significant introgression among multiple 

477 pairs of species. We found that Dmin was significantly elevated in nine of the ten species trios 

478 and ranged from 0.012 to 0.055 (Table S6). The corresponding f4-ratios for these conservative 

479 estimates of D suggest that between 1% and 11% of the genome is introgressed depending on 

480 the species involved. As lower limits for the amount of interspecific gene flow in the complex, 

481 these results strongly suggest that a strictly bifurcating tree cannot accurately represent the 

482 evolutionary history of S. magellanicum species. Some of this gene flow likely represents 

483 ancient introgression, perhaps between S. magellanicum or S. divinum and an ancestor of S. 

484 magni and S. diabolicum as f-branch statistics would suggest (Fig. S17), but this will be further 

485 explored in a subsequent publication.

486
487 Microhabitats, geographic structure and functional trait variation
488 Sphagnum medium grows predominantly in open bog microhabitats, but S. divinum, 

489 which occurs at some of the same sites, is equally distributed across open bogs, bog margins, 

490 and surrounding forests (Table 5). In Norway, S. divinum is said to occur primarily at bog 

491 margins and in forests. Although S. medium is more common in the open parts of the bogs, it 

492 does occasionally also occur at the margins and in adjacent forests. These two species have 

493 ample ecological opportunity to hybridize, consistent with the observation (above) of substantial 

494 introgression between them. Sphagnum diabolicum is less common, but like S. divinum, it 

495 appears to occur across multiple microhabitats at peatland sites.  Limited data are available for 

496 S. magni and the boreal microhabitat classification does not correspond well to the warm 

497 temperate / subtropical sites where it grows. The habitats of S. magni include poorly drained 
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498 areas along roadsides, in pine forests, and, unlike the boreal species, co-occurs with palmettos 

499 and other subtropical plants in southeastern U.S. coastal plain areas.

500 A subjective perusal of RADseq-based relationships among samples (Fig. S7) suggests 

501 that while some samples from the same or proximate sites often group together, there is also 

502 evidence of close relationships among highly disjunct plants. We see strongly supported clades 

503 of S. divinum, for example, that group plants from New Hampshire, or West Virginia. A strongly 

504 supported clade include most of the samples from western Canada and the U.S. On the other 

505 hand, two European samples of S. divinum from the Czech Republic are closely related to 

506 samples from the northeastern U.S. but are distant from a third Czech sample that is closely 

507 related to a Swedish sample.

508 Similarly, there is some grouping of S. magni samples from North Carolina, but 

509 otherwise there appears to be little geographic structure among samples of that species from 

510 southeastern and Gulf of Mexico coastal plain samples. One sample of S. medium, a relatively 

511 uncommon species that appears to be otherwise completely restricted to western Europe and 

512 northeastern North America, was collected in Central America (Suriname). We checked this 

513 unlikely observation by re-extracting and resequencing, but it appears to be accurate, and we 

514 conclude that there was a dispersal from some northern latitude source. It is closely related to a 

515 sample from Maine.

516 We quantified geographic structure within species by estimating the correlation between 

517 geographic and genetic distances estimated from RADseq data (IBD; Isolation by Distance).  

518 IBD was significant only for S. medium, the S. diabolicum+S. magni clade, and (less strongly) 

519 for S. diabolicum alone (Table S7).

520 Tissue decomposability is an important functional trait that underlies carbon 

521 sequestration through the accumulation of peat. Our field experiment did not reveal differences 

522 in decomposability among the four eastern North American species in the complex (Table S8). 

523
524 DISCUSSION

525 This research provides a framework to enable ecological genomics for the genus 

526 Sphagnum as a model. Sphagnum peatmosses have unparalleled ecological importance 

527 because they create peatland ecosystems that support a host of other organisms, control 

528 hydrology over regional scales, release substantial methane into the atmosphere, accumulate 

529 vast amounts of carbon in the form of peat, and provide natural laboratories for investigating 

530 niche differentiation within communities. Members of the S. magellanicum complex are 

531 important players because they are widespread and abundant components of peatland 

Page 17 of 35

Manuscript submitted to New Phytologist for review



For Peer Review

17

532 ecosystems. Newly resolved insights into genomic divergence and phylogenetic relationships 

533 within the S. magellanicum complex suggest that we have caught these plants in the act of 

534 speciation, and have a model system to promote greater understanding of how these ecological 

535 functions came to be during the course of evolution. 

