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Abstract 

The Arctic morph of Sphagnum squarrosum differs from the typical Boreal morph and 

has morphological similarities with Sphagnum teres which is closely related and may 

resemble S. squarrosum when growing in certain conditions. While previous studies have 

detected no genetic structure in Sphagnum squarrosum, the Arctic morph has never been 

explored in the context of species delimitation. I aimed to clarify the taxonomic status of the 

Arctic morph of S. squarrosum and its phylogenetic relationship with S. teres and S. tundrae 

with which it co-occurs at Svalbard. RADseq analysis was applied to 61 samples of the three 

study species from Svalbard, Norway, Finland, Estonia, Faroe Islands, Greenland, and Russia. 

The dataset was then analysed with STRUCTURE, RAxML, PCA, and FST was calculated. I 

found that the Arctic morph belongs within S. squarrosum, but I also found more spatial 

structure in the S. squarrosum than discovered in previous studies. The specimens of S. 

squarrosum from Svalbard, Arctic Greenland, and Arctic Norway are genetically more 

similar to each other than to samples south of the Arctic circle. Samples south of the Arctic 

circle formed two groups, one containing samples from Faroe Islands and South Norway, 

while the other encompassed samples from all the remaining locations. The genetic group 

containing the samples from Southern Norway and Faroe Islands was the most genetically 

dissimilar among the S. squarrosum samples and could be under emerging speciation.  
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Sammendrag 

Den arktiske morfen til Sphagnum squarrosum skiller seg fra den typiske Boreale 

morfen og har morfologiske likheter med S. teres som er nært beslektet og kan ligne på S. 

squarrosum når den vokser under spesifikke forhold. Tidligere studier har ikke funnet 

genetisk struktur i S. squarrosum og den arktiske morfen har aldri vært undersøkt i 

sammenheng med artsavgrensning. Jeg hadde som mål å oppklare den taksonomiske statusen 

til den arktiske morfen av S. squarrosum og dens fylogenetiske forhold til S. teres og S. 

tundrae som vokser sammen med den på Svalbard. Det ble utført RADseq analyse av 61 

prøver av de tre studieartene fra Svalbard, Norge, Finland, Estland, Færøyene, Grønland, og 

Russland. Datasettet ble analysert med STRUCTURE, RAxML, PCA og FST verdiene ble 

estimert. Jeg fastslo at den arktiske morfen tilhører S. squarrosum, men jeg fant mer 

geografisk struktur i S. squarrosum enn tidligere studier har oppdaget. Individene av S. 

squarrosum fra Svalbard, og de arktiske områdene av Grønland og Norge er genetisk mer lik 

hverandre enn prøver sør for den arktiske sirkelen. Prøver sør for den arktiske sirkelen dannet 

to grupper, den ene inneholdt individer fra Færøyene og Sør-Norge, mens den andre inneholdt 

individene fra alle de gjenværende lokalitetene. Den genetiske gruppen bestående av prøvene 

fra Færøyene og Sør-Norge var mest genetisk distinkt blant prøvene av S. squarrosum og kan 

være i ferd med å bli en egen art.  
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Introduction 

Biodiversity is of great importance to human society (Gamfeldt et al., 2008), 

nevertheless the result of human activities greatly reduce biodiversity (López‐Rojo et al., 

2019) at a speed that is not being matched by taxonomic research (Coleman, 2015). Species, 

genetic, and ecosystem diversity make up the foundation of biodiversity (Dewoody et al., 

2021) which raises the level of ecosystem function providing goods and services to human 

society (Gamfeldt et al., 2008). Conserving genetic diversity within a species is not given the 

same attention as conserving species (Hedenäs, 2019) although it offers great predictive value 

on fitness, and adaptability of a species which could greatly aid in directing conservation 

efforts (Dewoody et al., 2021). Human impact such as climate change, pollution, and habitat 

loss decreases genetic diversity, biodiversity and subsequently ecosystem function 

multifunctionality in plants (López‐Rojo et al., 2019). The extinction rates are inferred to be 

tens to hundreds of times higher than the natural background extinction rates and are 

accelerating (IPBES, 2019). Estimates of the number of species on earth vary from 1.8 to 14 

million but either case leaves 21-86% of terrestrial species and 24-91% of marine species 

undescribed (Coleman, 2015). Despite this, the number of species experts is declining and 

many institutions and museums have policies that indirectly but noticeably impede taxonomic 

work (Coleman, 2015). The importance of biodiversity and loss thereof makes it an urgent 

field to study and makes it increasingly important to discover population subdivision as well 

as new species to guide the conservation efforts (López‐Rojo et al., 2019).   

Speciation occurs in a plethora of ways, and the dispersal mode of bryophytes could 

impact their demographic histories relative to seed plants. The diversity of sexually 

reproducing organisms we are surrounded by today stems from different modes of speciation, 

i.e., allopatric, sympatric, peripatric, polyploid, and hybrid speciation. Some of these 

processes have been shown in bryophytes (Meleshko et al., 2018; Shaw & Goffinet, 2008), 

spore producing non-vascular plants. Bryophytes have a strong dispersal potential of spores 

which could prevent isolation of populations by distance like seen in seed plants (Szövényi et 

al., 2012). For instance, the level of endemism in bryophytes is significantly lower than that 

displayed by angiosperms (Vanderpoorten et al., 2011). 

Sphagnum or peat mosses is a genus in Sphagnaceae, one of the oldest bryophyte 

families, holding a tremendous amount of phenotypic variation (Flatberg, 1988, 2013; 

Stenøien et al., 2014) and is of great importance for the global carbon cycle (Yu et al., 2011). 

Sphagnum species are key components in the formation of peatlands (Flatberg, 2013) most of 
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which are located in the Northern Hemisphere above 45°N (Yu et al., 2011). Peatmosses 

cover only 3% of the world’s land area, but store 25-30% of the world’s soil stored carbon 

(Yu et al., 2010) which makes conservation of peatlands is vital in combating climate change. 

