
JSE Journal of  Systematics
and Evolution doi: 10.1111/jse.12502

Research Article

Maintenance of genetic and morphological identity in two
sibling Syrrhopodon species (Calymperaceae, Bryopsida) despite
extensive introgression
Marta R. Pereira1†, Alice Ledent2†, Patrick Mardulyn3, Charles E. Zartman1†, and Alain Vanderpoorten2†*

1Department of Biodiversity, National Institute for Amazonian Research, Petrópolis, CEP Manaus Amazonas 69060‐001, Brazil
2Institute of Botany, University of Liège, B22 Sart Tilman Liège 4000, Belgium
3Evolution Biologique et Ecologie, Université Libre de Bruxelles, Brussels 1050, Belgium
†These authors contributed equally to the work.
*Author for correspondence. E‐mail: a.vanderpoorten@uliege.be
Received 28 February 2019; Accepted 16 April 2019; Article first published online 29 April 2019

Abstract Bryophytes are a group of land plants in which the role of hybridization has long been challenged.
Using genotyping by sequencing to circumvent the lack of molecular variation at selected loci previously used for
phylogeny and morphology, we determine the level of genetic and morphological divergence and reproductive
isolation between the sibling Syrrhopodon annotinus and S. simmondsii (Calymperaceae, Bryopsida) that occur in
sympatry but in different habitats in lowland Amazonian rainforests. A clear morphological differentiation and a
low (0.06), but significant Fst derived from the analysis of 183 single nucleotide polymorphisms were observed
between the two species. Conspecific pairs of individuals consistently exhibited higher average kinship
coefficients along a gradient of geographic isolation than interspecific pairs. The weak, but significant genetic
divergence observed is consistent with growing evidence that ecological specialization can lead to genetic
differentiation among bryophyte species. Nevertheless, the spatial genetic structures of the two species were
significantly correlated, as evidenced by the significant slope of the Mantel test based on kinship coefficients
between pairs of interspecific individuals and the geographic distance separating them. Interspecific pairs of
individuals are thus more closely related when they are geographically closer, suggesting that isolation‐by‐
distance is stronger than the interspecific reproductive barrier and pointing to interspecific gene flow. We
conclude that interspecific introgression, whose role has long been questioned in bryophytes, may take place
even in species wherein sporophyte production is scarce due to dioicy, raising the question as to what
mechanisms maintain differentiation despite weak reproductive isolation.
Key words: introgression, isolation‐by‐distance, mosses, reproductive isolation, spatial genetic structure.

1 Introduction
Interspecific hybridization has long been recognized as a
widespread and important phenomenon in plant evolution
(Payseur & Rieseberg, 2016; Alix et al., 2017). Alloploidization,
which involves whole genome duplication with the chromo-
some numbers of the two parents being summed in the
hybrid species, has long been perceived as the dominant
form of hybrid speciation (Abbott et al., 2010). Homoploid
speciation, the evolution of a species without change in
chromosome number, is thought to be a rarer form of
speciation, although its detectability might increase with the
advances of genomics (Abbott et al., 2010).
In fact, genomic methods have dramatically improved our

ability to detect introgression and have expanded the
number of taxa amenable to a detailed study of hybridization
(Goulet et al., 2017). By far the most widely‐used approach to
detect hybridization with molecular data is the use of model‐

