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Abstract

Syntrichia ruralis is a cosmopolitan moss that occupies steep environmental gradients. In arid to semi-arid regions of the
world it is a key component of biological soil crusts, which are fundamental to healthy dryland ecosystem processes. As such,
S. ruralis has attracted the attention of conservationists seeking to restore degraded biological soil crust communities and
their associated vascular flora. Here, we generate genomic data for S. ruralis populations that span climatic gradients across
the Colorado Plateau of the southwestern USA to investigate the contributions of neutral and deterministic processes to the
partitioning of genomic structure. Although S. ruralis appears to be highly dispersible, geographic proximity significantly
predicts genomic similarity. In addition, even when taking into account apparently high migration rates among populations
and spatial autocorrelation of allele frequencies, some genomic variation is explained by environmental gradients correlated
with elevation and latitude. Consequently, efforts to restore dryland ecosystems by establishing S. ruralis as a foundation
should include strategies to ensure that propagule sources of this moss are environmentally stratified and targeted to the
current/future climates of restoration sites.
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Introduction

The advent of molecular techniques that can efficiently yield
abundant, genome-wide data (e.g., Ekblom and Galindo
2011; McCormack et al. 2013) has broadened researchers’
abilities to infer ecological and evolutionary processes. For
example, genomic data has been used to uncover adapta-
tion to both novel and parallel environments (Colosimo
et al. 2005; Nosil 2007), the outcomes of secondary contact
between divergent evolutionary lineages (Gompert et al.
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2010), and the effects of climate diversity on differentia-
tion and diversification within species (Papadopoulou and
Knowles 2015a, b). Such genomic study is especially rel-
evant to restoration and conservation efforts, where accurate
inference may have substantial impacts on success and thus
the shaping and implementation of management and policy.
Genomic analysis is particularly useful for less studied taxa,
where evolutionary or ecological considerations are not evi-
dent a priori. Conservation-minded questions often focus
on taxonomic identity, population connectedness and effec-
tive population sizes, the distribution of genetic variation,
and inferring adaptation to environmental gradients; all of
these topics have been successfully addressed using genomic
data (e.g., Eckert et al. 2010; Escudero et al. 2014; Kool
et al. 2013; Hipp et al. 2014; Merwe et al. 2014). Given that
any genetic analysis used to inform conservation decisions
should contain sufficient power to discriminate between
deterministic and neutral processes with reasonable confi-
dence, researchers are fortunate that practical, cost-effective
methods for generating large genomic data sets exist (e.g.,
see Narum et al. 2013 and references therein).
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Here, we assess phylogeographic structure in the widely
distributed moss species, Syntrichia ruralis (Hedw.) F.
Weber & D. Mohr (synonyms include Tortula ruralis, Bar-
bula ruralis), across the Colorado Plateau of southwestern
North America (Fig. 1). Regionally, S. ruralis is a common
component of biological soil crusts (Rosentreter et al. 2007),
which occupy arid landscapes worldwide. Biological soil
crusts provide important, foundational ecosystem services in
drylands, yet they are easily degraded by many types of land
use activities and tend to be slow to recover (Weber et al.
2014). Consequently, significant resources are being devoted

Fig. 1 Syntrichia ruralis sam-
pling localities. Colored shapes
match those used in Figs. 2
and 3; see Fig. 2 for population
names and regional affiliations
(denoted by colors). The back-
ground greyscale depicts eleva-
tion, with whiteness positively
correlated with elevation (range
of background: 3304228 m).
Coordinates of localities, as
well as associated environmen-
tal data, are provided in Sup-
plementary Material Table 1.
(Color figure online)
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to investigate biological soil crust reestablishment methods,
including using S. ruralis reintroduction as a catalyst for bio-
logical soil crust regeneration (e.g., Antoninka et al. 2016).
Prior to implementing a restoration protocol using S. ruralis,
propagules must be generated for deployment, but data are
lacking on the distribution of genetic diversity within the
species and whether it corresponds with adaptive differentia-
tion across environments. While recent experimental stud-
ies of S. ruralis suggest that populations exhibit ecological
differences (Condon and Pyke 2016; Doherty et al. 2017),
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the utility and value of developing one versus multiple prop-
agule sources for S. ruralis is largely unknown.