536 Species in the S. magellanicum complex differ in geographic ranges across climate 

537 zones. Sphagnum divinum, S. medium, and S. diabolicum are boreal species that range from 

538 Canada southward in the mountains of eastern North America. Sphagnum magni has a warm 

539 temperate to subtropical range in the eastern U.S. and reaches as far south as Lake 

540 Okeechobee in south-central Florida. Sphagnum magellanicum-NW and S. asiaticum have 

541 tropical-montane ranges, and S. magellanicum occupies temperate-subantarctic habitats in 

542 Tierra del Fuego.  These contrasting climate-correlated distributions will be valuable for 

543 identifying genomic features that confer tolerances to heat and cold stresses and can inform 

544 predictions about the biotic consequences of climate warming.  

545 Within climate zones, species in the complex differ in niches. Within boreal peatlands, S. 

546 medium typically forms high hummocks out in the open whereas S. divinum more commonly 

547 occurs at the margins and in surrounding forests (Yousefi et al., 2017). We find that in eastern 

548 North America, S. medium is also almost completely restricted to open bogs, but S. divinum 

549 occurs in both the surrounding forested areas and out in the open. When in the open, however, 

550 S. divinum consistently occurs in lower hummocks and in lawns closer to the water table. 

551 Sphagnum diabolicum also occurs both in open bogs, close to the water table, and in 

552 surrounding forests.  We have been unable to detect an ecological difference between S. 

553 divinum and S. diabolicum and they frequently occur sympatrically in the northeastern U.S. In 

554 contrast, the warm temperate-subtropical species, S. magni, occurs in habitats that have no 

555 counterparts in the boreal zone. This species occurs in pine, pine-palmetto, and hardwood 

556 forests, and along roadsides where impeded drainage results in standing water for parts of the 

557 year. 

558 Ecological differences between S. diabolicum and S. magni, very closely related sister 

559 taxa that have not reached reciprocal monophylly across their entire genomes, are especially 

560 attractive targets for research on ecological adaptation. The strongly supported inference that S. 

561 magni is sister to S. diabolicum, and that this inclusive clade is sister to plants from Tierra del 

562 Fuego, raises a series of important issues to pursue. This phylogenetic topology strongly 

563 suggests that the warm temperate-subtropical ecology of S. magni is derived from a colder 

564 climate ancestry. In addition to heat tolerance per se, their habitats likely differ in nutrient 

565 availability, light quality and quantity, microbial associates, and annual photoperiod variation, 
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566 among other features. We are currently pursuing analyses to characterize genomic 

567 differentiation between S. diabolicum and S. magni, with research on their comparative 

568 physiology and microbiomes being initiated.

569 Much is known about ecological processes that underlie community assembly in 

570 Sphagnum-dominated peatlands, such as competition between hummock-forming and hollow-

571 inhabiting species (summarized in Rydin & Jeglum, 2013), but few studies have examined 

572 Sphagnum ecology in an evolutionary/phylogenetic framework.  Some ecologically important 

573 functional traits (e.g., growth, decomposability) are phylogenetically conserved across 

574 Sphagnum at the genus level and are correlated with interspecific niche differences (e.g., 

575 hummock vs. hollow niches; Bengtsson et al., 2016, 2018; Piatkowski & Shaw, 2019; Piatkowski 

576 et al., 2021). Decomposition rate, a critical trait underlying peat accumulation and therefore 

577 carbon sequestration, is conserved across the genus and is correlated with the characteristic 

578 positions of species along the hummock-hollow gradient (Piatkowski et al., 2021).  It is 

579 noteworthy that some of the clades/species within the S. diabolicum complex differ in niche 

580 relative to height above the water table (hollows to hummocks), but we detected no differences 

581 in decomposition rates. This includes S. magni, which occupies very different warm temperate 

582 to subtropical habitats where peat accumulation is minimal.  In addition to rates of 

583 decomposition, growth rates are the other obvious variable underlying how high plants are 

584 raised above the water table and how much peat they accumulate. We have in-progress work 

585 designed to test if species in the S. magellanicum complex differ in growth rates and whether 

586 any such differences relate to their niches. 

587 Recent discoveries about phylogenetic relationships and species delimitation have 

588 increased accuracy of evolutionary inferences in other bryophyte model organisms including 

589 Physcomitrium patens (McDaniel et al., 2009; Medina et al., 2019; Rensing et al., 2020), 

590 Marchantia polymorpha (Linde, 2019), and Ceratodon purpureus (Nieto-Lugilde et al. 2018a, b). 

591 Added value to these systems come from new insights into related species and intraspecific 

592 variants with more complex morphologies (Physcomitrium), different ecological ranges 

593 (Marchantia), and genome structure (Ceratodon).