based methods to infer global (genome‐average) and local
(locus‐specific) ancestry from population variation data, such
as STRUCTURE (Porras‐Hurtado et al., 2013). These methods
rely, however, on a series of assumptions, including no or
weakly linked loci, which are not met in clonal organisms.
Alternatively, Hardy & Vekemans (2001) introduced a method
to evidence interspecific gene flow by contrasting the effect
of reproductive barriers between species and isolation by
distance within species on population genetic structure.
Although this method does not make any assumptions on
the genetic structure, an important requirement is that
samples of each species show similar geographic distribu-
tions to ensure that, for all types of pairwise comparisons
(i.e., within and between species), a full range of geographic
distances between samples is present. Since this method
integrates geographic distance with genetic relatedness, it
allows for determining the spatial scale at which interspecific
gene flow occurs.
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Here, we apply this approach to address the question of
hybridization in bryophytes, wherein, despite substantial
evidence for allopolyploidization (e.g., Barbulescu et al., 2017;
Karlin & Smouse, 2017; Nieto‐Lugilde et al., 2018) and
associated shifts in sexual systems (Perley & Jesson, 2015),
hybridization has long been perceived as nothing more than
“an ephemeral and evolutionarily insignificant phenomenon”
(Natcheva & Cronberg, 2004). The reason for this, perhaps, is
the fact that bryophytes are typically seen as mostly clonal
organisms. Two‐third of the moss species are dioicous and
rarely produce sporophytes. Monoicous species, in turn, are
characterized by high rates of selfing (Eppley et al., 2007;
Hutsemékers et al., 2013). Such features do not, in principle,
promote hybridization. Actual evidence for recombination of
nuclear markers associated with sympatric occurrence of
phenotypically intermediate specimens is indeed extremely
limited (Shaw, 1998; Natcheva & Cronberg, 2007), and
hybridization in bryophytes has been inferred from equivocal
evidence such as intermediate morphology (see Natcheva &
Cronberg, 2004 for review) and incongruence between
chloroplast and nuclear DNA sequences (e.g., Hedenäs,
2015, 2017).
In the present paper, we focus on the species pair formed

by Syrrhopodon simmondsii and S. annotinus (Calympera-
ceae), which appears as an ideal model to test for
reproductive isolation in mosses. These two species are
sympatric in their Amazonian range where they occupy
different micro‐habitats, S. annotinus mostly occurring on
mineral substrates such as rock and soil, whereas S.
simmondsii tends to occur on organic substrates such as
dead wood, humus, and trees (Reese, 1993), avoiding the
common problem that ecological differentiation is con-
founded with distance and/or barriers to dispersal (Weber
et al., 2017). Specimens of S. annotinus and S. simmondsii
clustered within a clade in phylogenetic analyses based on a
combination of five chloroplast and one nuclear region
(Pereira et al., 2019), but the lack of molecular variation
within that clade called for the use of more variable markers.
Single nucleotide polymorphisms (SNPs) have been success-
fully employed in fine‐scale population genetics of mosses
(Rosengren et al., 2015, 2016) and we, therefore, built an SNP
library from a modified genotyping by sequencing (GBS)
protocol to test the morphological species concept of S.
annotinus and S. simmondsii, address the following questions
and test the following hypotheses: to what extent are the
spatial genetic and morphological structures of the two
species correlated? If S. annotinus and S. simmondsii are
reproductively isolated, we expect that reproductive barriers
are stronger than isolation‐by‐distance effects, and hence,
that there is no relationship between the genetic and
morphological similarity of pairs of interspecific individuals
and the geographic distance separating them (H1). If the two
species are conspecific, we expect that the regression curves
between conspecific and interspecific pairs of individuals and
geographic distance are overlapping (H2). If interspecific
gene flow occurs between two genetically diverging species,
we expect that the genetic and morphological similarity of
pairs of individuals is higher in conspecific than in inter-
specific comparisons, but that the regression slope between
interspecific genetic, and potentially also morphological,
similarity and geographic distance is significant (H3).

2 Material and Methods
2.1 Sampling and molecular protocols
Forty‐eight specimens, including 25 of Syrrhopodon annotinus
and 23 of S. simmondsii, were sampled from a 42 640 km2

area of lowland (<100 m) rainforest in the Rio Negro Basin
North of Manaus (Table S1; Data S1). Climatic conditions,
characterized by yearly average temperatures of 27.5 °C and
2145 mm of rainfall, are homogeneous across the study area.
Main forest types include dense rainforests, more open
forest types developing on white sand, and seasonally
inundated forests. Syrrhopodon annotinus and S. simmondsii
were only found in the white‐sand forest (Sierra et al., 2018).
The study area lays in the core distribution area of these two
species, S. annotinus being an Amazonian endemic while S.
simmondsii is endemic to northern South America (Reese,
1993). The sampling was organized to include a range of
geographic distance among specimens from 0 to 250 km, in
local sympatry (specimens of the two species at a distance of
less than 25 m) or in allopatry (only specimens from one
species found within the nearest 25 m). Specimens were
collected in tubes and readily dried‐out in silica gel.
Samples were frozen in liquid nitrogen for 5 min and DNA