Biological characteristics unique to mosses lead to con-
flicting expectations regarding the distribution of genetic
diversity and opportunity for local adaptation within and
among S. ruralis populations on the Colorado Plateau.
First, the dispersibility of S. ruralis may be high enough
to overwhelm any partitioning of genetic variation at this
regional scale, and populations may harbor similar levels
of genetic diversity compared to the species’ region-wide
extent. Syntrichia ruralis occurs in a diverse range of envi-
ronments, including dry to moist soil and rock from low
to high elevations, on all continents except Antarctica and
Australia (Mishler 2007). Within North America, it has
been recorded in northern and southern states from Maine
to California, in several Canadian provinces, and in Green-
land. Cosmopolitan distributions of organisms often sug-
gest high dispersibility, which is supported in many moss
species by molecular and experimental studies (Shaw 2000;
Vanderpoorten et al. 2008; Lonnell et al. 2012; Lewis et al.
2014; Paasch et al. 2015). For example, several moss spe-
cies with amphi-Atlantic distributions apparently function as
metapopulation networks via high rates of migration (Desa-
more et al. 2016). The geographic scale in our study (i.e.,
the Colorado Plateau) represents less than 400,000 km? (i.e.,
less than 720 km of latitudinal distance and 550 km of lon-
gitudinal distance; Fig. 1). In the Great Basin region west of
the Colorado Plateau, Paasch et al. (2015) estimated an aver-
age of 32 migrants per generation in a closely related spe-
cies, S. caninervis, between sites separated by approximately
270 km. Finally, known locations of S. ruralis across the
study area indicate that the species is limited by environmen-
tal rather than dispersal limitation (i.e., it is always found
when environmental conditions are appropriate; personal
communication, J. Belnap and M. Bowker). Cumulatively,
these data suggest that gene flow may impede the formation
of phylogeographic structure and adaptive differentiation in
S. ruralis at small to moderate spatial scales. If true, sourc-
ing propagules from a single population could be acceptable
for restoration purposes.

Alternatively, life history characteristics related to S.
ruralis’ reproduction may promote population level dif-
ferentiation across the Colorado Plateau. In all mosses, the
haploid, gametophytic generation is dominant, and sexual
reproduction depends upon sperm being able to pass through
a water film to archaegonia for the production of sporophytes
and spores. In arid climates with little moisture, such as
those prevalent across the Colorado Plateau, opportunities
to reproduce sexually appear to occur infrequently (Paasch
et al. 2015; personal observation, K. Doherty), limiting
recombination among haplotypes and the overall abundance
of sporophytes (Mishler 1990). Lower rates of sexual repro-
duction are expected to result in fewer opportunities for gene

flow and more differentiation among populations, although
asexual reproduction and dispersal via gametophytic frag-
mentation is known to occur (e.g., Miles and Longton 1990).
In addition, S. ruralis is a monoicous species, allowing for
both intergametophytic and intragametophytic selfing, which
leads to elevated levels of heterozygote deficiency (Eppley
et al. 2007); in fact, intragametophytic selfing can result in
complete homozygosity in a single generation (Hendrick
1987). Syntrichia ruralis’ reproductive mode, along with
other factors that promote differentiation (e.g., topographic
complexity associated with steep environmental gradients;
Sexton et al. 2014), would suggest that creating multiple
propagule sources will preserve the highest levels of genetic
diversity and/or local adaptation.

We develop a genomic dataset for 15 S. ruralis popula-
tions sampled across the Colorado Plateau to investigate: (1)
If genomic structure exists at the scale of the Colorado Pla-
teau; and (2) If genomic variation correlates with regional
environmental gradients. We find evidence of population
genomic structure across these 15 S. ruralis populations, and
our analyses suggest that some of this structure is explained
by environmental gradients associated with latitude and
elevation. In light of these results, we provide basic guid-
ance for propagule sourcing across the Colorado Plateau. In
addition, we discuss refining sampling schemes for future
projects to account for tight correlations between geogra-
phy and environmental variation, which will bolster infer-
ence into environmental adaptation. We hope that our work
directly informs ongoing international efforts to develop
plant materials sources (Plant Conservation Alliance 2015)
that are adapted to the environmental conditions where they
are deployed and, consequently, that maximize restoration
success and reduce overall costs (Oldfield and Olwell 2015).