594 These studies of bryophytes that are widely utilized for comparative genomics, including 

595 those in the genus Sphagnum, show that phylogenetic resolution is critical to maximize their 

596 value and to suggest avenues for additional research. Moreover, accurate species delimitation 

597 that reflects variation in morphology, ecology, and genomic structure, is critical to evolutionary 

598 interpretations and is essential for accurate identification of plant material utilized for any 

599 research application. New phylogenetic resolution of clades within the Sphagnum magellanicum 
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600 complex presented here facilitates accurate downstream comparisons among field-collected 

601 samples and raises novel questions about the evolution of ecological variation in the group. Our 

602 results suggest that speciation within the S. magellanicum complex is in-progress, and appears 

603 to be at a particularly early stage for the S. diabolicum-S. magni clade. Other species in the 

604 monophyletic S. magellanicum complex are more divergent than are S. diabolicum and S. 

605 magni, but are nevertheless very closely related in the context of the genus Sphagnum more 

606 broadly. Clear ecological differences between species makes this group a valuable model for 

607 evolutionary/ecological genomics in a group with unparalleled importance to global scale 

608 biogeochemistry and climate.
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806 Table 1: Nucleotide diversity (π) for species in the S. magellanicum complex estimated from 10 

807 kb non-overlapping genomic windows. Estimates represent medians of average values within 

808 windows, and the 95% bootstrap confidence intervals are given in parentheses. 

N π π (95% CI)

S. diabolicum 8 0.0103 (0.0102, 0.0104)

S. divinum 24 0.0031 (0.0031, 0.0032)

S. magellanicum-NW 2 0.0019 (0.0018, 0.0019)

S. magni 9 0.0093 (0.0093, 0.0094)

S. medium 5 0.0038 (0.0037, 0.0038)
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810

811 Table 2. Pairwise comparisons of the fixation index (FST, above diagonal) and genetic divergence (dXY, below diagonal) between 

812 species in the S. magellanicum complex based on genome resequencing data. These estimates represent the medians of average 

813 values within 10 kb non-overlapping genomic windows and the 95% bootstrap confidence intervals are given in parentheses.

S. diabolicum S. divinum S. magellanicum-NW S. magni S. medium

S. diabolicum 0.4825

(0.4795, 0.4851)

0.5134

(0.5105, 0.5163)

0.0720

(0.0710, 0.0729)

0.5665

(0.5638, 0.5693)

S. divinum 0.0153

(0.0152, 0.0154)

0.7301

(0.7272, 0.7328)

0.5293

(0.5268, 0.5319)

0.7302

(0.7273, 0.7330)

S. magellanicum-NW 0.0157

(0.0156, 0.0158)

0.0154

(0.0153, 0.0155)

0.5459

(0.5432, 0.5487)

0.7479

(0.7452, 0.7510)

S. magni 0.0115

(0.0114, 0.0115)

0.0158

(0.0157, 0.0159)

0.0158

(0.0157, 0.0159)

0.5944

(0.5290, 0.5969)

S. medium 0.0193

(0.0192, 0.0194)

0.0173

(0.0171, 0.0174)

0.0184

(0.0183, 0.0185)

0.0195

(0.0194, 0.0196)
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815 Table 3. Pairwise comparisons of the fixation index (FST, above diagonal) between species in the S. magellanicum complex based on 

816 RADseq data. These estimates represent medians of average values within 10 kb non-overlapping genomic windows and the 95% 

817 bootstrap confidence intervals are given in parentheses.

S. diabolicum S. divinum S. magellanicum S. magellanicum-NW S. magni S. medium

S. asiaticum 0.6544

(0.6491, 0.6603)

0.7573

(0.7511, 0.7635)

0.9429

(0.9357, 0.9473)

0.8540

(0.8468, 0.8582)

0.6767

(0.6701, 0.6825)

0.7979

(0.7918, 0.8052)

S. diabolicum 0.3967

(0.3881, 0.4043)

0.4054

(0.3950, 0.4164)

0.4786

(0.4702, 0.4865)

0.0876

(0.0853, 0.0898)

0.5411

(0.5353, 0.5495)

S. divinum 0.6353

(0.6241, 0.6457)

0.6689

(0.6610, 0.6772)

0.4453

(0.4359, 0.4537)

0.6558

(0.6501, 0.6643)

S. magellanicum 0.8107

(0.8032, 0.8119)

0.5070

(0.4974, 0.5164)

0.7571

(0.7521, 0.7631)

S. magellanicum-NW 0.4519

(0.4411, 0.4647)

0.7717

(0.7645, 0.7788)

S. magni 0.5654

(0.5577, 0.5725)

818
819
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820 Table 4. Fixed differences between species using data from genome resequencing (above diagonal) and RADseq (below diagonal). 