extracted using the DNeasy Plant Mini Kit (QIAGEN, Venlo,
Netherlands). Single nucleotide polymorphism (SNP) libraries
were prepared based on a GBS protocol (Elshire et al., 2011)
modified as follows: (i) 100 ng DNA were digested with ApeKI
and (ii) a double size selection of DNA fragments of
150–400 bp was performed using SPRI beads to only target
fragments of sequenceable size. Fragments were amplified
with a Q5 Hot Start High‐Fidelity DNA Polymerase NEB (New
England Biolabs, Evry, France) to enhance specificity and
reduce amplification errors. A scalable complexity reduction
was achieved by using longer 3′ primers that cover the entire
common adapter, the 3′ restriction site and extend 1 or 2
bases into the insert following Sonah et al. (2013). PCR
products were purified using AMPure XP beads. We gave
each individual a forward and a reverse 4–8 bp long barcode
(one at the 5′ end and one at the 3′ end), such that each
individual had a unique barcode and could be multiplexed
with all other individuals. These barcodes were selected from
the 384 barcodes specifically designed to be used with ApeKI
(http://www.maizegenetics.net/genotyping‐by‐sequencing‐
gbs). The concentration of PCR products was assessed by
fluorometry with the Quant‐iT PicoGreen dsDNA Assay Kit
before multiplexing to ensure the equimolarity of PCR
products in final libraries. Distribution of fragment sizes for
each library was analyzed by capillary electrophoresis with a
QIAxcel to look for any remaining adaptor (around 128 bp). If
present, adaptors were removed by selecting fragments of
>150 bp on a polyacrylamide gel. Paired‐end sequencing
(2 × 75 bp) of the libraries was performed with an Illumina
NextSeq. 500 sequencer in low‐output mode (i.e.,
130 000 000 reads per line).
Sequences of the adaptors at both 3′ and 5′ ends of each

read as well as low‐quality sequences (Phred score <20) at
both ends were removed with cutadapt 1.16 (https://
cutadapt.readthedocs.io). ipyrad 0.7.28 (https://ipyrad.
readthedocs.io) was then used to demultiplex the libraries
and to cluster alleles that diverged by less than 15% within
and then among individuals. Following Paris et al. (2017), we
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set the minimum number of raw reads required to form an
allele to 3. Due to the haploid condition of the target species,
loci with more than one allele per individual were discarded.
We then discarded any locus that was sequenced in less than
30% of the individuals.

2.2 Statistical analyses
To test the morphological species concept of S. annotinus
and S. simmondsii, we performed analyses at the level of
allelic combinations on the one hand, and allele frequencies
on the other. We therefore performed a principal component
analysis of the SNP data matrix to identify combinations of
alleles that best discriminate specimens and then employed a
one‐way analysis of variance to determine whether there
were significant differences of the average score of speci-
mens morphologically assigned to either species, and hence,
determine whether the observed genetic segregation
corresponds to the distinction between the two species.
We further computed the Fst between groups of specimens
morphologically assigned to either S. annotinus or
S. simmondsii to seek for genetic differences at the level of
allele frequencies. The significance of Fst was assessed by
1000 random permutations of individuals among species. To
test the hypothesis that the two species are reproductively
isolated, we computed Mantel tests between kinship
coefficients Fij (Loiselle et al., 1995) (i) for pairs of conspecific
individuals and (ii) for pairs of interspecific individuals, and
the geographic distance separating them. The significance of
the slope associated with the Mantel test among conspecific
pairs was assessed by random permutations of 1000
individuals among localities. For comparisons between
species, care must be taken in the interpretation of
significance tests when spatial autocorrelation occurs within
each species (Hardy & Vekemans, 2001). This problem arises
because randomization of spatial positions not only uncou-
ples the spatial structures of both species, as needed, but
also suppresses the spatial autocorrelation within each
species. Thus, for comparisons between species, the
randomization tests may overestimate the association
between geographic distances and genetic distances be-
tween interspecific individuals. Therefore, to assess the
significance of the slope of the Mantel tests among non‐
conspecific species pairs, we implemented a Jacknife test,
wherein the slope was recalculated after successively
pruning one locus from the data at a time, to estimate the
standard deviation of the slope across loci, and hence,
determine whether its 95% confidence interval encompasses
0. One‐way analysis of variance was employed to test the
hypothesis that average kinship coefficients between pairs of
conspecific individuals were higher than between interspe-
cific pairs of specimens. All computations were performed
with Spagedi 1.5 (Hardy & Vekemans, 2002).
To compare the fine‐scale genetic structure of S. annotinus

