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* Background and Aims Sphagnum (peatmoss) comprises a moss (Bryophyta) clade with ~300-500 species.
The genus has unparalleled ecological importance because Sphagnum-dominated peatlands store almost a third
of the terrestrial carbon pool and peatmosses engineer the formation and microtopography of peatlands. Genomic
resources for Sphagnum are being actively expanded, but many aspects of their biology are still poorly known.
Among these are the degree to which Sphagnum species reproduce asexually, and the relative frequencies of male
and female gametophytes in these haploid-dominant plants. We assess clonality and gametophyte sex ratios and
test hypotheses about the local-scale distribution of clones and sexes in four North American species of the S.
magellanicum complex. These four species are difficult to distinguish morphologically and are very closely re-
lated. We also assess microbial communities associated with Sphagnum host plant clones and sexes at two sites.

e Methods Four hundred and five samples of the four species, representing 57 populations, were subjected to
restriction site-associated DNA sequencing (RADseq). Analyses of population structure and clonality based
on the molecular data utilized both phylogenetic and phenetic approaches. Multi-locus genotypes (genets)
were identified using the RADseq data. Sexes of sampled ramets were determined using a molecular approach
that utilized coverage of loci on the sex chromosomes after the method was validated using a sample of plants
that expressed sex phenotypically. Sex ratios were estimated for each species, and populations within species.
Difference in fitness between genets was estimated as the numbers of ramets each genet comprised. Degrees
of clonality [numbers of genets/numbers of ramets (samples)] within species, among sites, and between gam-
etophyte sexes were estimated. Sex ratios were estimated for each species, and populations within species.
Sphagnum-associated microbial communities were assessed at two sites in relation to Sphagnum clonality and
sex.

* Key Results All four species appear to engage in a mixture of sexual and asexual (clonal) reproduction. A
single ramet represents most genets but two to eight ramets were dsumbers ansd text etected for some genets. Only
one genet is represented by ramets in multiple populations; all other genets are restricted to a single population.
Within populations ramets of individual genets are spatially clustered, suggesting limited dispersal even within
peatlands. Sex ratios are male-biased in S. diabolicum but female-biased in the other three species, although sig-
nificantly so only in S. divinum. Neither species nor males/females differ in levels of clonal propagation. At St
Regis Lake (NY) and Franklin Bog (VT), microbial community composition is strongly differentiated between
the sites, but differences between species, genets and sexes were not detected. Within S. divinum, however, female
gametophytes harboured two to three times the number of microbial taxa as males.

* Conclusions These four Sphagnum species all exhibit similar reproductive patterns that result from a mix-
ture of sexual and asexual reproduction. The spatial patterns of clonally replicated ramets of genets suggest that
these species fall between the so-called phalanx patterns, where genets abut one another but do not extensively
mix because of limited ramet fragmentation, and the guerrilla patterns, where extensive genet fragmentation and
dispersal result in greater mixing of different genets. Although sex ratios in bryophytes are most often female-
biased, both male and female biases occur in this complex of closely related species. The association of far
greater microbial diversity for female gametophytes in S. divinum, which has a female-biased sex ratio, suggests
additional research to determine if levels of microbial diversity are consistently correlated with differing patterns
of sex ratio biases.

Key words: Clonality, sex ratios, peatlands, peatmosses, Sphagnum, Sphagnum diabolicum, Sphagnum divinum,
Sphagnum magniae, Sphagnum medium.
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INTRODUCTION

Asexual reproduction is widespread across the tree of life but is
especially common among plants. Asexuality can bring a range
of benefits, such as a hedge against local extinction by replicating
individuals, spreading individuals across heterogeneous envir-
onmental conditions, and stabilizing adapted genotypes against
being broken up by recombination associated with sex. In plants,
the varied mechanisms of clonal spread give rise to a range of
population structures that differ in how much individual clones
spread and in how intermingled they grow. At two extremes of
a spectrum, the so-called phalanx pattern describes a structure
in which clones spread laterally and often abut but may not ex-
tensively interdigitate. The guerrilla pattern, in contrast, reflects
more clonal fragmentation, and individual genotypes can be scat-
tered and mixed. These differences can have significant impacts
on patterns of sexual reproduction (Barrett, 2015).

Bryophytes (mosses, liverworts, hornworts) have an excep-
tionally high potential for clonal reproduction because the gam-
etophytes of many or most species have totipotent cells that can
regenerate readily when fragmented, even from a dried powder
(Shaw, 1986). Plants have been shown to propagate after being
frozen for hundreds and even thousands of years (La Farge et al.,
2013). Moss gametophytes, the haploid perennial free-living stage
of the life cycle, produce a broad diversity of deciduous vegetative
propagules (Correns, 1899). In contrast, clonality in seed plants
pertains almost exclusively to the sporophyte generation.

Clonal reproduction in mosses involves the haploid sexual
generation and is inextricably connected with gametophyte
sexuality. Gametes are produced via mitosis by haploid multi-
cellular gametophytes so the functional egg and sperm cells are
clonally replicated, and are genetically identical to the gam-
etophytes that produce them. Thus, the asexual replication of
gametophyte plants in natural moss populations can have multi-
plicative effects on gamete production and potential fitness. In
this study, we jointly investigated clonality and gametophyte
sex in four closely related species of the moss genus Sphagnum
(peatmosses). Sphagnum peatmosses are dominants in rela-
tively low-nutrient wetland communities around the Northern
Hemisphere and store some 25-30 % of the entire terrestrial
carbon pool in the form of partially decomposed plant ma-
terial, or peat. Most (but not all) peatmosses commonly pro-
duce sporophytes and spores, and sexual reproduction appears
to be common (Sundberg and Rydin, 2000; Johnson and Shaw,
2015). Nevertheless, clonal spread also occurs, at least within
populations (e.g. Cronberg, 1996).

The four focal species in this study were until recently in-
cluded in one widespread species, S. magellanicum. However,
phylogenomic analyses have shown that there are at least seven
well-differentiated clades within S. magellanicum s. lat., and
four such taxa occur in eastern North America (Shaw et al.,
2022). Although they are clearly distinct phylogenetically, the
four species commonly grow sympatrically and are extremely
difficult to distinguish morphologically (Shaw et al., 2023). The
four North American species nevertheless have distinct, albeit
overlapping geographic ranges and occupy different (although
also overlapping) niches within peatlands (Yousefi et al., 2017,
Hassel et al., 2018; Shaw et al., 2022). They are clearly im-
portant units of biodiversity and are for that reason recognized
taxonomically as distinct species despite a near-absence of

distinguishing morphological characters (Shaw et al., 2023).
This near-absence of morphological differentiation, com-
bined with phylogenomic patterns, suggests that taxa in the S.
magellanicum complex are at an incomplete stage of speciation.

Species in the S. magellanicum complex have unisexual gam-
etophytes and do reproduce sexually, as evidenced by sporo-
phyte production. Gametophyte sex is determined by a U/V
chromosomal system (Healey et al., 2023), from which we can
expect a 1:1 ratio of male and female gametophytes from the
meiotic production of spores. As Sphagnum, in general, and the
S. magellanicum complex, in particular, has been developing as
a model group for ecological genomics, it is important to learn
more about population structure and reproduction in these spe-
cies. Rapidly growing genomic resources for Sphagnum spe-
cies (Weston et al., 2018; Healey et al., 2023) make this group
a good focus for reproductive biology, and additional informa-
tion about their local-scale genetic structure can be important
for the appropriate design of field and laboratory experiments.
One of two reference-quality genome sequences in Sphagnum
is from S. divinum, a member of the complex. Although they
are phylogenetically divergent, species in the S. magellanicum
complex show evidence of interspecific introgression (Shaw
et al., 2022). These evolutionary features — close phylogenetic
relationships, ecological divergence and interspecific repro-
ductive compatibility — make this group valuable for exploring
ecological and reproductive divergence during the phylogenetic
genesis of biodiversity.