Materials and methods
Field sampling and DNA extraction

Individuals from 15 S. ruralis populations stratified across
the monsoonal precipitation gradient on the Colorado Pla-
teau were sampled during fall 2012 and spring 2013 (Fig. 1;
Supplementary Material Table 1). Populations were sepa-
rated by at least 20 km. Seven to eighteen S. ruralis cushions
separated by at least 10 m were sampled from each popula-
tion. Field identification of S. ruralis was based upon costa
color (red) and strongly recurved laminae (Rosentreter et al.
2007). Dry tissue samples were placed in coin envelopes and
stored in the dark at 20 °C. Field identification of the sam-
ples was complemented by evaluation of prepared slides of
laminae; laminae that were one cell thick, strongly recurved
along their entire lengths, and that lacked branched papil-
lae were considered diagnostic for S. ruralis (Weber and
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Wittman 2007). Single gametophytes determined to be S.
ruralis were isolated from each cushion for DNA extraction.
Gametophyte tissues were disrupted using a GenoGrinder
2000 (SPEX SamplePrep, Metuchen, New Jersey, USA),
and DNA was extracted using a modified sorbitol protocol
(Storchova et al. 2000).

Next-generation sequencing

We selected 107 specimens for RADseq genotyping (Supple-
mentary Material Table 2). Extracted genomic DNAs were
processed into a reduced complexity library using a restric-
tion fragment based procedure (for details, see Peterson et al.
2012). Briefly, each DNA sample was doubly digested with
EcoRI and Sphl, followed by the ligation of Illumina adap-
tor sequences and unique 5 bp barcodes. Ligation products
were pooled and the fragments were amplified by 12 cycles
of PCR. A Pippin Prep (Sage Science, Beverly, Massachu-
setts, USA) was used to size select fragments between 400
and 500 bp. The resultant pool of fragments was sequenced
at the University of Texas Genome Sequencing and Analysis
Facility in two lanes on a HiSeq 2500 (Illumina, San Diego,
California, USA) to generate 100 bp, single-end reads.

Illumina data processing

Raw data were demultiplexed, filtered, and assembled de
novo in pYRAD version 3.0.66 (Eaton 2014). Only reads
with fewer than four low quality sites, no adaptor contami-
nation, and unambiguous barcodes and restriction cut sites
were retained. Following initial processing, sequences of
each individual were clustered into highly similar stacks
(i.e., sets of sequences inferred to be from a single locus)
using VSEARCH (Rognes et al. 2016), followed by the esti-
mation of rates of sequencing error (Lynch 2008). Because
the gametophytes from which tissues were sampled are hap-
loid, heterozygosity (H) was set to 0. Individuals’ stacks
of raw reads were independently summarized into consen-
sus sequences, which were subsequently clustered among
individuals to generate RADseq loci (i.e., sets of sequences
inferred to be homologous). Because of variation in sequenc-
ing coverage, mutations in the restriction site defining the
RAD loci, and other factors, not every individual had a
sequence for every RADseq locus (Eaton 2014). Parameter
values used for clustering were based on suggestions from
the literature (Eaton and Ree 2013; Eaton 2014; Takahashi
et al. 2014; Massatti et al. 2016) but modified to account
for the haploid genome of S. ruralis gametophytes and the
intraspecific scope of our study. For example, the percentage
similarity required to cluster sequences into a stack was set
at the relatively stringent level of 0.95 because heterozygo-
sity could be excluded a priori and all samples came from a
single species across a relatively small geographic area. In
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addition, the minimum stack depth for a cluster was set to
3 because, when it is known that H=0, the binomial prob-
ability of correctly calling a site is higher at low depths.
Full parameter details are archived with associated data sets
on Dryad (https://doi.org/10.5061/dryad.18bv1).