Sphagnum squarrosum Crome subgenus Acutifolia described in 1803, has its 

distribution across the Northern Hemisphere with some occurrences in the Southern 

Hemisphere (GBIF_Secretariat, 2021). Historically, the large morphological diversity of S. 

squarrosum has been categorized by scientists into new species, subspecies, or varieties 

although none of these classifications persisted (Tropicos, 2021). The abundance of 

morphological characters stem in part from phenotypic plasticity found within Sphagnum and 

its ability to morphologically adapt to microclimates within its niche (Flatberg, 1988, 2013; 

Stenøien et al., 2014). As a result, many closely related species  are hard to tell apart 

(Kyrkjeeide et al., 2015), which is the case for S. squarrosum and another species from 

subgenus Acutifolia, S. teres (Schimp.) Ångstr. ex Hartm.. When the two are growing under 

optimal conditions, the squarrose branch leaves that make S. squarrosum easy to recognize 

(Suzuki, 1967) help separate it from S. teres, along with several other characters (Flatberg, 

2013). However, differentiating between the two species becomes increasingly difficult when 

different forms of S. squarrosum or S. teres exhibit morphology intermediate between the 

species (Society, 2010). Unfavourable environmental conditions are hypothesized to be the 

underlying cause of some of the morphs of S. squarrosum that resemble S. teres the most 

(Andrews, 1913). Depending on the habitat, S. squarrosum can vary in colouration: in the 

shade of forests they appear green with a light stem; but when exposed to sunlight they gain a 

slight yellow-brown colouration and a brown-ish stem, thereby resembling S. teres (Flatberg, 

2013). The S. squarrosum forms that  are the most difficult to differentiate from S. teres have 

been reported in North America (Andrews, 1913) and Japan (Suzuki, 1967). In turn, 

individuals of S. teres growing in the shade have greener shoots with branch leaves that curve 

away from the branch more than usual, thus resembling small individuals of S. squarrosum 

(Andrews, 1913; Flatberg, 2013; Society, 2010). 

Like other plants (Peterson, 2014), many Sphagnum species such as S. warnstorfii 

Russow, S. teres, S. obtusum Warnst. and S. squarrosum have morphological variants tied to 

the Arctic (Flatberg, 2013). For instance a genetic study of S. warnstorfii revealed that its 

Arctic morph represents a genetic variant tied to the Arctic (Yousefi et al., 2019), while 

morphological and genetic analysis of S. fimbriatum Wilson established its Arctic morph as a 

separate species, S. concinnum (Berggr.) Flatberg (Flatberg, 2007; Shaw et al., 2012). 
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Sphagnum squarrosum on Svalbard, hereafter the Arctic morph has a more distinct yellow-

brown colouration, a brown stem, and branch leaves that are unmistakably less squarrose than 

those observed in S. squarrosum growing elsewhere (Flatberg, 2013), hereafter the Boreal 

morph (Figure 1). The Arctic morph of S. squarrosum is even more laborious to distinguish 

from S. teres than the Boreal morph (Flatberg, personal communication).  

Previous works on S. squarrosum have been concentrated on genetic structure within 

the Boreal morph in Europe with few specimens of the Arctic morph included. Weak genetic 

structure across the European distribution of S. squarrosum has been demonstrated by 

Szövényi et al. (2006) and Szövényi et al. (2007). Szövényi et al. (2006) included no 

specimens from Svalbard but included a specimen from the Arctic Kola Peninsula which 

displayed a haplotype not seen in other specimens, while Szövényi et al. (2007) included two 

specimens from Svalbard but discovered no spatial genetic structure within the limited 

representation. To this date, the Arctic morph of S. squarrosum has not been genetically 

examined in context of species delimitation.  

Historically the morphological species concept which only requires knowledge of an 

organism’s phenotype, has been used in bryophyte delimitation. However, a strictly 

morphological approach to species delimitation can introduce biases when inferring the 

evolutionary history of species and genera. An example of this is the exploration of genetic 

variation across the distribution range of S. magellanicum Brid. (Kyrkjeeide et al., 2016b) 

which under further investigation with genetic, morphological and ecological data turned out 

to consist of three species (Hassel et al., 2018). Bryophytes have extremely reduced 

morphologies (Vigalondo et al., 2019), which can lead to too conservative species 

delimitation (Patiño & Vanderpoorten, 2018). Due to an over usage of the term “cryptic 

species” in bryophytes, it has been suggested that morphology-based species delimitation 

should be carried out taking phylogenetic relationships among species into consideration 

(Renner, 2020). The phylogenetic species concept delimits species through the level of 

relatedness and requires molecular data. The latter have become increasingly accessible in 

recent decades (Gutiérrez & Garbino, 2018; Rieppel, 2010) but there are more concepts that 

add great value to determine a good species. The ecological species concept requires 

information about the location and habitat type of the different populations of an assumed 

species (Winston, 1999), and can be of great aid when it is used along with other species 

concepts (Shaw & Goffinet, 2008).  
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In fact, integrative taxonomy – using multiple species concepts and diverse methods 

when delimiting species – decreases the chance of any one source providing a data bias, and 

gives more stable taxonomic units in species delimitation (Padial et al., 2009). Integrative 

taxonomy also has the advantage of covering more needs as e.g., a strictly phylogenetic 

approach is of little help in the field, and a strictly ecological approach would be problematic 

in ecotones. A mixed approach utilizing morphology, ecology and genetic analyses 

successfully resolved the uncertainties of S. magellanicum induced by analysis done on 

genetic data alone (Yousefi et al., 2017), delimiting S. medium Limpr. and S. divinum Flatberg 

& K. Hassel from S. magellanicum (Hassel et al., 2018). Integrative taxonomy provides good 

results, therefore I will use this approach in my study of the Arctic and Boreal morph of S. 

squarrosum. 