The goals of this study were to compare the four North
American species within this S. magellanicum complex in
terms of gametophyte clonality and sex ratios. Specifically, we
sought to answer the following questions. (1) To what extent
are genets (genetically distinct haploid multi-locus genotypes)
represented by multiple ramets (asexually produced gameto-
phyte shoots)? (2) Are individual genets clonally replicated
within local contiguous hummock-forming colonies within
populations, between hummocks within populations, and/
or between geographically distinct populations? (3) What are
the relative proportions of male and female gametophytes (sex
ratios) within and between populations, estimated at the ramet
and genet levels? (4) Do male and female gametophytes differ
in degree of clonal propagation?

In addition to addressing these questions across the four spe-
cies, we had the opportunity to study plants representing two
of the species at two sites, one in New York State and one in
Vermont, with additional sampling that included associated
prokaryotic microbes. Utilizing the plants at those two sites,
we were able to address additional questions. (1) Are there dif-
ferences in abundance of individual genets within sites; i.e. dif-
ferences in clonal fitness (estimated as ramet frequency)? (2) Is
clonal diversity spatially structured within sites? (3) Are there
differences in microbial communities associated with sampling
sites, species, clones or sexes?

MATERIALS AND METHODS

Focal species and sampling

Our data include 405 gametophyte stems sampled from 57
collecting sites (Supplementary Data Table S1). All voucher
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specimens associated with this project are preserved in the L.E.
Anderson Bryophyte Herbarium at Duke University (DUKE).
We hereafter refer to individual sampled stems as ‘ramets’.
Some of the collecting sites were discrete, open peatlands sur-
rounded by mesic, often wooded habitats that contained one or
more of our focal Sphagnum species. Ramets were collected in
an unstructured (‘haphazard’) way from throughout the open
peatland as well as in the surrounding forests. Each sample con-
sisted of a handful of ramets collected from a patch in the field.
These handfuls are referred to as ‘collections’. While some
sites were sampled intensively, others were represented by just
one to a few collections. To estimate clonality, genetic diversity
and sex ratios within sites, we grouped together collecting lo-
calities that were within 5 km of one another and defined these
as ‘sites’ for downstream analyses.

Our sampling of Sphagnum ramets was hierarchical to esti-
mate genetic diversity and clonality at the levels of within- and
between-individual collections (handfuls), and within/between
sites. Duplicate DNAs from 24 ramets were subjected to re-
striction site-associated DNA sequencing (RADseq) amplifica-
tion and assembly to obtain estimates of sequencing error rates
for identification of clones (‘genets’; see below).

The most intensive sampling was accomplished at two
sites: St Regis Lake (Franklin County, NY) and Franklin Bog
(Franklin County, VT), where our data include 54 and 30
samples, respectively. These were collected as we wandered
around the sites collecting samples as they were encoun-
tered. Geocoordinates were recorded with each sample and
prokaryotic microbial communities associated with the living
Sphagnum samples were assessed using 16s rDNA sequencing
as described in Kolton et al. (2022).

Genotyping by RADseq

RADseq libraries were prepared following the double diges-
tion restriction site-associated DNA sequencing (ddRADseq)
protocol of Parchman et al. (2012) with the modifications de-
scribed in Duffy et al. (2020). Each library was cleaned and
size-selected for fragments of ~350 bp using AMPur XP beads
(Beckman Coulter). The cleaned libraries were inspected for
quality on a BioAnalyzer (Agilent) and sequenced on a single
lane of Illumina NextSeq 500 or NovaSeq 6000 with 150bp
single-end reads or HiSeq 2000 with 100bp single-end reads at
the Genome Sequencing Shared Resource at the Duke Center
for Genomic and Computational Biology (https://biostat.
duke.edu/research/duke-center-genomic-and-computational-
biology). Raw Illumina reads were quality checked with
FastQC (Andrews, 2010) and RADseq loci were identified
with ipyrad v.0.9.50 (Eaton and Overcast, 2020) using de-
fault settings with modifications to reduce genotyping error,
noted below. The in silico digested reads from 41 genomic
resequencing samples were included with the Illumina reads
of the RADseq library samples after the demultiplexing step as
described in Shaw er al. (2022). Reads were filtered for adapter
sequences or low-quality bases, trimmed to a maximum of 92
bases after removing the barcode, and filtered to remove reads
shorter than 35 bp after trimming. Loci were identified using
the reference assembly method against the S. divinum reference
genome. Only single-nucleotide polymorphisms (SNPs) from
loci on linkage groups (chromosomes) LGO1-LG19 were kept;

i.e. sex chromosomes or unassigned contigs were not included.
To avoid miscalled genotypes resulting from ipyrad’s majority-
rule haploid genotype calling method, samples were treated as
diploid and all heterozygous genotype calls were converted to
missing data since those calls are not statistically consistent
with a single haploid allele. Homozygous genotypes were then
treated as haplotypes.

Only SNPs present in a minimum of 80 % of samples after
filtering were included in the final datasets. To avoid system-
atic error rate differences that affected the ability to distinguish
clones from closely related genotypes, loci and SNPs in the
Franklin Bog and St Regis Lake samples (HiSeq 2000 reads)
were identified and analysed separately from the rest of the
RADseq library samples. Datasets with SNPs present in 80
% of specific sets of samples were generated for all samples
excluding the Franklin Bog and St Regis Lake samples (the
clonality dataset), for all samples from sites with at least four
samples (the four-deep dataset), and for the Franklin Bog and
St Regis Lake samples (the FBSRL dataset).

Identification of clones

Because of the potential for error in RADseq genotype calls
and missing data, it is possible that genetically identical indi-
viduals (clones) may not have identical multi-locus genotypes
and that very similar genotypes could appear identical. Pairwise
genetic distances for all samples within species in the clonality
and FBSRL datasets were calculated in R v.4.1.1 (R Core
Team, 2021) with the adegenet package. Genetic distances be-
tween pairs from duplicated DNAs were compared to identify
a maximum observed distance between samples known to be
genetically identical. Twenty-one of 24 duplicated DNA pairs
had genetic distances of zero and the remaining three had low
distances relative to most sample pairwise distances. Clusters
of samples where any of the pairwise distances between them
were less than twice the maximum observed clonal distance
were grouped and evaluated as possible clones. For many of
these clusters, all pairwise distances between samples in the
cluster were equal to zero and the cluster was inferred to be a
clone. When pairwise distances were not all equal to zero, each
sample with non-zero distances was evaluated and kept in the
cluster if all or most distances were less than the maximum
observed clonal distance, or removed from the cluster if all or
most distances were greater than the maximum observed clonal
distance.

Maximum likelihood and neighbour-joining methods were
used to reconstruct phylogeny using the clonality and FBSRL
datasets. Potential clones inferred through clustering were fur-
ther evaluated for consistency with the phylogeny. For the max-
imum likelihood analysis in IQ-TREE2 v.2.1.2 (Minh et al.,
2020), we used ModelFinder (Kalyaanamoorthy et al., 2017)
to perform automatic model selection and kept the most likely
tree from ten independent runs. Model selection incorporated
corrections for ascertainment bias (Lewis, 2001) and bipartition
support was assessed using the ultrafast bootstrap method with
1000 pseudoreplicates (Hoang et al., 2018). Neighbour-joining
was performed with the R ape package (Paradis and Schliep,
2019).

The four-deep dataset was filtered to replace the SNPs con-
tributing to non-zero distances between ramets of an inferred
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clone with missing data so that all ramets of a genet had iden-
tical genotypes in analyses of population diversity.