Dataset preparation

Following data processing, we used a custom script to filter
the variant call file (vcf) created by pYRAD and to write
a STRUCTURE formatted file (script available at https://doi.
org/10.5061/dryad.18bv1). First, SNPs and individuals that
contained high proportions of missing data were removed
to prevent their disproportionate effects on analyses (e.g.,
see Wang et al. 2012—Ilarge amounts of missing data can
skew biological patterns). Specifically, we excluded all SNPs
with >70% missing data across individuals and individu-
als missing >90% of loci (a threshold which set off a clear
outlier group of individuals). Next, we iteratively pruned
the SNP dataset in 10% intervals (from 70 to 10% missing
data per SNP) and assessed the information content and the
impact of missing data in the resultant dataset with principal
component analysis (PCA) using the dudi.pca function in r
(R Core Team 2016; center =T, scale =T with missing data
replaced by the mean frequency of the corresponding allele,
as recommended by Jombart et al. 2008) and by assessing
©® genetic diversity statistics and F¢; values calculated in
ARLEQUIN version 3.5 (Excoffier and Lischer 2010). The goal
of this second step was to maximize the information content
in the dataset while minimizing missing data (see Massatti
and Knowles 2014). Finally, we randomly selected one SNP
per RADseq locus in order to comply with the assumptions
of the analytical methods we employed. Thus, the final data-
set (available at https://doi.org/10.5061/dryad.18bv1) rep-
resents a balance between minimizing potentially negative
impacts of missing data on inference and minimizing the
loss of information content (signal).

Genomic differentiation and structure

To visualize the major axes of population genetic variation
contained in the SNP dataset, we used two complementary
approaches: (1) Bayesian clustering implemented in STRUC-
TURE version 2.3.4 (Pritchard et al. 2000; Falush et al. 2003)
and (2) a multivariate ordination method that accounts
for spatial patterns, spatial principal component analysis
(sPCA), implemented in the ADEGENET package (Jombart
2008) in rR. We used both methods to allow comparison of
results across approaches with different sets of assumptions.
For example, STRUCTURE assumes that loci are in equilibrium
and unlinked while sSPCA does not. Furthermore, Bayes-
ian clustering may be inappropriate when populations are
structured across a cline (Jombart et al. 2008) because it
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may overestimate genetic structure, while a spatially explicit
multivariate method can identify genetic structure, includ-
ing clines, and accounts for spatial autocorrelation (Frantz
et al. 2009). sPCA achieves this by incorporating Moran’s /
(Moran 1948, 1950), which allows the detection of structure
at local (e.g., differentiation between neighboring individu-
als) and global (e.g., genetically distinguishable groups and
clines; see Jombart et al. 2008 for details) levels.

STRUCTURE was run across K-values ranging from 1 to
10 without assigning population membership a priori. Ten
independent runs per K were conducted, each with 150,000
burn-in and 500,000 MCMC iterations, using the “Admix-
ture Model” and “Correlated Allele Frequency Model” with
default settings; our application of STRUCTURE to S. ruralis is
similar to that of other studies on haploid organisms (e.g.,
Falush et al. 2003). sTRUCTURE HARVESTER (Earl and vonHoldt
2012) and pistrucT (Rosenberg 2004) were used to visual-
ize results, and the most probable K was chosen based on
AK (Evanno et al. 2005). For sPCA analysis, geographic
locations of individuals were created by jittering population
locations (factor =3), and a Delauney triangulation graph
was used to create the connection network required by the
sPCA function.

At the individual level, the fit of genomic distances to
environmental and/or geographic distances was quantified
using Procrustes analyses. Within a genetic context, Pro-
crustes analyses are interpreted under the assumption that
individuals from populations closer in geographic proximity
will be more closely related (i.e., isolation by distance), and
deviations from this pattern bring to light interesting bio-
logical and/or historical phenomena (see Wang et al. 2012;
Knowles et al. 2016 for details and examples). We apply
this technique to test whether geography + environment, as
implicit within the environmental PCA distance matrix (see
below) due to tight correlations between latitude and envi-
ronmental gradients (see Results), explains more genomic
variation than does geographic distance alone. These analy-
ses complement Mantel tests, partial Mantel tests, and linear
models (see below) because they rely upon individual level
genomic differentiation (i.e., distances among individuals
in PC space), yet they represent a testing framework for the
same phenomenon (i.e., if environmental variation explains
genomic variation). Analyses were performed using the ‘pro-
test’ function of VEGaN in R. The significance of the associa-
tion statistic between the genetic PC values and geography
or environmental space was evaluated based on 10,000 per-
mutations. Note that we used PCA values (PC1 and PC2) for
Procrustes analyses instead of sPCA values; because sSPCA
analyses incorporate geographic information into genetic
patterns, testing the fit of SPCA values to geography would
result in a spuriously high correlation.