and S. simmondsii with that of angiosperms, we also
computed the Sp statistics, which characterizes the rate of
decrease of pairwise kinship coefficients between individuals
with the logarithm of the distance (Vekemans & Hardy, 2004).
The Sp statistics varies as a function of the mating system and
dispersal traits, low values typically characterizing organisms
with high dispersal capacities and outbreeding mating
systems. The Sp statistics is measured as b F− ˆ /(1− ˆ )F 1 , where

b− ˆF is the regression slope on the logarithm of distance and F1
is the mean kinship coefficient between individuals belonging
to the first distance interval that includes all pairs of
neighbors, and is computed for comparison with the values
reported in angiosperms (Vekemans & Hardy, 2004).

2.3 Morphological analyses
Fourteen variable gametophytic characters (Table 1) were
scored on the specimens used for molecular analysis. Ten
randomly selected leaves were sampled from each of three
randomly selected shoots per collection. To determine
whether there is a continuous morphological range of
variation between the two species, a principal component
analysis was performed, and significant differences in the
average score of specimens assigned to each species,
respectively, on the first two axes, were sought using one‐
way analysis of variance. To test the hypothesis that
morphological differentiation is consistently higher in inter-
specific than in intraspecific comparisons along a gradient of
geographic distance (H2), we computed Euclidian distances
of both pairs of conspecific and interspecific individuals
separately. We then computed the correlation coefficient
between Euclidian distances for both intra‐ and interspecific
comparisons and geographic distance, and employed
one‐way analysis of variance to test that average morpho-
logical differences were significantly higher in inter‐ than
intraspecific comparisons.

3 Results
An average total of 1.5 million reads per individual were
obtained. From those 1.5 million reads per individual, the
clustering of alleles diverging by a maximum of 15% within
individuals led to an average of 750 000 allele clusters per
individual. The minimum number of raw reads required to
form an allele (set to 3) led to the loss of an average of 86%
of the allele clusters. The filtering‐out of heterozygous allele
clusters led to the loss of another 2% of them. From the
resulting matrix of 14 000 loci on average per specimen, we
ended‐up, after clustering loci diverging by a maximum of 15%
among individuals, filtering‐out loci and individuals with >75
and 90% of missing data, respectively, with a matrix including
40 specimens listed in Table 1 from an initial number of 48
and 183 loci. In that matrix (Data S1), 37.2± 16.1% of the loci
were sequenced on average per specimen.

The analyses seeking for significant differences between S.
annotinus and S. simmondsii at the level of allele combina-
tions on the one hand, and allele frequencies on the other,
revealed an extremely weak genetic divergence between the
two species. Thus a weak and marginally significant (F= 4.1,
P= 0.05) average difference was found between the scores
of individuals morphologically assigned to either S. annotinus
or S. simmondsii along the first axis of the principal
component analysis of the SNP datamatrix (Fig. 1). The Fst
between specimens morphologically assigned to either
S. annotinus or S. simmondsii was 0.059 (P= 0.004),
reflecting the weak, but significant difference of allele
frequencies between the two species.