Distinguishing male and female gametophytes

Using the pre-filtered loci from ipyrad, male and female
samples were distinguished based on their locus coverage on
the female sex chromosome (linkage group LG20) relative
to their locus coverage on autosomal chromosomes (LGO1-
LG19). Because of similarity between the male and female sex
chromosomes, even males have RADseq reads that map to the
female sex chromosome, but in a male sample the proportion
of LG20 loci that are identified is substantially lower than the
proportion of autosomal loci. In a female sample, the propor-
tions of LG20 loci identified were similar to the proportions of
autosomal loci. Samples differ in their locus coverage, but by
calculating the mean percent autosomal locus coverage for each
sample and plotting the LG20 coverage as a percentage of that
mean in R, two clear groups of samples with higher and lower
LG20 coverage emerge (Supplementary Data Fig. S1).

To validate sample sex inferences using this informatic
method, a subset of samples was evaluated using primers pre-
viously demonstrated to distinguish sexually expressing male
and female samples (Healey et al., 2023). Multiplexed PCR re-
actions contained 0.25 pm each of male and female forward and
reverse primers, 0.3 mm dNTPs, 2.5 mm MgCl,, 0.5 pg uL™!
BSA, 3 % DMSO, 1.0-2.8 ng uL.~! template DNA, 1x buffer,
and 4 units of Choice Blue DNA Taq Polymerase (Denville
Scientific) in 20-puL reactions. Thermocycler conditions were 3
minutes at 95°C, followed by 35 cycles of 95°C for 30 s, 58°C
for 30 s, and 72°C for 30 s, with a final elongation at 72°C for
5 minutes. Bands were visualized by running 1 h at 95 V on
a 3 % agarose SB gel with 4 pL. SYBR Safe DNA Gel Stain
(Invitrogen) in 80 mL agarose solution. Sex was inferred based
on band migration distance relative to a size-standard ladder
(female expected band size = 394 bp and male expected band
size = 444 bp). As a final check, inferences of sample sex were
compared with inferences of sample clone membership to con-
firm that all members of a clone were also the same sex.

Genetic differentiation and diversity

We estimated relative genetic differentiation between collec-
tion sites for each species in the four-deep dataset with pairwise
F, and Nei’s unbiased genetic distance using the hierfstat R
package (Goudet, 2005). Significance of pairwise F, values
after Benjamini and Hochberg FDR correction was tested with
1E4 permutations in R. Population diversity statistics by site,
sex and species were calculated for the four-deep and FBSRL
datasets using the poppr R package (Kamvar et al., 2014).
Distributions of pairwise genetic distance within and between
sites were compared for the clonality dataset (after removing
clones) by testing for differences in mean, mode or skewness
with 1ES permutations in R. Differences in number of ramets
per genotype by sex and species for the clonality dataset were
tested using 1E5 permutations in R. Differences in sex ratio by
species in the clonality dataset and by species and site in the
four-deep dataset were also tested using 1E5 permutations.

Identification of microbial associates based on 16S rDNA
sequencing

Identification of prokaryotic microbes associated with
Sphagnum samples from St Regis Lake (NY) and Franklin Bog
(VT) were included in the larger study by Kolton ef al. (2022).
We utilized data for the two sites in our current analyses. See
that publication for collection, sampling and sequencing proto-
cols. Datasets were normalized by cumulative sum scaling
(CSS) and variance components of [3 diversity were deter-
mined using non-metric multidimensional scaling (NMDS)
of Bray—Curtis and weighted UniFrac dissimilarities with the
phyloseq package in R (McMurdie and Holmes, 2013). Effects
of site, species and sex on microbial [ diversity were tested
by PERMANOVA with 1000 permutations using the vegan
package in R (Oksanen ef al. 2022) to evaluate marginal and
term effects.

Each Sphagnum collection was georeferenced so we could
assess physical clustering of ramets and genets by sex. The St
Regis Lake site had only S. divinum, but both this species and
S. diabolicum were detected at Franklin Bog. It was only at the
latter site, therefore, that we could assess species-specificity of
microbial communities. Spatial clustering of S. divinum ramets
and genets (using the centroid geographic location of all ramets
of a genet) by sex was evaluated using the mark connection
function of physical locations to inspect the pattern of depend-
ence between samples of the same or different sexes with the
spatstat package in R (Baddeley et al., 2015), and by testing
for significance of the difference in mean geographic distances
between samples of the same or different sexes or genotypes
using 1E4 permutations in R. Isolation by distance of ramets
and genets were evaluated for S. divinum samples within each
site using Mantel tests in R with 1E5 permutations.

RESULTS

Between-population and geographic patterns in genetic structure
and clonality

Our sampling included all four eastern North American spe-
cies of the ‘S. magellanicum complex’ and phylogenetic rela-
tionships among them (Supplementary Data Figs S2 and S3)
were consistent with previous reconstructions based on whole-
genome resequencing and RADseq (Shaw et al., 2022). Among
the North American species, S. medium is sister to a clade
including S. divinum, S. magniae and S. diabolicum, and within
that clade S. divinum 1is sister to S. magniae + S. diabolicum.
The last two species are especially closely related and have not
reached reciprocal monophyly across their genomes (Shaw et
al., 2022).

Samples from many localities comprise site-specific
clades relative to those from other sites (sometimes related
to clonality within sites), but intraspecific samples from some
sites are scattered within their respective species (with varying
levels of support; Supplementary Data Figs S2 and S3). For
example, all 12 samples of S. diabolicum from Shark Cove
Bog (ME) form a strongly supported clade (Supplementary
Data Fig. S2). Similarly, all ten plants of S. diabolicum from
Jam Pond Bog (NY) comprise a single clade and appear to
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FiG. 1. Distribution of pairwise genetic distances in species of the S. magellanicum complex after removing inferred clones. Red, pairwise comparisons of samples
from different sites; blue, pairwise comparisons of samples from the same site. Dashed lines indicate the mean of each distribution.

represent just two replicated clones. In contrast, ten plants
from Birch Harbor (ME) comprise a single clade within S.
diabolicum while four other plants from the site form a sep-
arate clade, and a 15th sample falls into a third phylogen-
etic location within the species. Within-site sample sizes for
S. magniae tend to be smaller because the populations are
themselves smaller. Eleven samples from the Green Swamp
(NC) fall into a clade, but that clade also includes samples
from other sites in MS and elsewhere in NC (Supplementary
Data Fig. S2). Eight other samples of S. magniae from the
Green Swamp are scattered across at least two other divergent
clades. Within S. divinum, 12 samples from Jam Pond Bog
(NY, where it is sympatric with S. diabolicum) are scattered
across at least four intraspecific clades (Supplementary Data
Fig. S2). In contrast, 11 samples of S. divinum from Dolly
Sods (WV), at or near the southern edge of its range, all form
a single clade. Similar patterns seem to hold in the relatively
uncommon species S. medium (Supplementary Data Fig. S2).
Samples from most sites form separate clades, though at the
1000 Acre Bog (ME), seven samples of S. medium fall into
three different clades.

Genetic differentiation among sites within species, es-
timated by F, and Nei’s unbiased genetic distances, was

generally low, although some pairwise comparisons were sig-
nificant (Supplementary Data Table S2). Most F. values were
below 0.2 and a few higher values reflect limited sampling
within some sites rather than strong differentiation. The dis-
tributions of between-site genetic distances relative to those
within sites differed in each of S. diabolicum, S. divinum and
S. medium (Fig. 1) with statistical significance depending on
which measure of distribution shape/position was compared
(Supplementary Data Table S3). Between- and within-site
genetic distances do not differ in S. magniae — plants are on
average as genetically divergent within sites as between them
(Fig. 1; Supplementary Data Table S3). Moreover, in all spe-
cies other than S. magniae, the distributions of inter-individual
genetic distances within populations are skewed left, indicating
some proportion of especially closely related (but not clonal)
individuals, presumably a reflection of local mating and segre-
gation of offspring.