 

  

Figure 1: To the left: Boreal morph of S. squarrosum. To the right: the Arctic morph of S. squarrosum. Photo credit 

and identification: Kjell Ivar Flatberg 

Aims 

The aim of this study is to clarify the taxonomic status of the Arctic morph of S. 

squarrosum using an integrative taxonomic approach. I will use a common garden experiment 

and genomic data gained with RADseq, incorporating both the morphological and the 

phylogenetic species concept to explore whether the Arctic morph is a separate species or a 

phenotype. Specifically, I aim to (1) explore genetic distinctiveness of the Arctic morph and 

the Boreal morph of S. squarrosum, as well as (2) explore their relationship with S. teres, and 

S. tundrae Flatberg which co-occur with the Arctic morph of S. squarrosum on Svalbard. 

Lastly, I will (3) discuss possible demographic scenarios for S. squarrosum. 
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Material and methods  

 

Sampling 

In total, 21 samples of S. teres, 12 samples of S. tundrae in addition to 27 samples S. 

squarrosum from Norway, Finland, Greenland, Iceland, Faroe Islands, Russia, and Estonia, 

were extracted from the Trondheim herbarium (TRH) (Table 2 in Appendix). In addition, 54 

samples of S. teres, S. tundrae, and S. squarrosum were collected on Svalbard, with vouchers 

deposited in TRH (Table 2 Appendix). Of these, Forty-four Specimens were dried at room 

temperature for use in DNA extraction, while 10 specimens were kept moist at 4 °C for use in 

the common garden experiment. Artskart (Artskart.artsdatabanken.no, 2019) was used along 

with Maps at TopoSvalbard (Norwegian Polar Institute, 2019) to locate possible sampling 

locations. Sampling of fresh material was carried out on Spitzbergen from the 19th to the 24th 

of August 2019. Samples of S. squarrosum collected north of the Arctic circle along with 

southern Greenlandic samples were defined as the Arctic morph. Four additional samples for 

the common garden experiment were collected from Boreal mires i.e., Momyra and Postmyra 

in Klæbu, mainland Norway, two of which were S. squarrosum and the other two S. teres 

(Table 2 in Appendix).  

 

Common garden experiment 

To test whether the morphological features e.g. colouration and squarosity of the 

leaves found in the Arctic morph is a result of environmental factors or an expression of 

genetically fixed morphology, a common garden experiment was conducted. The experiment 

included a total of 49 transplants consisting of: 1 sample of S. tundrae, 4 samples S. teres, 2 

samples of S. squarrosum Boreal morph, and 7 samples of S. squarrosum Arctic morph. 

Samples were collected on Svalbard in August 2019 and stored moist and cool, and in 

Trøndelag in September 2019. See Error! Reference source not found.1 and 2 in Appendix 

for details and number of duplicates per sample. The experiment was performed at NTNU 

Vitenskapsmuseet over the course of three months with a light intensity of 90 ± 21 (SD) 

μmol·m -2·s-1 16 hours a day at 16°C during the day, and 12°C at night. The plants were 

placed intermixed in a seed nursery tray (Figure 2) half submerged in mire water collected at 

the minerotrophi Postmyra, Trøndelag. The water level was kept constant, and a clear plastic 

board was placed slightly suspended above the plants to reduce the risk of the desiccation by 

airflow from the climate control machine.  
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Figure 2: Common garden experiment at the day of assembly. Red triangle marks S. teres, yellow triangle marks 

S. tundrae, blue triangle marks the Boreal morph of S. squarrosum, and the blue circle marks the Arctic morph of S. 

squarrosum. 

 

DNA extraction and RADseq library preparation 

In total, 21 samples of S. teres, 12 samples of S. tundrae in addition to 27 samples S. 

squarrosum from Norway, Finland, Greenland, Iceland, Faroe Islands, Russia, and Estonia, 

were extracted from the Trondheim herbarium (TRH) (Figure 3, Table 2 in Appendix). In 

addition, 10 samples of S. teres, 10 samples of S. tundrae, and 14 samples of S. squarrosum, 

in total 34 samples, were collected on Svalbard with vouchers deposited in TRH all of which 

were dried at room temperature. Some sample locations overlapped for specimens used in 

genomic analysis and for specimens used in the Common Garden experiment, more details 

are available in Table 1 and 2 in Appendix. DNA from 34 samples of S. squarrosum, 18 of 

which were the Boreal morph and 16 of the Arctic morph, along with 25 samples of S. teres, 

and 16 samples of S. tundrae, in total 75 samples (Error! Reference source not found.1, 

Appendix) was extracted from dried capitulum tissue using the E.Z.N.A.®HP Plant DNA 

Mini Kit (Omega Bio-tek, Norway) with minor changes to the protocol provided by the 
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manufacturer. DNA concentration was measured using the Qubit 2.0 fluorometer (Thermo 

Fisher Scientific, USA) with the Qubit High Sensitivity kit (Thermo Fisher, Norway).  

The DNA concentration of the samples was normalized to 130 ng, and Double digest 

Restriction-site Associated DNA sequencing (ddRADseq) genomic libraries were prepared 

for all samples. RADseq utilizes reduced-representation sequencing, which sequences a 

subset of coding and noncoding regions from the genome. RADseq provides a greater depth 

of coverage per locus sampled than available with whole genome sequencing methods for a 

lower cost (Andrews et al., 2016). RADseq has been successfully used to study genetic 

structure, phylogeography and evolutionary history in Sphagnum with greater depth than 

previously achieved (Duffy et al., 2020; Yousefi et al., 2017; Yousefi et al., 2019). The 

ddRADseq library build was carried out according to Westergaard et al. (2019) using the 

restriction enzymes EcoRI and TaqI with the following changes. During the adapter 

annealing, the heatblock was turned off after incubation at 98ºC for 2.5 min to ensure a slow 

cooling to room temperature. Samples were cooled to room temperature at a rate of 0.1°C/Sec 

during ligation. During pooling and size selection, 0.45x and 0.2x ratio of undiluted AMPure 

beads was used at the first and the second purification steps, respectively. The libraries were 

pooled together, quality checked using the Qubit 2.0 fluorometer (Thermo Fisher Scientific, 

USA) and the Agilent 4200 TapeStation system (Agilent, USA), and sequenced at The 

Norwegian Sequencing Centre (Oslo, Norway) using ½ lane on HiSeq4000 in 150 bp pair-end 

mode.  
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Figure 3: Locations of the accessions included in genetic analysis. Species are shown in the top left corner. 