Average kinship coefficients along a geographic gradient
were consistently higher for conspecific comparisons than
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Table 1 Morphological characters scored to describe the differentiation between Syrrhopodon annotinus and S. simmondsii and
among conspecific specimens

Characters Description

Leaf characters
1. Leaf length (LL) 0= short (<2.5 mm); 1= long (2.5−5 mm); 2= very long (>5 mm)
2. Leaf width (LW) 0= thin (<0.5 mm); 1=wide (>0.5 mm)
3. Leaf serration (LS) 0= absent; 1=< 10 teeth present on either leaf side; 2 = with more than 10

noticeable teeth on each side of leaf
4. Costa width (CW) 0= thin (10–60 µm); 1=medium (60–200 µm); 2= thick (>200 µm)
5. Gemmiferous leaves (GL) 0= absent; 1= present
Leaf margin
6. Hyaline border (HB) 0=marginal; 1= submarginal
Cancellinae
7. Cancellinae cell length (CL) 0= short (15–50 µm); 1= long (>50 µm)
8. Cancellinae cell width (CCW) 0= thin (7.5–12.5 µm); 1=medium (20–30 µm); 2=wide (>50 µm)
Chlorophyllose cells
9. Chlorophyllose cell length (ChL) 0= short (7–9 µm); 1= long (9–12 µm)
10. Chlorophyllose cell width (ChW) 0= thin; 1=wide
11. Chlorocyst papillae (CP) 0= absent; 1= present
Stem characters
12. Central strand (CS) 0= absent; 1= present
13. Stem thickness (ST) 0= small (1–5mm); 1= large (5–10 mm)
Plant characters
14. Plant size (PS) 0= small (<1 cm); medium sized (=1–2 cm); robust (≥2 cm)

Fig. 1. Principal component analysis of genetic variation at 183 SNPs in the sibling moss species Syrrhopodon annotinus and
S. simmondsii. Values in parentheses indicate the proportion of explained variance of the first two axes. SNPs, single nucleotid
polymorphisms.
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for interspecific comparisons, and significantly so in three out
of the six comparisons (Fig. 2). The Sp statistics derived from
the Mantel test based upon comparisons of conspecific pairs
of individuals was 0.04 (0.043 for S. annotinus and 0.024 for
S. simmondsii). Nevertheless, the spatial genetic structures of
the two species were significantly correlated. In fact, the
interval of confidence of the regression slopes between pairs
of conspecific individuals (b‐log slope=−0.033± 0.011;
P< 0.001), and also between pairs of interspecific individuals
(b‐log slope=−0.034± 0.010), did not encompass 0, eviden-
cing a significant pattern of isolation‐by‐distance in both
cases.
The distribution of specimens along the first axes of the

PCA of morphological characters, which accounted for 55
and 16% of the total variance, respectively, is shown in

Fig. 3A. There were significant morphological differences
between S. annotinus and S. simmondsii, as revealed by
significant ANOVAS of the average score of specimens
assigned to each species along PCA1 (P< 0.001), but not
PCA2 (P= 0.26). PCA1 was mostly correlated negatively with
chlorophyllose cell width, leaf serration, and presence/
absence of chlorocyst papillae, and positively with plant
size, leaf length, costa width, and stem thickness (Fig. 3B).
None of the intra‐ and interspecific Euclidian distances were
correlated with geographic distance (Fig. 4). Differences
between pairs of specimens of different species were
consistently significantly higher than between pairs of
conspecific individuals across the geographic range (Fig. 4).

4 Discussion
The significant Fst between sympatric specimens assigned to
Syrrhopodon annotinus and S. simmondsii indicates that
reproductive isolation led to differences in allele frequencies
between two sympatric species characterized by different
habitat requirements. Shaw et al. (1987) similarly found
significant differences in a sympatric pair of moss species
(Climacium americanum and C. dendroides) from different
habitats. Although it is not possible to determine whether
habitat differentiation triggered or followed speciation, these
observations are consistent with growing evidence that
ecological specialization can lead to genetic differentiation
within bryophyte species. These observations contrast with
the hypothesis that physiological plasticity prevails over
genetic specialization in bryophytes based on experimental
work suggesting that, in contrast with the vast majority of
angiosperm species, bryophyte species do not tend to
develop ecotypes, but rather display an inherent broad
ability to cope with environmental variation (Shaw, 1992).
The results presented here contribute to growing evidence
for genetic divergence (Szövényi et al., 2009; Hutsemékers
et al., 2010; Pisa et al., 2013; Mikulaskova et al., 2015; Magdy