Fatterns of diversity and clonality within and among species

Some degree of clonality [estimated by its reciprocal, ac-
tually an estimate of sexuality: (G — 1)/(R — 1), where G is
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number of genets and R is number of ramets] was detected
within each of the four species (Table 1). Levels of clonality
did not differ significantly among species (Supplementary Data
Table S4). On average, fewer than two ramets represented each
genet across the four species (Table 2). In all four species, most
genets are represented by a single ramet (Fig. 2), but a few
genets are represented by a greater number of ramets, up to
eight. Given limited sample sizes, these are likely underesti-
mates, but it is clear that none of the species is strictly or even
predominantly clonal.

Only two of 34 species populations appeared to be mono-
clonal. The Hadley Lake (ME) site for S. diabolicum (with
eight samples) and the Schefferville (Quebec) site for S.
divinum (with four samples) yielded a single genet from
each (Table 2). At the other end of the spectrum, the Spruce
site (MN) for S. divinum revealed 13 distinguishable genets
among 14 sampled shoots. Data from the Appalachicola site
(FL) for S. magniae indicate that each of four samples repre-
sents a unique genet, and sampling at other sites for this spe-
cies suggest that most shoots belong to different genets (Table
2). When multiple ramets from a single genet were detected,
they were, with one exception, restricted to a single site. One
clonally replicated genet, in S. magniae, was detected at two
different collecting sites, but all other clones were limited to
a single collection (handful of plants collected together), or
less commonly from different collections made at a single site
(Table 1).

Individual populations (sites) within the four species did
not typically display high levels of genetic diversity (Table
2). Expected heterozygosity among (unsampled) diploid

sporophytes produced by random mating within sites is low,
mostly <0.4. Nevertheless, every site for each species is char-
acterized by at least one private allele, and some sites by as
many as 14 such private alleles (Table 2). Despite low levels of
overall population differentiation within species, each intraspe-
cific population has a unique genomic signature. Interestingly,
male plants of S. diabolicum have approximately twice as many
private alleles within populations as female plants. This species
also has a male-biased sex ratio (see below). The other three
species, S. magniae, S. divinum and S. medium, which have
female-biased sex ratios, have roughly twice the numbers of
private alleles in female gametophytes compared with males
(Table 2).

Gametophyte sexuality

Based on known genomic differentiation between the U
sex chromosome in Sphagnum female gametophytes and
the V chromosome in males, we predicted that RADseq
coverage of U chromosome loci should approximately equal
coverage of autosomal loci in females, whereas coverage of
U chromosome loci in males should be considerably lower
than the average autosomal locus coverage (see Materials
and methods section). A plot of these values supports this
prediction as most of our samples clearly belong to one of
these two groups based on coverage (Supplementary Data
Fig. S1). To confirm that this method of inferring gameto-
phyte sex from RADseq data is accurate, we compared in-
ferences about gametophyte sexuality from our RADseq data
with PCR amplification of U and V loci in 20 gametophyte

TABLE 1. Clonality statistics for species in the S. magellanicum complex

S. diabolicum S. divinum S. magniae S. medium

Total ramets 101 128 52 42
Collections 95 105 45 36
Collection sites 18 25 16 12
Unique genets 61 92 41 29
Genets/ramets (G — 1)/(R = 1) 0.60 0.72 0.78 0.68
Mean ramets/genet 1.66 1.39 1.27 1.44
Genets with >1 ramet 18 28 7 7
Multi-site genets 0 0 1 0
Multi-collection genets 14 13 5 4
Collections with >1 stem sampled 6 16 5 5
Collections with >1 genet 1 3 1 1
Collection sites with >1 stem sampled 11 21 8 8
Collection sites with >1 genet 8 19 6 7

Sample (ramet) counts do not include technical replicates.

Multi-site genets: number of genets represented by ramets at more than one site.

Multi-collection genets: number of genets represented by ramets in more than one collection.

Collections with >1 stem sampled: numbers of individual collections (handfuls) with more than one ramet sampled.
Collections with >1 genet: numbers of collections where more than one genet was found.

Collection sites with >1 stem sampled: numbers of sites where more than one ramet was sampled.

Collection sites with >1 genet: numbers of sites where more than one genet was found.
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TABLE 2. Population summary statistics for species in the S. magellanicum complex by site and sex
Site or sex Ramets Genets R/G Hexp PPL PPr G-1D/R-1)
Sphagnum diabolicum
ME-BirchHarbor 15 11 1.36 0.109 40.8 13.7 0.71
ME-GreatWasslsland 12 10 1.2 0.29 41.8 144 0.82
ME-HadleyLakeRd 8 1 8 0 0 L5 0.00
ME-IndianRiverRdFen 19 12 1.58 0.199 334 9.3 0.61
ME-SharkCoveBog 12 8 1.5 0.232 31.2 9.5 0.64
ME-SteubenBog 4 3 1.33 0.052 17 4.7 0.67
ME-WhalesbackRidge 35 0.057 0.5 1.8 0.17
NY-JamPondBog 10 5 0 6.5 29 0.11
Female 27 18 1.5 0.337 59.1 21.1 0.65
Male 60 31 1.94 0.345 78.6 40.7 0.51
Total 87 49 1.78 0.404 100 NA 0.56
Sphagnum divinum
BC-CampbellRiver 4 2 2 0.199 2.5 0.4 0.33
LB-Scheffervillel1 4 1 4 0 0 0.3 0.00
ME-1000AcreBog 6 3 2 0.041 23.1 1.9 0.40
ME-JemtlandBog 8 6 1.33 0.166 36.2 4.3 0.71
ME-MillinocketSawdustBog 6 5 1.2 0.01 33.6 33 0.80
MN-Spruce 14 13 1.08 0.311 499 5.4 0.92
NH-CoosCoWoodedPeatlands 5 4 1.25 0.076 245 1.6 0.75
NH-HurlbertSwamp 4 1.25 0.179 21.3 1.7 0.75
NH-PhilbrickCricentiBog 6 4 L5 0.024 25.4 2.1 0.60
NY-JamPondBog 12 6 2 0.003 36.8 32 0.45
NY-McLeanBog 3 1.33 0.006 24.6 1.3 0.67
QC-Schefterville13 3 1.33 0.005 243 1.6 0.67
QC-Septlles 5 4 1.25 0.307 20.7 2.3 0.75
VT-MooseBog 7 5 1.4 0.005 30.6 2.3 0.67
WI-BeulahBog 11 8 1.38 0.144 34.5 2.5 0.70
WV-DollySods 12 8 1.5 0.012 349 3.4 0.64
Female 70 50 1.4 0.353 85.8 272 0.71
Male 42 28 1.5 0.28 72.1 13.7 0.66
Total 113 79 1.43 0.382 100 NA 0.70
Sphagnum magniae
FL-Apalachicola 4 1 0.259 20.6 32 1.00
GA-OkefenokeeCI 1.33 0.057 25.8 35 0.67
NC-AlligatorRiver 5 4 1.25 0.136 33.8 7.4 0.75
NC-GreenSwamp 19 15 1.27 0.401 74.8 30.7 0.78
NC-LakeWaccamaw 5 4 1.25 0.202 332 7 0.75
Female 20 18 1.11 0.429 79.6 35.8 0.89
Male 17 12 1.42 0.364 64.2 20.3 0.69
Total 37 30 1.23 0.444 100 NA 0.81
Sphagnum medium
ME-1000AcreBog 7 5 1.4 0.263 44.8 14.6 0.67
ME-BirchHarbor 6 6 1 0.366 47.3 14 1.00
ME-SharkCoveBog 4 4 1 0.056 39.1 11.3 1.00
NH-PhilbrickCricentiBog 9 2 4.5 0.08 3.7 3.8 0.13
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TABLE 2. Continued

Site or sex Ramets Genets R/G Hexp PPL PPr (G-D/R-1)
QC-Septlles 4 3 1.33 0.026 36.9 10.3 0.67
Female 22 13 1.69 0.388 79.3 39.9 0.57
Male 8 7 1.14 0.377 59.9 20.5 0.86
Total 30 20 1.5 0.445 100 NA 0.66

Ramets, stems sampled; Genets, unique multi-locus genotypes; R/G, ramets/genet; Hexp, expected heterozygosity; PPL, percent polymorphic loci; PPR, percent

private alleles.
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Fi1G. 2. Histograms showing numbers of ramets per genet in species of the S. magellanicum complex.

plants using primers previously demonstrated to differentiate
plants of known sex based on production of male or female
gametangia (Healey et al., 2023). The correspondence of in-
ferred sex was 100 % (Fig. 3).