 

Sequencing data processing 

The pipeline software Stacks v2.55 (Catchen et al., 2011) was applied to conduct a 

reference based analysis of the sequences. The ‘process_radtags’ module of Stacks was used 

on the raw sequencing reads to demultiplex, remove any read with an uncalled base, and 

discard reads with an average Phred score below 10 (Ewing & Green, 1998). The reads were 

aligned to a draft reference genome assembly of Sphagnum angustifolium (v0.5, DOE-JGI, 

http://phytozome.jgi.doe.gov/) using BWA with the ‘mem’ algorithm (Li & Durbin, 2009). 

In addition, raw reads were aligned to the mitochondrial genome sequences of S. 

squarrosum (GenBank accession code KU725506.1) in the same manner as described above. 

A consensus sequence from aligned reads was created for each sample in ANGSD 

http://phytozome.jgi.doe.gov/
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(Korneliussen et al., 2014) using the effective base depth (-doFasta 3) approach (Wang et al., 

2013) with a depth filter of minimum 30. The sequences were used for phylogenetic analysis. 

 

SNP calling and filtering 

The reads aligned to the nuclear genome were used to call variants using two pipelines 

in parallel. In the first pipeline, the ‘gstacks’ module of Stacks was used specifying the single 

nucleotide polymorphisms (SNP) model, setting minimum mapping quality to 20 to consider 

a read, and discarding unpaired reads. The ‘populations’ module of Stacks was run to export 

the SNPs present in at least 50% of the samples. Finally, the VariantFiltration module of 

GATK v4.1.9.0 (Auwera & O'Connor, 2020) was run to remove the few heterozygous sites in 

the haploid genome as these were presumed to be false since S. squarrosum is haploid. In the 

second pipeline, the variants were called using the ‘HaplotypeCaller’ module of GATK 

setting the minimum base quality required for calling to 20 and, the minimum mapping 

quality to 30, excluding soft clipped bases, and setting the ploidy to one as all the study 

species are haploid. Then the ‘SelectVariants’ module of GATK was run to extract SNPs, and 

the ‘VariantFiltration’ module of GATK was run with recommended parameters (Auwera et 

al., 2013) to remove low quality SNPs.  

Both nuclear datasets were processed with VCFtools (Danecek et al., 2011) to create 

final datasets with a minimum depth per individual of 10, maximum depth of 50, maximum 

number of missing data per site at 50%, excluding all invariable sites and individuals with 

over 98% of missing data. Unbalanced population sizes can introduce biases in FST and 

STRUCTURE analysis (Wang, 2017) which is why a higher percentage of missing data was 

allowed in the genetic analyses. By including samples with more missing data, populations in 

this study were kept balanced as DNA was strenuous to extract from herbarium samples 

which led to the exclusion of many non-Svalbard samples before sequencing leaving these 

populations smaller from the beginning. For use in STRUCTURE and principal component 

analyses, one SNP per 500 bp was extracted with VCFtools to create thinned datasets to 

prevent physical linkage between the SNPs.  

 

Principal Component Analysis and genetic differention 

The R statistical environment v3.6.1 (R-Core-Team, 2019) was utilized to perform a 

Principal Component Analysis (PCA) on the thinned nuclear datasets from both pipelines 
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using the ‘adgenet’ v2.1.3 package (Jombart & Ahmed, 2011) to identify genetic clusters, and 

the ‘vcfR’ v1.12.0 package (Knaus & Grünwald, 2017) to load VCF files. The results of the 

analyses using both datasets were nearly identical, as expected (Wright et al., 2019). 

Therefore, the dataset generated with Stacks henceforth called the nuclear dataset, was 

utilized for further analysis. A measure of pairwise interspecific genetic differentiation, FST, 

was calculated with the ‘populations’ module of in Stacks. 

 

STRUCTURE analysis 

To determine the presence of any genetic structure in the data, STRUCTURE v2.3.4 

(Pritchard et al., 2000) was used on the nuclear dataset. The analysis was run testing K=2 to 

K=4 with a burnin of 50,000 and 100,000 subsequent iterations, assuming correlated allele 

frequencies among populations as suggested by Pritchard et al. (2000) and no admixture. An 

additional analysis was run separately for S. squarrosum with the same parameters as above 

testing K2 to K4. The StructureSelector server was utilized for postprocessing of the results 

(Kopelman et al., 2015). 

 

Phylogenetic analysis 

Concatenated multiple sequence alignment in fasta format was generated from the 

nuclear dataset using the method described in Meleshko et al. (2021). Two species, S. 

lindbergii Scimp. and S. compactum Lam. & DC., were used as outgroups. For that, 

concatenated multiple sequence alignment for samples AI9 and NJ210 was obtained from the 

filtered SNP dataset by Meleshko et al. (2021) in the same manner. RAxML v8.2.12 

(Stamatakis, 2018) was run with 100 bootstrap replicated with the GTRGAMMA model, 

inferring phylogenetic relationships under maximum likelihood. The mitochondrial dataset 

and the nuclear dataset were run with the same parameters along with an additional RAxML 

run using a subset of the nuclear dataset that included S. squarrosum samples and two S. 

tundrae samples from Svalbard as outgroups. FigTree (Rambaut, 2018) was used to edit and 

view the maximum-likelihood phylogenetic trees inferred with RAxML.  
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Results 
 

Common garden experiment 

Throughout the three months of the common garden experiment, the Arctic and Boreal 

morphs kept their differences i.e. yellow-brown pigmentation and only partially squarrose 

leaves on the divergent branches of the Arctic morph, and green colour and clearly squarrose 

leaves on the divergent branches of the Boreal morph. One change that we did observe was 

that the Arctic morph was approaching the Boreal morph in growth form, i.e. going from a 

compact growth form to a more loosely arranged shoots. Appearance of samples on final day 

of experiment shown in Figure 4 and Figure 5. 