Fig. 2. Spatial autocorrelogram showing average kinship
coefficients Fij (±SD) derived from the analysis of 183 SNPs
per distance class between pairs of conspecific (black line)
and interspecific (gray line) individuals of Syrrhopodon
annotinus and S. simmondsii as a function of the distance
between pairs of individuals. Stars indicate the confidence
level (*<0.05) of the anova of intra‐ and interspecific
comparisons at each distance class. SNPs, single nucleotid
polymorphisms.

A B

Fig. 3. Principal components analysis of 14 gametophytic characters in Syrrhopodon annotinus and S. simmondsii. A, Projection
of the individuals onto the first two axes. B, Correlation between the variables (see Table 1 for abbreviations) and the axes.
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et al., 2016) and speciation (Johnson et al., 2015) along
environmental gradients in bryophytes, suggesting that
adaptation could play a more important role in shaping
genetic patterns than previously thought. In particular, an
increased role for ecological speciation contrasts with the
hypothesis that the failure of bryophytes to radiate is caused
by the limited importance of isolation‐by‐environment in the
group (Patiño et al., 2014).
The slight, but significant, genetic divergence between

S. annotinus and S. simmondsii (6% of the total variance of
allele frequencies) and the significantly higher kinship
coefficients in intraspecific than in interspecific pairs of
individuals suggest that the sharp morphological differences
between the two species cannot be simply explained by
plasticity. Furthermore, no correlation between morpholo-
gical variation and geographic distance was observed in
S. annotinus and S. simmondsii. Interspecific morphological
differences were consistently significantly higher than
intraspecific differences across the geographic range inves-
tigated. This indicates that, in contrast to S. leprieurii (Pereira
et al., 2013), the observed morphological differentiation
between S. annotinus and S. simmondsii cannot be explained
by an alternative hypothesis of geographic variation within a
single species (Zapata & Jiménez, 2012).
However, despite the fact that pairs of conspecific

individuals consistently exhibited higher average kinship
coefficients than pairs of interspecific individuals, the slope
of the Mantel test based on kinship coefficients between
interspecific pairs was significantly spatially correlated. This
indicates that isolation‐by‐distance is stronger than the
interspecific reproductive barrier. Interspecific pairs of
individuals are therefore more closely related when they

are geographically closer, evidencing interspecific gene flow
and strongly supporting Natcheva & Cronberg’s (2004)
suggestion that hybridization may be a common, yet largely
overlooked, mechanism in bryophytes.
The strong isolation‐by‐distance pattern revealed here is

consistent with the dispersal traits of the studied species,
which are characterized by immersed sporophytes within
perichaetial leaves, fairly large spores of >30 µm, the
absence of a peristome, and infrequent gemmae and
sporophyte production (Reese, 1993), together with extrinsic
features of their environment of dense rainforests that is not
prone to long‐distance wind‐dispersal. The Sp statistics of
0.04 lay in the upper limit of the range reported for species
with gravity‐dispersed seeds (0.028± 0.016) and is higher
than the range reported for species characterized by wind
(0.012± 0.012) and animal (0.008± 0.005)‐dispersed seeds
(Vekemans & Hardy, 2004). Such a poor dispersal capacity
does not point to the transportation of diaspores by animals,
which has been increasingly documented in bryophyte
species from dense forest environments with low wind
connectivity (Heinken et al., 2001; Parsons et al., 2007;
Rudolphi, 2009; Wilkinson et al., 2017). The Sp statistics was,
in turn, lower than that reported for plant species
characterized by selfing (and even more, clonal) mating
systems (0.14± 0.08), which is consistent with the hypoth-
esis that interspecific gene flow may occur in sympatry.
Individuals of S. annotinus and S. simmondsii in fact grow in
the close vicinity of each other, so that sperm cells may reach
the archegonia of a non‐conspecific female individual. In a
one‐year monitoring survey of sex expression, Pereira et al.
(2016) failed, however, to find expressed males and
sporophytes in S. annotinus, while expressed males and