When ramets of each species are treated as independent
samples, S. diabolicum displays a significant male gameto-
phyte bias overall and S. divinum has a significant female bias
(Table 3). The other two species, S. magniae and S. medium,
both display female biases but are not significant. When sex
ratios were evaluated among unique genets, only the female
bias in S. divinum is significant. These differences in signifi-
cance appear to mainly reflect sample sizes (i.e. degrees of

freedom) rather than differences in levels of clonality between
male and female gametophytes, as we otherwise detected no
differences in clonality related to sex (Supplementary Data
Table S4).

Despite sample size limitations on statistical significance,
differences in sex ratios among species appear to be real. In S.
diabolicum, four populations all exhibited a male bias; in three,
only male plants were sampled (Table 4). In S. divinum, three
populations had female biases, with two containing no males
(albeit with very limited sampling). When unisexual, individual
populations of S. magniae and S. medium contained only fe-
male gametophytes (Table 4).
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FiG. 3. Gel image demonstrating gametophyte sex identification by PCR.

Expected band size for female samples: 394 bp; expected band size for male

samples: 444 bp. F (female) and M (male) indicate the sex of each sample as
inferred from RADseq LG20 locus coverage.

TABLE 3. Sex ratio statistics for species in the S. magellanicum

complex
By ramet
Species Samples Counts Sex ratio P
F,M,?)

S. diabolicum 101 38,63,0 0.62 0.0219
S. divinum 128 82,45, 1 0.35 0.0032
S. magniae 52 29,22, 1 0.43 0.2290
S. medium 42 26, 16,0 0.38 0.1646
By genet

Species Genotypes Counts Sex ratio P

F,M,?)

S. diabolicum 61 27,34,0 0.56 0.2300
S. divinum 92 61,30, 1 0.33 0.0000
S. magniae 41 24,16, 1 0.40 0.2100
S. medium 29 17, 12,0 0.41 0.2300

Sample counts do not include technical replicates.

Sex ratio is males/(males + females).

P-values testing whether the sex ratio differs from 0.5 were calculated
using permutation tests with 100 000 permutations. Statistically significant
values (P < 0.05 after Benjamini and Hochberg FDR correction) are indicated
in bold.

‘?” indicates samples for which sex could not be reliably determined.

St Regis Lake (NY) and Franklin Bog (VT): clonality and
gametophyte sex ratios

Larger sample sizes for these two sites, with spatially ex-
plicit coordinates for all samples, combined with the 16S rRNA
gene microbial data associated with each Sphagnum sample,
permitted more detailed analyses.

Two species were detected among our samples: S. divinum
was abundant at both sites whereas S. diabolicum was found
only at Franklin Bog and was less common. We collected
only five samples of S. diabolicum at Franklin Bog and they
were all ramets of a single female genet (Supplementary Data
Figs S4 and S5). We therefore focused our analyses of genetic
structure and sex on S. divinum (but see below for microbial
associations). Plants of S. divinum were sampled as they were
encountered as we walked through the peatlands at each site.

The species was sporadic near the margins of both sites but was
substantially more common well into the peatlands (Fig. 4).

Patterns of variation and clonality within S. divinum at St
Regis Lake and Franklin Bog were similar to the patterns in the
species overall. Expected heterozygosity was low, the degree of
clonality suggested a mix of sexual and asexual reproduction,
and plants from each site harboured differentially fixed SNPs
(Table 5). Also, as with the broader regional sampling, female
gametophytes of S. divinum at these two sites were character-
ized by higher numbers of fixed alleles. In fact, females had
two to three times the numbers of fixed differences than males
(Table 5).

Both male and female gametophytes were sampled at both
localities but sex ratios were biased toward females in S.
divinum (Table 5), as observed for this species overall. Both
sexes within S. divinum were represented by clonal ramets but
the numbers of ramets per genet were mostly limited to four
or fewer. Two female genets were, however, represented by
seven and nine ramets each (Fig. 5). These occurred towards
the centre of the site where S. divinum was most abundant (Fig.
4). It is clear from the spatial plot (Fig. 4) that ramets of each
genet were spatially clustered. The average geographic dis-
tance between ramets of a genet is significantly smaller than
the average distance between ramets of different genets at both
sites (Supplementary Data Fig. S6, Supplementary Data Table
S5). There was a significant correlation between spatial separ-
ation of plants and genetic distance [i.e. isolation by distance,
(IBD); Supplementary Data Fig. S7]. That the correlation is sig-
nificant when all ramets were included but not when analyses
were based on unique genotypes again reflects reduced sample
sizes in the latter (Supplementary Data Table S6). However, in
this case the pattern also corroborates that ramets of a given
genet tend to be clustered.

The physical locations of female gametophytes at both sites
are positively associated with other female gametophytes and
negatively associated with male gametophytes at the ramet but
not genet level (Fig. 6). Distances between pairs of females at
the ramet level are significantly smaller than distances between
male—female pairs (Supplementary Data Fig. S8), suggesting
that female ramets are clustered separately from male samples.
Sample size for male gametophytes was smaller because of the
female-biased sex ratio and clustering of males was not signifi-
cant (Supplementary Data Table S7).

St Regis Lake (NY) and Franklin Bog (VT): microbial
communities relative to Sphagnum genetic structure

The two sites had distinct microbial communities (Fig. 7,
Table 6). The site effect on microbial communities was sig-
nificant for both the ordination on Bray—Curtis dissimilarity,
which takes into account relative frequencies of microbe amp-
lified sequence variants (ASVs), and for the ordination on
weighted UniFrac dissimilarity, which also takes into account
the phylogenetic relationships among the ASVs. There was
no significant effect of species, genet or gametophyte sex on
microbial community makeup when the site differences were
taken into account using marginal tests (Table 6). There was
also no significant site x sex interaction effect in tests of term
effect models (F = 0.8828, P = 0.675).
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TABLE 4. Sex ratio statistics by collection site for species in the S. magellanicum complex, by sample (ramets) and genotype (genet)