 

Figure 4: Common garden experiment, day of dismantling. Red triangle marks S. teres, yellow triangle marks S. 

tundrae, blue triangle marks the Boreal morph of S. squarrosum, and the blue circle marks the Arctic morph of S. 

squarrosum. Lines have been added where distinguishing species is challenging.  
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Figure 5: The Arctic morph of S. squarrosum to the left, compared to the Boreal morph of S. squarrosum to the 

right on the final day of the common garden experiment. Differences in morphology were still apparent.  

 

SNP calling and filtering 

A mean of 1,947,715 reads per sample were mapped with BWA, with a mean of 

1,507,007 reads per sample properly paired.  

After excluding 17 samples with >98% of missing data, the nuclear dataset contained 

40,766 SNPs with a mean number of SNPs of 25,649 per sample (Figure in Appendix), a 

mean depth per sample of 24.34, and a mean percentage of missing SNPs of 37.08% per 

sample. The thinned nuclear dataset contained 6,175 SNPs. The final dataset contained 56 

samples and 5 duplicates, 17 samples were S. teres, 12 were S. tundrae, and 27 S. squarrosum 

(13 were the Boreal morph, and 14 were the Arctic morph) (Error! Reference source not 

found.1 in Appendix).  

The S. squarrosum samples had a mean of 13,497 SNPs ranging from 731 to 39,543 

SNPs, and a mean of 30% missing data. The S. teres samples had a mean of 6,947 SNPs 

ranging from 1,555 to 38,280 SNPs, and a mean of 42% missing data. The S. tundrae samples 

had a mean of 4,742 SNPs ranging from 1,175 to 36,297 SNPs, and a mean of 45% missing 

data.  
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Genetic structuring  

In the PCA, the first three Principal Components (PCs) accounted for 72.33% of the 

variation (Figure 6). PC1 accounted for 52.56% of the variation, and separated the Boreal and 

the Arctic morph of S. squarrosum from S. teres and S. tundrae. PC2 accounted for 13.87% of 

the variation, and separated S. tundrae from S. teres (Figure 6A). Several samples cluster 

close to the origo that correspond to the samples with over 90% missing data.  The PC3 

explained 5.90% of the variation, and distinctly separated all the samples from Norway and 

Faroe Islands from the rest (Figure 6B). There was a slight difference in the positioning of the 

remaining samples where the Arctic morph placed higher on the Y-axis but this was not a 

consistent pattern.  
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Figure 6: Principal Component Analysis blue shows the morphs of S. squarrosum, within the black circle are the 

samples with more than 90% missing data. A: PC1 and PC2, point colour and shape represent population as shown in top 

right corner. B: PC1 and PC3, point colour and shape explanation is in bottom left. 

 

In the STRUCTURE analysis, the best supported K was four according to ΔK 

(ΔK=2575.44), ΔK for other Ks were below 1. ΔK=4 showed differentiation among S. teres, 

S. tundrae and S. squarrosum (Figure 7) but no differentiation between the morphs within S. 

squarrosum. The analysis revealed that the Arctic morph belongs to the same genetic cluster 

as the Boreal morph of S. squarrosum (Figure 7). An emerging intraspecific genetic 

substructure in S. squarrosum is visible in K=3 where samples from Faroe Island and South 

Norway are separated from the rest of the S. squarrosum samples. There seems to be more 

admixture between samples from Finland, Iceland, Estonia and Greenland and other samples 

of the Arctic morph from Arctic areas than between these samples and the Faroe Island and 

South Norway.  

In the analysis of S. squarrosum, the best supported K was four according to ΔK (ΔK= 

51.14). The pattern emerging in the analysis including all study species was detectable in the 

analysis with only S. squarrosum as well. In the major cluster for K=2 (Figure 8), samples 

from Faroe Island, and South Norway cluster separately from the rest of the samples (Figure 

9) which is in concordance with the emerging clustering of these populations in the minor 

cluster of K=6 for the analysis run with all species. In K=4 (Figure 8, Figure 9), three clusters 

are present despite there only being two morphs. Samples from Estonia, Finland, Iceland, and 
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Greenland seem to have more admixture with samples from Svalbard, Arctic Greenland and 

Arctic Norway than samples from South Norway and Faroe Islands. Some individuals from 

Svalbard, Faroe Island and South Norway seem to have some admixture between them visible 

in the admixture map on Figure 9. 

 

 

 

Figure 7: STRUCTURE diagram showing clusters for K 2-4. All groups titled with a country at the bottom belong to S. 

squarrosum.  

 

Figure 8: STRUCTURE diagram showing major clusters of S. squarrosum for K 2 and 4. Country of origin is 

marked at the bottom.   
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Figure 9: Admixture map showing S. squarrosum clustering of K=4 from the STRUCTURE analysis. 