821 Comparisons that could not be made due to lack of data are represented by “na”.

822
S. asiaticum S. diabolicum S. divinum S. magellanicum S. magellanicum-NW S. magni S. medium

S. asiaticum na na na na na na

S. diabolicum 4,239 584,419 na 1,140,617 37,565 1,406,748

S. divinum 5,295 4,519 na 1,685,899 682,824 1,682,598

S. magellanicum 5,179 1,919 4,783 na na na

S. magellanicum-NW 6,075 5,053 8,704 6,664 1,236,519 2,515,839

S. magni 4,396 210 5,361 2,608 5,561 1,509,463

S. medium 6,067 9,732 13,021 7,612 12,129 10,363
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824 Table 5. Microhabitat distributions of species in the S. magellanicum complex.

825

Species Open Bog Bog Margin Forest

S. diabolicum 2 8 6

S. divinum 14 14 17

S. magni 0 2 2

S. medium 13 2 1

826
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827 Figure Legends
828
829 Figure 1. Map of the collection locations of samples included in the RADseq and genomic 

830 resequencing analyses. Colors represent the clades referred to in this study: blue = S. divinum, 

831 brown = S. medium, green = S. diabolicum, violet = S. magni, cyan = S. magellanicum and S. 

832 magellanicum-NW, red = S. asiaticum.

833
834 Figure 2. Phylogenetic relationships among samples based maximum likelihood analyses of 

835 resequencing data from the nuclear (left) and plastid (right) genomes suggest cytonuclear 

836 discordance. The nuclear tree presented here was reconstructed using the dataset containing 

837 loci genotyped in at least 80% of samples. Central lines connect sample position in each 

838 phylogeny. Colors represent the clades referred to in this study: blue = S. divinum, brown = S. 

839 medium, green = S. diabolicum, violet = S. magni, cyan = S. magellanicum-NW. Scale bars = 

840 substitutions/site

841

842 Figure 3. Summary of the tree topologies identified from analyses of individual chromosomes 

843 (e.g., LG01) and across the genome using nuclear genome resequencing and RADseq data. 

844 Data were analyzed using the maximum likelihood (ML) and coalescent (SVD) methods. 

845 Asterisks indicate that at least one internal branch is not statistically supported. Parentheses 

846 indicate tree topologies that approximately unbiased tests fail to reject despite their suboptimal 

847 likelihood. na = not available.

848
849 Figure 4. Phylogenetic network based on nuclear genome resequencing loci depicting weighted 

850 splits among samples in the S. magellanicum complex. Longer edges are splits found more 

851 frequently in the dataset and cycles/boxes represent incompatible splits. 

852
853 Figure 5. Summary of phylogenetic relationships among Sphagnum magellanicum complex 

854 clades based on RADseq loci. Relationships on the left were estimated using maximum 

855 likelihood and branches are labelled with ultrafast bootstrap values. Relationships on the right 

856 were estimated using singular value decomposition scores for species quartets and nodes are 

857 labelled with bootstrap values. 

858
859 Figure 6. Results of STRUCTURE analyses of RADseq loci for Sphagnum magellanicum 

860 complex clades at K=2 and K=5. Colors represent different genotype groups.
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861
862 Supplemental Online Material
863
864 Supplemental Tables:
865
866 Table S1. Voucher table with collection information for samples included in RADseq and 

867 genome resequencing analyses.

868
869 Table S2. Number of sites used for phylogenetic analyses using genome resequencing data.

870
871 Table S3. Summary statistics for the two types of samples used in the RADseq analyses. 

872 Illumina RADseq samples were produced by RAD sequencing of plant collections. In silico 

873 digested genomes were produced from genome resequencing data and “digested” as described 

874 in Methods. Datasets including loci with three different minimum sample coverage levels were 

875 used to verify that inferences are not affected by the trade-off between number of loci and 

876 proportion of missing data.

877
878 Table S4. Support values per chromosome for clades containing S. magni and/or S. diabolicum 

879 based on maximum likelihood analyses of nuclear resequencing data. Clade support values 

880 include ultrafast bootstrap values (left) and site concordance factors (right).