Site By ramet By genet
N F,M Sex ratio P N F,M Sex ratio P
S. diabolicum
ME-BirchHarbor 15 10,5 0.33 0.1761 11 7,4 0.36 0.3843
ME-GreatWasslIsland 12 3,9 0.75 0.1016 10 3,7 0.70 0.3843
ME-HadleyLakeRd 8 0,8 1.00 0.0137 1 0,1 1.00 0.5833
ME-IndianRiverRdFen 19 4,15 0.79 0.0168 12 2,10 0.83 0.1344
ME-SharkCoveBog 12 8,4 0.33 0.1940 8 4,4 0.50 0.6366
ME-WhalesbackRidge 7 0,7 1.00 0.0168 2 0,2 1.00 0.3843
NY-JamPondBog 10 0,10 1.00 0.0070 2 0,2 1.00 0.3843
S. divinum
ME-1000AcreBog 6 4,2 0.33 0.5000 3 2,1 0.33 0.6874
ME-JemtlandBog 8 8,0 0.00 0.0390 6 6,0 0.00 0.0930
ME-MillinocketSawdustBog 6 5,1 0.17 0.2623 5 4,1 0.20 0.5436
MN-Spruce 14 12,2 0.14 0.0390 13 11,2 0.18 0.0930
NH-CoosCoWoodedPeat-lands 5 3,2 0.40 0.5000 4 2,2 0.50 0.6874
NH-HurlbertSwamp 5 3,2 0.40 0.5000 4 2,2 0.50 0.6874
NH-PhilbrickCricentiBog 6 1,5 0.83 0.2623 4 1,3 0.75 0.6270
NY-JamPondBog 12 5,7 0.58 0.5000 6 3,3 0.50 0.6874
QC-Septlles 5 5,0 0.00 0.1244 4 4,0 0.00 0.2492
VT-MooseBog 7 4,3 0.43 0.5000 5 3,2 0.40 0.6874
WI-BeulahBog 10 7,3 0.30 0.3326 7 5,2 0.29 0.5436
WV-DollySods 12 8,4 0.33 0.3326 8 4,4 0.50 0.6874
S. magniae
NC-AlligatorRiver 5 5,0 0.00 0.0933 4 4,0 0.00 0.1869
NC-GreenSwamp 19 8,11 0.58 0.4860 15 8,7 0.47 0.5000
NC-LakeWaccamaw 5 3,2 0.40 0.5000 4 3,1 0.25 0.4703
S. medium
ME-1000AcreBog 7 4,3 0.43 0.5000 5 3,2 0.40 0.5000
ME-BirchHarbor 6 4,2 0.33 0.5000 6 4,2 0.33 0.5000
NH-PhilbrickCricentiBog 9 9,0 0.00 0.0060 2 2,0 0.00 0.5000

Sample counts do not include technical replicates and only collection sites with at least five samples were included.

N, number of samples or genotypes; F, M, counts of females and males.
Sex ratio is males/(males + females).

P-values indicate whether the sex ratio differs from 0.5 and statistically significant values (P < 0.05 after Benjamini and Hochberg FDR correction) are indi-

cated in bold.

In addition to community structure (see above), micro-
bial taxon richness (the numbers of different ASVs per
sample) differed significantly between the two sites, and
also between male and female plants of S. divinum (Fig. 8).
Sphagnum samples from St Regis Lake had, on average, 282
associated microbial taxa whereas Franklin Bog had 382
(P <0.0003). Females of S. divinum across the two sites
had, on average, 336 associated microbial ASVs whereas
males had 248 (r=3.823, P <0.0004). The same pattern
of sexual dimorphism in microbial taxon richness for S.
divinum was evident at St Regis Lake (Fig. 8) alone (fe-
male mean = 303 microbial ASVs, male mean = 237 ASVs,
t=2.267, P <0.03).

DISCUSSION

All four North American species in the S. magellanicum com-
plex appear to reproduce via a mixture of sexual and asexual
means. All the species produce sporophytes that result from
sexual fusion, but our informal observations suggest that there
can be much year-to-year variation in sporophyte/spore produc-
tion. Summer of 2022 was a strong year for sporophyte pro-
duction in New England, possibly because of a wet previous
spring and summer. Precise details about sexual reproductive
phenology for these species have not been described but, ex-
trapolating from other Sphagnum species in northern latitude
regions, we expect that male gametes are formed and dispersed
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FiG. 4. Plotted positions of S. divinum collections at St Regis Lake (NY) and of S. divinum and S. diabolicum collections at Franklin Bog (VT). Arrows indi-

cate north. Male ramets are in orange and female ramets in blue. St Regis Lake

: plot origin (0,0) = 44.426237N 74.244877W; filled circles, S. divinum ramets

with unique genotypes; other shapes, S. divinum ramets of the same genet (clones). Franklin Bog: plot origin (0,0) = 44.988260N 72.899248W; filled squares,
S. diabolicum ramets (all share the same genotype); filled circles, S. divinum ramets with unique genotypes; other shapes, S. divinum ramets sharing genotypes
(clones).

TABLE 5. Population summary statistics for Sphagnum divinum from St Regis Lake, NY, and Franklin Bog, VT

Site/sex Ramets Genets R/G Hexp PPL PPr (G-1D/(R-1)
NY-StRegis Lake 54 29 1.86 0.226 16.2 31.9 0.53

Female 37 18 2.06 0.137 13.8 19.4 0.47

Male 17 11 1.55 0.188 10.6 8.2 0.63
VT-FranklinBog 23 2.88 0.108 8.6 5.5 0.32

Female 20 3.33 0.068 7.0 21.6 0.26

Male 3 1.50 0.018 2.7 5.8 0.50
Both sites 77 37 2.08 0.236 100 NA 0.47

Female 57 24 2.38 0.171 15.3 21.9 0.41

Male 20 13 1.54 0.198 11.6 8.7 0.63

Ramets, stems sampled; Genets, unique multi-locus genotypes; R/G, ramets/genets; Hexp, expected heterozygosity; PPL, percent polymorphic loci; PPR, per-

cent private alleles.

in spring, summer, and/or fall (autumn), fertilization occurs at
this time, and sporophytes mature the following summer. The
majority of multi-locus genets in our study are represented by
a single ramet, suggesting that sexual reproduction is the rule
rather than the exception. Our observation that genetic simi-
larities among individuals within sites are skewed towards
highly similar individuals, more so than conspecific plants
from different sites, suggests that closely related, sexually
produced relatives at least sometimes establish within popu-
lations. Nevertheless, we cannot rule out somatic mutation as
a significant factor in these haploid, potentially fragmenting
gametophytes. Both male and female gametophytes occur in
most populations. Sexual reproduction in Sphagnum was often
considered relatively uncommon, partly because sporelings
are rarely observed in natural populations and conditions for

spore germination were thought to be restrictive. But in recent
years the importance of sexuality and spore reproduction in
Sphagnum has been documented (Sundberg, 2002; Sundberg
and Rydin, 2002).

The degree of clonality across Sphagnum is variable both
within and between species. A summary of published data
(Table 7) from microsatellite variation shows that clonality
versus sexual reproduction are in some cases a feature of popu-
lations and/or regional metapopulations rather than species. In
S. subnitens, for example, plants in western North America are
entirely clonal whereas plants in Europe are much more diverse.
In S. cribrosum, some eastern North American populations are
nearly or completely clonal whereas others are very diverse
(Table 7). In S. angermannicum, eastern North American plants
are highly diverse, although the species is uncommon, and in
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F1G. 5. Histogram of ramets per genotype for samples of S. divinum from St
Regis Lake (NY) and Franklin Bog (VT) by (A) site and (B) sex.

Europe it is restricted to Scandinavia and much more clonal.
In the hornwort, Nothoceros aenigmaticus, all eastern North
American populations appear to be strictly clonal, and both
male-only and female-only populations occur (Alonso-Garcia
et al., 2020). Underlying reasons for intraspecific variation in
clonality clearly include a historical component. Estimates of
clonality in the four focal species of this study fall in the middle
range, indicating a mix of clonal propagation and sexuality. We
did not observe high levels of variation among populations or
regions in these species.

Dispersal of clones across long or even moderate distances
appears to be limited. We detected no clones from multiple
populations in our four focal species with the exception of one
clone in S. magniae. For most genets where we detected mul-
tiple ramets they were limited to a single collection (‘handful’).
At the Franklin Bog (VT) and St Regis Lake (NY) sites, where
sufficient georeferenced samples were available, the physical
occurrence of clonal ramets was significantly clumped. With
this limited separation and dispersal of clones, the four species

we studied fall between strictly ‘phalanx’ and ‘guerrilla’ pat-
terns of clonality, but perhaps closer to the phalanx end of the
spectrum.