 

Phylogenetic analysis  

 RAxML inferred a fully bifurcating phylogeny with a monophyletic relationship 

between the Arctic morph and the Boreal morph of S. squarrosum with a high bootstrap 

support in both analyses (Figure 10, Figure 11). In the nuclear-based phylogeny (Figure 10), 

S. squarrosum formed a sister clade to S. teres and S. tundrae both of which were 

monophyletic with a high bootstrap value. There is geographic structure within S. tundrae, 

with samples from Russia and Svalbard forming separate, highly supported clades; this 

structure is not present in the mitochondrial-based phylogeny. In S. teres the non-Svalbard 

samples are inferred in three clades in the mitochondrion phylogeny (Figure  in Appendix), 

but in two clades in the nuclear phylogeny, while the Svalbard samples are inferred to 

comprise two clades in both phylogenies but with differing placement relative to the non-

Svalbard clades. Sphagnum teres is geographically structured in the nuclear phylogeny with 

Svalbard samples forming a polyphyletic group consisting of two clades, where the clade with 

the Svalbard samples and the Faroe Island sample has lower support than the clade with 

samples from Svalbard. In the mitochondrion-based phylogeny, S. teres also have two 
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moderately supported clades of the samples from Svalbard but the Faroe Island sample is 

inferred to be more closely related to the Norwegian samples than the Svalbard samples. 

However, the relationship between the Svalbard clades is incongruent between the 

phylogenies. In the nuclear phylogeny, the Svalbard clades are inferred as more closely 

related to each other than in the mitochondrial phylogeny.  

 The separate RAxML analysis of S. squarrosum inferred a topology identical to the 

full nuclear-based phylogeny (Figure 11). Three clades were detected, one of which is a 

highly supported branch holding all South Norwegian samples along with a sample from 

Faroe Islands referred to as the green group henceforth. The green group formed a sister clade 

to the remaining samples bifurcating into two highly supported monophyletic clades, one of 

which contained samples from Greenland, Finland, Iceland, and Estonia, this clade will be 

referred to as the blue group. The last clade contains all samples from Svalbard along with 

samples from Northern Norway and the northernmost part of Greenland, and will be referred 

to as the purple group and corresponds somewhat with the delimitation of the Arctic morph 

but excludes southern Greenlandic samples. The phylogeny of S. squarrosum inferred using 

the mitochondrial sequences (Figure , Appendix) also supported the monophyly of the green 

group but with lower support than inferred in the nuclear phylogeny. In the mitochondrial 

phylogeny the individuals from the purple and blue group are intermingled, lacking the well 

supported separation found in the nuclear phylogeny. 
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Figure 10: phylogram showing phylogenetic relationships inferred from the nuclear dataset by RAxML. Branch 

labels represent bootstrap values. Sphagnum teres is coloured red, S. tundrae is coloured yellow, and the branch holding S. 

squarrosum is coloured blue with the three main branches of S. squarrosum coloured according to their genetic groups 

named the purple, blue and green group. 
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Figure 11: Phylogenetic relationships between S. squarrosum and two randomly chosen samples of S. tundrae as 

outgroups inferred from the nuclear dataset with RAxML. Branch labels represent bootstrap value and sample origin is to 

the right in grey. The two samples of S. tundrae are in orange. The three main branches of S. squarrosum have been 

named for convenience corresponding to the grey squares. 

 

Genetic differentiation 

 The FST estimates (Table 1, Error! Reference source not found.) between S. 

squarrosum; and S. teres or S. tundrae are higher than that between S. teres and S. tundrae 

which is consistent with the results of the STRUCTURE analysis and PCA and suggests a that 

the species are genetically  distinct with a high degree of genetic differentiation among them. 

Within S. squarrosum the lowest FST value is found between the purple and blue group 

(0.355), and the highest value is found between the green group and the blue group (0.753) 

which matches the pattern observed in the STRUCTURE analysis and indicates strong 

intraspecific genetic differentiation in S. squarrosum. The FST value between the purple group 

and the green group is 0.617, which almost twice that of the purple group and the blue group. 
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Table 1: Pairwise interspecific FST estimates (in bold), and intraspecific FST estimates between the morphs of S. 

squarrosum, and among the groups found in phylogeny of S. squarrosum. Populations size is in parenthesis.  

 S. tundrae  

(12) 

S. teres  

(21) 

Arctic morph  

(15) 

Purple group 

(13) 

Green group  

(7) 

S. teres  

(12) 

0.655     

Arctic morph  

(13) 

0.875 0.761    

Purple group  

(15) 

0.893 0.773    

Boreal morph  

(12) 

0.842 0.735 0.391   

Green group  

(7) 

0.943 0.802  0.617  

Blue group  

(7) 

0.927 0.770  0.355 0.753 
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Figure 12: Pairwise FST estimates between S. teres, S. tundrae and the two morphs (A) and the genetic groups (B) of S. 

squarrosum. Colour key and histogram is presented in the left corner showing which colour the FST values are 

represented by. 
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Discussion 

The molecular analyses taxonomically place the Arctic morph of S. squarrosum in a 

clade with the rest of S. squarrosum s.l. and suggests that the Arctic morph is not closely 

related to S. teres or S. tundrae. The common garden experiment does not yield any 

supporting evidence for this conclusion, however it does not support the Arctic morph 

belonging to the other study species either. Genetically, S. tundrae and S. teres seem to be 

more closely related to each other than to S. squarrosum. Russian samples of S. tundrae show 

strong differentiation from the remaining S. tundrae samples from Svalbard. Strong 

geographical structure was found in S. squarrosum separating it into two genetic groups that 

do not correspond with the two morphs defined in this thesis.  

 

Taxonomic relationship between S. squarrosum, S. teres and 
S. tundrae 

 The genetic analyses highly supported the presence of three species in the dataset with 

no support of gene flow among them. Samples of the Arctic morph of S. squarrosum were 

inferred to be within S. squarrosum with unanimous support. FST values support a similar 

amount of genetic differentiation among groups of S. squarrosum as there is between S. teres 

and S. tundrae. The different genetic groups of S. squarrosum may warrant taxonomic 

recognition, however this would involve a morphological study of the genetic groups. The 

phylogenetic analysis highly supports a more recent common ancestor of S. teres and S. 

tundrae that is not shared by S. squarrosum.  