881
882 Table S5. Support values per chromosome for clades containing S. magni and/or S. diabolicum 

883 based on maximum likelihood analyses of RADseq data. Support values with asterisks indicate 

884 clades that do not represent a monophyletic S. magni or S. diabolicum group due to the listed 

885 exceptions. Clades labelled as paraphyletic with asterisks indicate clades that would be 

886 paraphyletic if not for the indicated exceptions. 

887
888 Table S6. Dmin for species trios in the S. magellanicum complex estimated from genome 

889 resequencing data. For each trio, this statistic represents the minimum possible value for D 

890 across all possible topologies. Significance was assessed using the block jackknife with 1E 

891 blocks and the resulting P-values were adjusted using the Benjamini-Hochberg procedure.

892
893 Table S7. Isolation by distance (genetic distance versus the base 10 log of geographic 

894 distance) for pairwise comparisons between samples of  A) S. divinum, B) S. medium, C) S. 
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895 diabolicum + S. magni, D) S. diabolicum, E) S. magni, F) S. magellanicum-NW, G) S. 

896 magellanicum, and H) S. asiaticum.

897
898 S8. Tissue decomposability (K, yr-1) of samples representing North American clades in the S. 

899 magellanicum complex. Analysis of variance failed to recover an effect of lineage on 

900 decomposability (F(3,52)=0.274, P=0.844).

901
902 Supplemental Figures:
903
904 Fig. S1. Phylogenetic relationships among samples in the S. magellanicum complex estimated 

905 using IQ-TREE2 for nuclear genome resequencing data. 

906
907 Fig. S2. Phylogenetic relationships among clades in the S. magellanicum complex estimated 

908 using SVDquartets for nuclear genome resequencing data. 

909
910 Fig. S3. Phylogenetic relationships among clades in the S. magellanicum complex estimated 

911 using ASTRAL for nuclear genome resequencing data. 

912
913 Fig. S4. Phylogenetic relationships among samples in the S. magellanicum complex estimated 

914 using IQ-TREE2 for plastid genome data. 

915
916 Fig. S5. Phylogenetic relationships among Sphagnum magellanicum complex clades or groups 

917 based on RADseq loci present in at least 70%, 80%, or 90% of samples. 

918
919 Fig. S6. Map of RADseq locus positions on chromosomes of the Sphagnum divinum genome.

920
921 Fig. S7. Phylogenetic relationships among samples based on RADseq loci present in at least 

922 70%, 80%, or 90% of samples. 

923
924 Fig. S8. Phylogenetic relationships among samples in the S. magellanicum complex estimated 

925 using IQ-TREE2 for nuclear genome resequencing data from individual chromosomes. 

926 Branches are labelled with ultrafast bootstrap values (left) and site concordance factors (right). 

927 Scale bar units are the number of substitutions per site.

928
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929 Fig. S9. Phylogenetic relationships among clades in the S. magellanicum complex estimated 

930 using SVDquartets for nuclear genome resequencing data from individual chromosomes. 

931
932 Fig. S10. Phylogenetic relationships among clades in the S. magellanicum complex estimated 

933 using ASTRAL for nuclear genome resequencing data from individual chromosomes. 

934
935 Fig. S11. Phylogenetic relationships among samples based on RADseq loci mapping to each 

936 individual chromosome of the Sphagnum divinum genome. 

937
938 Fig. S12. Phylogenetic relationships among samples based on RADseq loci mapping to each 

939 individual chromosome of the Sphagnum divinum genome. 

940
941 Fig. S13. Summary of the nine different phylogenetic relationships identified based on 

942 maximum likelihood and singular value decomposition scores for species quartets using 

943 RADseq loci mapping to each chromosome of the Sphagnum divinum genome. 

944
945 Fig. S14. Results of STRUCTURE analyses of RADseq loci for clades in the Sphagnum 

946 magellanicum complex at all values of K from 2 through 10.

947
948 Fig. S15. Results of STRUCTURE analyses of RADseq loci with reduced sampling to minimize 

949 size differences between clades in the Sphagnum magellanicum complex at all values of K from 

950 2 through 10.

951
952 Fig. S16. Scatterplot of FST values (above) and fixed differences (below) for clades in the S. 

953 magellanicum complex estimated from RADseq and genome resequencing data.

954
955 Fig. S17. Plot of f-branch statistics calculated using the genome resequencing dataset that 

956 includes loci present in at least 80% of samples. 
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