The distribution of numbers of ramets per genet is an es-
timate of clonal fitness. Large genets that produce multiple
ramets occupy more space and, in the case of female ramets,
they can carry large numbers of spore-producing sporophytes.
Large male genets potentially release more sperm. The distri-
butions of ramet numbers per genet appeared similar across the
four species — most genets were represented by a single ramet
and a limited number of other genets were represented by 2—6
(-9) ramets within sites. The distributions of ramets per genet
for S. divinum at the St Regis Lake (NY) site, where sampling
was especially intensive, is very similar to the overall pattern
for this species, so that seems to be general, both within sites
and across the species overall. The variation in ramet numbers
across genets can reflect differences in genet ages, growth rates
or some combination.

Sex ratios in all four species appear to be biased, although
the skew was not always significant. Nevertheless, the pattern
seems to be consistent and biologically real. A significant male-
biased sex ratio characterizes S. diabolicum, whereas the other
three species have female-biased ratios, significantly so in S.
divinum. Sphagnum diabolicum and S. magniae are closely
related sister species and the two are in fact not reciprocally
monophyletic across their genomes (Shaw et al., 2023), yet the
direction of their sex ratio biases are reversed.

Most studies that have documented sex ratios in bryophytes
have depended on sexually expressive gametophytes; i.e.
those bearing male or female gametangia. Only a few have
utilized molecular markers to determine the sexes of plants
without gametangia, which allows determination of genetic
sex ratios independent of sexual expression (e.g. Korpelainen
et al., 2008; Bisang et al., 2020). Hedenids and Bisang (2015)
combined information about clonality and sexuality to derive
estimates of genet sex ratios and found greater haplotypic di-
versity among males than females in the Swedish Archipelago.
Many species of Sphagnum produce sporophytes (direct evi-
dence of sexuality) regularly. Nevertheless, in their taxonomic
treatment of Sphagnum for the Flora of North America pro-
ject, McQueen and Andrus (2007) recognized 89 species for
the continent and stated that sporophytes were ‘unknown’ or
‘not seen’ in 21 species, or almost 25 % of the flora. For at
least 14 of these species, even gametophyte sexuality (uni-
sexual versus hermaphroditic) was ‘unknown’. Male and
female gametophytes are only distinguishable by gametan-
gium production for limited times of the growing season and
we did not gather phenotypic sexual data for taxa in the S.
magellanicum complex.

We detected no distributional differences between male and
female gametophytes in any species, or overall, in the com-
plex. Bisang et al. (2020) found that sex ratios are less strongly
female-biased within Drepanocladus lycopodioides in the
Stockholm Archipelago than in other regions. In our study,
there appears to be no correlation between sex ratio and cli-
mate region. A (statistically non-significant) female bias char-
acterizes the warm-temperate/subtropical species, S. magniae,
as in two of the northern species, S. divinum and S. medium.
The three northern species (including S. diabolicum, with its
male-biased sex ratios) commonly occur sympatrically within
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FI1G. 6. Association or clustering by sex of Sphagnum ramets or genets from St Regis Lake (NY) and Franklin Bog (VT). Solid lines represent the observed mark

connect function of the probability of finding female:female pairs, male:female pairs or male:male pairs of ramets or genets at r distance. Dotted lines indicate the

expected probability of finding the specified pair type. Observed values above the expected value suggest a positive association of the pair type at that distance.

Observed values below the expected value suggest a negative association of the pair type. Distances between genets were based on the geographic centroid loca-
tion of all ramets of a genotype.
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FiG. 7. Similarity between Sphagnum-associated microbial communities from Sphagnum plants at St Regis Lake (NY) and Franklin Bog (VT). Community simi-

larity is visualized by site and sex (A, C) and by site and genotype (B, D) with non-metric multidimensional scaling (NMDS) of 3 diversity indices estimated by

(A, B) Bray—Curtis dissimilarity and (C, D) weighted UniFrac dissimilarity. Red, St Regis Lake; blue, Franklin Bog; circles, female Sphagnum plants; triangles,
male Sphagnum plants; letters, samples sharing a genotype; asterisks, samples with unique genotypes.

TABLE 6. ANOVA for microbial communities associated with S. divinum and S. diabolicum at St Regis Lake, NY, and Franklin Bog, VT

Bray—Curtis dissimilarity

Weighted UniFrac dissimilarity

Degrees of freedom SS R? P SS R? F P
Site 1 2.4069 0.0925 8.2739 0.001 0.2844 0.0829 7.3625 0.001
Sex 1 0.3389 0.0130 1.1650 0.186 0.0550 0.0160 1.4227 0.200
Species 1 0.3825 0.0147 1.3148 0.090 0.0256 0.0075 0.6639 0.726
Residual 77 22.399 0.8606 2.9747 0.8665

SS, sums of squares. PERMANOVA significance tests of marginal effects were conducted using 1000 permutations.

peatlands so any environmental determinants of sex ratio would
have to be at a microenvironmental scale.

In contrast to seed plants, where male-biased sex ratios
are common, most mosses that have unbalanced sex ratios
are female-biased (Longton and Greene, 1969; Bisang and
Hedenis, 2005; Bisang et al., 2014). This is surprising be-
cause female gametophytes physically support, and to some
extent nourish, attached sporophytic offspring (Proctor, 1977)
and bear that energy cost. In a field study, female sporophyte-
bearing stems of the moss Hylocomium splendens subsequently
produced less growth and fewer branches than females without
sporophytes (Rydgren and @Qkland, 2002). Rydgren er al.

(2010) modelled population growth rates relative to sex ratios
and the frequencies at which female gametophytes successfully
bore sporophytic offspring. They found that, despite the cost
of bearing sporophytes, if female genets without sporophytes
produced more ramets than males, even though females with
sporophytes produced the least numbers of ramets, a female-
biased sex ratio could develop. We found stronger evidence of
sex ratio biases at the ramet than genet level but attributed that
mainly to smaller sample sizes; an explicit test failed to show
any difference in ramet numbers between male and female
genets within species or across the complex. Nevertheless, sex
ratios are more biased at the ramet than at the genet levels.
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FiG. 8. Microbial taxon richness associated with male and female gametophytes of S. divinum at St Regis Lake (NY) and Franklin Bog (VT). Histograms of (A)
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TABLE 7. Clonality in Sphagnum

Species Ramets Genets G-D/(R-1) Reference

S. angermannicum (eastern North America) 37 31 0.83 Stengien et al., 2011
S. angermannicum (Scandinavia) 118 19 0.15 Stengien et al., 2011
S. carolinianum (eastern North America) 61 37 0.60 Duffy er al., 2022

S. comosum (New Zealand) 21 6 0.25 Karlin et al., 2008
S. cribrosum (FL8 population FL) 7 0.67 Johnson et al., 2012
S. cribrosum (GA2S5 population GA) 8 8 1.00 Johnson et al., 2012
S. cribrosum (GA30 population GA) 11 11 1.00 Johnson et al., 2012
S. cribrosum (GA32 population GA) 75 29 0.38 Johnson et al., 2012
S. cribrosum (Jones Lake ‘waveform’, NC) 4 1 0.00 Johnson et al., 2012
S. cribrosum (Singletary Lake ‘normal’, NC) 20 3 0.11 Johnson et al. 2012
S. cribrosum (Singletary Lake ‘waveform’, NC) 25 2 0.04 Johnson et al., 2012
S. diabolicum 101 61 0.60 This study

S. divinum 128 92 0.72 This study

S. macrophyllum (eastern North America) 149 65 0.43 Johnson and Shaw, 2016
S. macrophyllum (eastern North America) 233 131 0.56 Dufty et al., 2022

S. magniae 52 41 0.78 This study

S. medium 42 29 0.68 This study

S. myabeanum (Asia, western North America) 158 121 0.76 Shaw et al., 2015

S. novo-zelandicum (New Zealand) 18 8 0.41 Karlin et al., 2008
S. pylaesii (eastern North America) 110 67 0.61 Dutfty et al., 2022