In most of the analyses, Russian samples of S. tundrae displayed a high degree of 

genetic differentiation from the Svalbard samples of S. tundrae. The Russian samples of S. 

tundrae comprise a separate branch of the nuclear-based phylogeny with high bootstrap 

support. A clear signal of dissimilarity between the Russian and Svalbardian samples is 

evident in STRUCTURE as well, where Russian samples were separated from S. tundrae 

before S. tundrae was differentiated from S. teres (results not shown). FST values could not be 

computed to explore genetic differentiation between Svalbard and Russian samples as the 

Russian population only comprised two individuals. Svalbard is the type location of S. 

tundrae (Flatberg, 1994) so, presuming the Svalbard samples represent the holotype, the 

Russian samples of S. tundrae might comprise a currently undescribed taxon. 
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Spatial variation of S. squarrosum  

The PCA, STRUCTURE, phylogenetic and FST analyses inferred strong geographic 

genetic structure within S. squarrosum. There is high support for two groupings in the genetic 

data, one consisting of the green group and the other combining the purple and blue group. 

This grouping conflicts with the phenotype groupings as most samples in the green and blue 

group represent the Boreal morph (except for two southern Greenlandic samples which 

belong to the Arctic morph), while the purple group contains most samples of the Arctic 

morph. A separation into two species corresponding to the Arctic morph and Boreal morph is 

not supported by my findings, but there seems to be more intraspecific genetic structure than 

previously found in S. squarrosum (Szövényi et al., 2007; Szövényi et al., 2006).  

The morphs of S. squarrosum kept their respective morphologies throughout the 

common garden experiment, this could be an indication that the morphs of S. squarrosum are 

not conspecific according to the morphological species concept. The lack of phenotypic 

change seen in the morphs indicate that the morphological differences between them are 

phenotypic variation instead of plasticity. The differing phenotypes could be local adaptation, 

the genetic basis for this is largely supported by genetic analysis except for the discrepancies 

mentioned in the paragraph above. However, there was no in-depth morphological data 

collected other than the general appearance so any subtle morphological change during the 

experiment could have been overlooked. Another source of uncertainty around the results is 

the duration of the experiment since minimum time for observing a phenotypic change has not 

been established for Sphagnum. Growth experiments conducted on S. magellanicum have 

previously been terminated with conclusive results after six months (Yousefi et al., 2017) or 2 

years (Schwarzer & Joshi, 2017). Therefore, it is possible that the period of 3 months used in 

this study was too short to conclude on the status of the morphological traits displayed by the 

Arctic morph on Svalbard.  

The blue group was characterized by incongruent results in the phylogenetic analyses 

based on different markers and by a high proportion of missing data (Figure in Appendix), 

whereas the green group and purple group which had the least missing data produced the most 

consistent results. A high number of missing sites can introduce biases in RAxML (Izquierdo-

Carrasco et al., 2011), this suggests that the placement of the blue group might have been 

affected by missing data in the nuclear dataset. Despite the unequal number of missing sites 

between samples of S. teres, the groups with many missing sites do not constitute a separate 

clade in the phylogenies. To keep a high sample size among sites and species, some missing 
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data was accepted. Missing data can introduce noise in PCA (Bailey, 2012) and lead to biases 

and an increased error rate, especially when missing data is skewed towards some groups 

(Brown et al., 2012). Missing data is somewhat accounted for in RAxML as well by its 

algorithm although it is not completely eliminated (Izquierdo-Carrasco et al., 2011).  

The incongruence of the mitochondrial and nuclear could be due to differing 

evolutionary histories of the genomes (Burger et al., 2003). This difference could lead to 

inferring different geographical patterns and phylogenies based on which genome is chosen 

(Chong et al., 2016; Tsutsui et al., 2009). The mitochondrial genome is small compared to the 

nuclear genome of plants, in addition numerous mitochondria are found within each cell, 

increasing the possibility that the mitochondrial dataset is more complete than the nuclear 

dataset. Considering both phylogenies to be true, the green group remains highly supported 

while the blue and purple group could be more affected by incomplete lineage sorting. There 

is a higher number of markers in the nuclear dataset compared to the mitochondrial one, 

which could provide more support to the nuclear phylogeny compared to the mitochondrial 

phylogeny.  

Estimates of intra- and interspecific genetic differentiation are available from other 

studies on Sphagnum, for example in the S. recurvum P. Beauv. complex where closely 

related species displayed lower FST values (Duffy et al., 2020) than the value found between 

the green group and other S. squarrosum samples. This could support a division of S. 

squarrosum into a green group and a group consisting of the Arctic and blue group. However 

basing species delimitation on FST values of another subgenera would contribute to faulty 

delimitation as FST values are not a direct measure of important aspects of speciation such as 

reproductive isolation. The FST values between the two morphs of S. magellanicum later 

separated into S. medium and S. divinum (Hassel et al., 2018) were somewhat higher (Yousefi 

et al., 2017) than the value between the green group and the rest of the S. squarrosum 

samples. However, Yousefi et al. (2019) found FST values in S. warnstorfii that were higher 

than the value between the green group and the other S. squarrosum samples, and did not 

separate their groups into taxa because of discrepancy between morphological and molecular 

data regarding the placement of the split. Combined, this provides weak support for 

delimiting the green group into a separate species.  

No spatial structure was found in North-Western European S. squarrosum based on 

chloroplast markers (Szövényi et al., 2006), this differs from the results of my study. Some 
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sampling locations of their study overlap with locations in my study so the same populations 

might have been sampled. The Arctic sample included in their study had an exclusive 

haplotype, the similarities of the results strengthens the finding of genetic structuring within 

S. squarrosum. Another study by Szövényi et al. (2007) included four samples from the 

Arctic, three of which correspond to sampling locations in this study and some displayed 

exclusive haplotypes. Perhaps utilizing RADseq with their sampling regime would find a 

gradient of haplotypes across Northern Europe, explaining their lack of distinctiveness in 

Norwegian samples (Szövényi et al., 2007; Szövényi et al., 2006) while explaining my 

distinctiveness by failure to sample the whole gradient. However the difference between their 

studies and mine could be a matter of genomic sampling as they included three genomic 

regions each (Szövényi et al., 2007; Szövényi et al., 2006) and my study is based on a 

plethora of widespread SNPs gained with RADseq. 