Fig. 4. Average± SD of the Euclidian distance of morphological characters (Table 1) between pairs of conspecific (black line)
and interspecific (gray line) individuals of Syrrhopodon annotinus and S. simmondsii as a function of the distance between pairs
of individuals. Stars indicate the confidence level (**P< 0.01; ***P< 0.001) of the anova of intra‐ and interspecific comparisons
at each distance class.
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sporophytes were found in <1% and 5% of investigated
individuals, respectively, in S. simmondsii. Since gametangia
production was positively correlated with precipitation
(Pereira et al., 2016), we hypothesize that interspecific
gene flow reported here dates back to historical periods of
increased sexual reproduction associated with historically
wetter climates.
Our results point to three main conclusions. First, based on

the fact that there is (i) a weak, but significant Fst between
sympatric specimens assigned to S. annotinus on the one
hand, and S. simmondsii on the other, and that kinship
coefficients are significantly lower in interspecific than in
intraspecific comparisons and (ii) a sharp morphological
differentiation, we tentatively suggest that S. annotinus and
S. simmondsii represent two distinct species. However, the
weakness of the reproductive barrier between them,
evidenced by the significance of the regression slope of Fij
in interspecific comparisons, suggests that S. annotinus and
S. simmondsii diverged recently. During the speciation
process, various aspects of lineage divergence, in fact, arise
(De Queiroz, 2007). Sister species progressively diverge from
each other over time, but the acquisition of the different
properties defining them (when they become phenotypically
diagnosable, reciprocally monophyletic for one or multiple
loci, reproductively incompatible, ecologically distinct, etc.) is
not simultaneous, potentially leading to conflicting assess-
ments of species identity before and after the acquisition of
any one of those properties.
Second, significant patterns of genetic structure were

observed despite the comparatively low number of single
nucleotide polymorphisms (SNPs) that could be expected
with genotyping by sequencing (GBS) techniques and the
fairly large amounts of missing data. By comparison with the
results obtained in other plant studies using GBS or Rad‐seq
approaches, more than 1000 SNPs were obtained for each of
the 663 individuals in Protea repens (Prunier et al., 2017), an
average of 2778 independent SNP loci were obtained in 7
Australian Alpine species (Bell et al., 2018), and 17 982 SNPs
were obtained in the fir Keteleeria davidiana with 50% missing
data (Shih et al., 2018). The 183 SNPs obtained here are more
comparable to the 63 SNPs obtained in the only other moss
species that had been investigated to date using GBS or Rad‐
seq techniques, Tetraplodon fuegianus, in its northern hemi-
sphere range (Lewis et al., 2017). The lower number of SNPs
obtained in mosses may reflect a truly lower genetic diversity
caused, among others, by high rates of clonality, but may
also call for protocol improvements in these non‐model
organisms. Nevertheless, the present results, together with
those of Lewis et al. (2017), suggest that SNP data are a
promising tool for shallow systematics (Fernández‐Mazuecos
et al., 2018; Ding et al., 2019) and fine‐scale genetic structure
(Attard et al., 2018) in bryophytes when traditional markers
such as low‐copy nuclear genes and chloroplast genes are
not polymorphic.
Third, the maintenance of low, but significant levels of

genetic divergence and a high morphological differentiation
despite weak reproductive isolation (in fact, weaker than the
strength of isolation‐by‐distance) is puzzling. The rarity of
intermediate hybrid phenotypes was previously reported in
mosses, wherein it was interpreted in terms of higher
viability of spores that had inherited most of the genome

from one or the other parent, or the low survival of the
recombinant gametophytes (Cronberg, 1996; Cronberg &
Natcheva, 2002). In the case of S. annotinus and S.
simmondsii, we suggest that two mechanisms may contri-
bute to the observed differentiation. First, the intensity of
recombination may be limited by the resistance of large parts
of the genome against heterospecific genes, maintaining the
genetic distinctness of the species (Natcheva & Cronberg,
2007). Second, habitat specialization may play a key role
through the counter‐selection of hybrids, calling for the
implementation of experimental transplantations and fitness
measurements.
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