S. subnitens (Europe) 18 15 0.82 Karlin et al., 2010
S. subnitens (New Zealand) 31 2 0.03 Karlin et al., 2010
S. subnitens (western North America) 22 1 0.00 Karlin et al., 2010
S. tumidulum (Reunion) 48 31 0.64 Liu et al., 2014

Ecological differences between male and female gametophytes
have been documented in both mosses and liverworts (Benassi et
al.,2011; Blackstock, 2015; Pereira et al., 2016). Female plants of
some moss and liverwort species appear to be more tolerant of des-
iccation than male plants, and this has sometimes been supported
by experimental manipulations (Marks et al., 2016). In southern
Sweden, female gametophytes of the moss Drepanocladus

lycopodioides were more frequent in the wetter microsites within
populations (Bisang et al., 2020). In the Mojave Desert, the moss
Syntrichia caninervis rarely produces sporophytes and more
than 50 % of ramets do not form gametangia, at least not regu-
larly. Bowker et al. (2000) found that male gametophytes of S.
caninervis were restricted to moister, shadier microsites whereas
females occurred at both shadier and sunnier sites.
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Sphagnum has a U/V sex chromosome system (Healey et al.,
2023), which is expected to yield a 1:1 ratio of male and female
spores. Nevertheless, differential mortality among spores can
give rise to biased ratios at germination. Shaw and Gaughan
(1993) and Norrell ef al. (2014) grew single spore isolates of
the moss Ceratodon purpureus. Both groups found that many
individual sporophytes yielded unbalanced sex ratios of op-
posite direction among spore progeny isolated at the time of
germination, although Shaw and Gaughan based that inference
on sexually expressive plants whereas Norrell ef al. used mo-
lecular markers to estimate sex ratios. Similar inconsistent sex
ratio biases occur in natural populations (Shaw, 1993; Shaw
and Gaughan, 1993). Slate et al. (2017) grew clonally propa-
gated plants from three Ceratodon populations and found that
males and females differ in growth, cell traits and photosyn-
thesis, with females outperforming males. They nevertheless
also found that natural populations were sometimes female-
biased and in other cases male-biased.

Although the sex chromosomes in our four Sphagnum focal
species are both very small (~25 % of a typical autosome) they
have functional genes and an epistatic interaction between loci
on the sex chromosome and autosomal loci impacts the growth
response of another Sphagnum species, S. angustifolium, to
microenvironmental pH (Healey e al., 2023). Similar eco-
logically important interactions involving sex chromosomes in
the current species could underlie sex ratio variation in natural
populations.

Our study of microbes associated with Sphagnum showed
that two sites at St Regis Lake (Adirondack Mountains, NY)
and Franklin Bog (VT) have strongly differentiated micro-
bial communities, consistent with results from a broader
survey of Sphagnum-associated prokaryotic microbes across
North America (Kolton et al., 2022). In that study, site spe-
cificity was strong but (Sphagnum) species specificity was
weak. We did not detect differences in microbial commu-
nity makeup between genets or sexes within S. divinum at
St Regis Lake, although the microbial communities differed
in terms of both presence/absence of taxa and their relative
frequencies between the two sites. We did, however, find that
female gametophytes of S. divinum harboured significantly
higher microbe taxon (ASV) richness than males, sometimes
with up to three times the number of distinct microbial taxa.
It is possible that differential taxon richness in associated mi-
crobes is related to the female sex bias in this species. If sex
ratios are related to taxon richness of associated microbes, we
can predict that females of S. medium and S. magniae could
also have greater microbe diversity whereas S. diabolicum,
with its male-biased sex ratio, might have greater microbe
diversity associated with male plants. This prediction could
be tested.

Bragina et al. (2012) detected species specificity in the mi-
crobial communities associated with S. magellanicum s. lat.
versus S. fallax (subg. Cuspidata). It is not clear which of the
current species their ‘S. magellanicum’ plants represent as the
taxonomy of the complex had not been investigated at that time
and all European plants were referred to S. magellanicum. It
would have to be S. divinum or S. medium, as S. diabolicum and
S. magniae are restricted to North America. Most components
of the Sphagnum microbiome are not species-specific (Weston
et al., 2018; Kolton et al., 2022). Nitrogen (N)-fixing bacteria

provide N to their Sphagnum host plants (Lindo et al., 2013)
and are important sources of N to peatland ecosystems (Kostka
et al., 2016; Kolton et al., 2022). Warm-adapted microbial as-
sociates can facilitate positive responses to high temperatures
in their Sphagnum hosts (Carrell et al., 2022). Sphagnum—mi-
crobe interactions comprise a ripe area for ecological research
in peatlands.

Male and female conspecifics in sporophyte-dominant
vascular plants can differ in many parameters of clonality,
including ramet production, mortality patterns and micro-niche
(McLetchie and Puterbaugh, 2000; Dering et al., 2015). Male
and female plants may exhibit different patterns of local-scale
genetic structure that is impacted by sex-specific modes of
clonality. There is evidence that clonality can increase within-
population spatial genetic structure across diverse tree spe-
cies (Dering et al., 2015). In Populus alba, male and female
trees differ in how clones spread within populations and males
exhibit stronger spatial structure than females (Dering et al.,
2015), but the two sexes do not differ in overall levels of gen-
etic diversity. Comparable life history traits in Sphagnum that
include clonality, sex ratio variation and sexual reproduction
both reflect and determine evolutionary processes in peatlands.

Our study has both practical implications and is relevant
to the ecology of Sphagnum and Sphagnum-dominated peat-
lands. These plants continue to be a focus for ecological and
physiological experiments because of their global important in
the carbon cycle. When designing experiments, it can often be
advantageous to know something about clonal structure. Are
plants that form a discrete hummock of limited size likely to
be ramets of a single clone? Do plants sampled from scattered
locations around a peatland reliably represent distinct genets?
These questions are important if ‘replicate’ sampling is de-
signed to minimize or maximize within-site variation.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following.

Figure S1: plot to infer sample sex from RADseq data or
RADseq-like data generated from in silico digested genome
sequences. Figure S2: maximum likelihood tree. Figure S3:
neighbour-joining tree. Figure S4: maximum likelihood tree
of samples from St Regis Lake, NY, and Franklin Bog, VT,
with additional samples included to help identify the species
clades. Figure S5: neighbour-joining tree of samples from St
Regis Lake, NY, and Franklin Bog, VT, with additional sam-
ples included to help identify the species clades. Figure S6: dis-
tribution of pairwise geographic distances between Sphagnum
ramets of the same genet and ramets of different genets from
St Regis Lake, NY, and Franklin Bog, VT. Figure S7: genetic
distance versus geographic distance for pairs of S. divinum
ramets and genets at St Regis Lake, NY, and Franklin Bog,
VT. Figure S8: distribution of pairwise geographic distances
between Sphagnum ramets or genets from St Regis Lake, NY,
and Franklin Bog, VT. Table S1: voucher table with collec-
tion information for Sphagnum samples included in RADseq
analyses. Table S2: pairwise F and genetic distance between
collection sites of each species. Table S3: comparisons of dis-
tributions of pairwise genetic distance of Sphagnum samples
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within and between collection sites after removing inferred
clones. Table S4: permutation tests of differences in ramets
per genotype between sexes, sexes within species and between
species. Table S5: tests of differences between mean pairwise
geographic distances of ramets of the same genet and ramets of
different genets from St Regis Lake, NY, and Franklin Bog, VT.
Table S6: Mantel tests of isolation by distance for S. divinum
ramets and genets at St Regis Lake, NY, and Franklin Bog, VT,
based on 100 000 replicates. Table S7: tests of differences be-
tween mean pairwise geographic distances of female:female,
male:female and male:male Sphagnum ramet and genet pairs
from St Regis Lake, NY, and Franklin Bog, VT.
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