A more widespread sampling regime using RADseq could be the key to the most 

sturdy conclusion. Such a dataset could answer if there are any other localities that belong in 

the groups found in my study, or as previously mentioned, if the groups found in this study 

are fragments of a continuous gradient rather than separate units. A sampling regime that 

extends to North America would allow exploring whether there are transatlantic groups that 

correspond to the groups found in Europe.  

 

Biogeography of S. squarrosum 

The spatial genetic structure detected in S. squarrosum resembles the genetic structure 

detected in studies of other species in the genus. A study on S. warnstorfii detected genetic 

groupings consisting of an Arctic and a Boreal group which were inferred to have separated 

before the last glacial maximum (LGM) (Yousefi et al., 2019). In S. fimbriatum Svalbardian 

specimens formed a divergent clade which could have had its LGM refugia on the northern 

coasts of Eurasian Russia before dispersing to Svalbard (Szövényi et al., 2006). The purple 

group of this study contains most of the Arctic samples, although it does not encompass all 

the specimens of the Arctic morph. Still the genetic differentiation between groups of S. 

squarrosum in this study could indicate that the groups survived the LGM in two or perhaps 

three separate refugia. It is possible that the purple group of S. squarrosum shared a refugia 

with the Arctic groups of S. warnstorfii and S. fimbriatum. Due to the shared habitat 

preference, it is possible that the Arctic morph shares phylogeographic patterns with Rubus 
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chamaemorus L. (Ehrich et al., 2008) which survived the LGM in refugia in Beringia (Elias et 

al., 1997) and Siberia before it colonized Svalbard (Ehrich et al., 2008).  

There is no record of spore production in Sphagnum within nearly 1,000 km of 

Svalbard (Sundberg, 2013) which would make dispersal to available habitats within Svalbard 

slow as it would need to be through asexual reproduction. However, spore deposition has 

been recorded from the outside which enables quick dispersal and establishment on the 

archipelago (Sundberg, 2013). Probable vectors are wind, animals (Neilson et al., 2005), drift 

wood and drifting sea ice (Alsos et al., 2016), out of these vectors animal dispersal (Lewis et 

al., 2014) and dispersal by drifting sea ice (Nordal, 1987) has been recorded for bryophytes, 

as well as wind dispersal in Sphagnum (Sundberg, 2013) along with other bryophytes 

(Vanderpoorten & Goffinet, 2009). When the wind travels from Greenland to Svalbard in 

July, it is too early for spore capsules to be ripe in the cool climate of the region (Flatberg, 

2007) which makes Greenland an improbable spore source for Svalbard. In a study exploring 

the genetic pattern of 9 vascular plant species in the Arctic, it seems that the most prominent 

source of migrants to Svalbard is North-western Russia (Alsos et al., 2007) so the Arctic 

morph could have a similar origin. A more extensive sampling regime of Arctic areas and 

morphological studies are needed to draw any conclusions on the origin of the genetic 

distinctiveness of the purple group.  

The genetic structure within the Boreal morph could be a result of separate origins of 

the genetic groups. Pinpointing locations of refugia is beyond the scope of this study as 

Sphagnum has a great dispersal capacity and the sampling of this study is limited to Northern 

Europe. The Atlantic Ocean is a weak barrier to gene flow in Sphagnum while terrestrial 

terrain seems to pose more of a barrier (Kyrkjeeide et al., 2016a) which could explain the 

separation of the genetic groups within Europe.  

 

  



27 

 

Future perspectives  

Further research efforts on S. squarrosum should be directed towards discovering the 

context of the genetic structure found in North-Western Europe in this study. A widespread 

sampling regime would shed light on transatlantic spore dispersal according to which 

populations group together. Information on spore dispersal in the Northern hemisphere would 

enable predictions on the number of migrants expected on each side of the Atlantic, which 

would allow us to acquire knowledge on expected genetic diversity. Climate change puts 

increasing pressure on natural populations, which genetic diversity helps mitigate, therefore 

information on the frequency and routes of spore dispersal would ensure the knowledge to 

make the right conservation decisions (Dewoody et al., 2021). The Arctic morph and purple 

group should receive special attention in this endeavour with a special focus on genetic 

diversity exclusive to the Arctic as the Arctic is warming at an increased rate compared to the 

rest of the world (IPCC, 2021). The S. tundrae samples from Arctic Russia should also 

receive academic attention as they could constitute a separate species, and currently there is 

no information to indicate the spatial variation of the genetic variation in these specimens. 

Reconstructing the demographic histories of S. squarrosum and S. tundrae would not only aid 

conservation efforts specific to these species but could also provide knowledge of the 

dispersal and speciation mechanisms in non-vascular plants.  
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Appendix 
Table 1: Utilization of study samples and presence of voucher material and material from the common garden 

experiment. For microsatellite and RAD-seq analysis columns, green cell with an X means utilized in said study, and red 

empty cell means not utilized in said study.  

 

  



 

 

  

  



 

 

Table 2: Study sample information 

 



 

 

 



 

 

 

 

Figure 1: Phylogenetic tree using mitochondrial DNA, inferred with RAxML. Branch labels represent 

bootstrap values. S. teres is coloured red, S. tundrae is coloured yellow, and the branch holding S. squarrosum is 

coloured blue. Colours on the S. squarrosum branch are according to group colours seen in figure 11. 



 

 

 

Figure 2:Missing data per sample, S. squarrosum is coloured blue, S. teres is red, and S. tundrae is orange. 
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