At the level of populations, the impact of environmental
factors and geographic distance on genetic structure was

tested in R with Mantel tests, partial Mantel tests, and lin-
ear models. Distance matrices for these analyses included:
(1) genetic distance between populations as represented by
pairwise F¢-values; (2) Euclidean environmental distance
between populations calculated from principal compo-
nent 1 (PC1) and PC2 of an environmental PCA; and (3)
Euclidean geographic distance between populations as cal-
culated in ArcGIS 10 (Esri, Redlands, California, USA).
The environmental PCA was performed on 19 bioclimati-
cally informative raster layers (Hijmans et al. 2005) in Arc-
GIS 10; PCA was performed directly on the climate layers
instead of values extracted from sampling points to capture
the variation in the environment while avoiding any bias
in the sampling points. Each of the potential predictors of
genetic distance (geographic distance and environmental dis-
tance) was tested separately with Mantel tests; significance
was assessed by 10,000 permutations. Similarly, a partial
Mantel test assessed the correlation between environmen-
tal variation and genetic distance while partialling out geo-
graphic distance. The distance matrices were also used to
create sequential general linear models in R using the Im()
function; the residuals from an initial linear model between
geographic and genetic PC distances were used in a linear
model with environmental distance to determine the contri-
bution of environmental distance on genetic patterns, while
controlling for geographic distance.

Results

NGS data quality, processing, and dataset
construction

DNA extraction was successful for 107 of the approximately
150 individuals sampled. Two lanes of Illumina sequencing
produced nearly 150 million reads across these 107 individu-
als (average of 1,550,667 +957,581), of which more than
132 million passed filtering and quality control procedures
(Supplementary Material Table 2). Based on low coverage
or low quality of reads, 34 individuals were excluded from
further analyses (Supplementary Material Table 2). Filter-
ing the resulting dataset to include only unlinked SNPs with
fewer than 60% missing data across individuals resulted in
1678 SNPs. Alternative datasets containing fewer missing
data did not noticeably affect downstream analyses (e.g.,
patterns of differentiation as assessed by F¢r and PCA were
similar when missing data was <60%) and are not discussed.

Genomic differentiation and structure
STRUCTURE analyses across multiple K-values indicated that

K =3 is the most likely number of genetic clusters (the K
value following the highest AK, hereafter referred to as

@ Springer



90

Conservation Genetics (2018) 19:85-97

the most likely K). We present illustrations of both K=2
and K=3, as both are helpful in assessing genetic struc-
ture within S. ruralis (Fig. 2). Higher K values decomposed
genetic variation into groupings that are difficult to interpret,
and thus are not presented. At K=2, genetic variation within
S. ruralis essentially broke down into northern (red) and
southern (green) genomic axes (Fig. 2). However, within
the North and South regions, there are admixed populations
(i.e., populations containing individuals wholly or partially
with the less dominant genomic axis), and most populations
from the East and West regions contain a complement of
both genomic axes. At K=3, the green genomic axis breaks
down into two components—a green and a blue genomic
axis (Fig. 2). The blue genomic axis is largely absent in
the North region and high elevation populations of the East
region.

The first two sPCA eigenvalues associated with global
structure were used to characterize genetic variation among
S. ruralis populations (Supplementary Material Figs. 1
and 2); sPC1 and sPC2 account for 35.5 and 14.8% of the

North

East

variation in the SNP dataset, respectively. Using color to
represent genetic similarity, individuals in populations from
the North region are easily distinguished from individuals
in South region populations, while East and West popula-
tions are intermediate, containing either a mix of North and
South identities or containing individuals of intermediate
identities (Fig. 3a). These patterns are concordant with those
resolved by STRUCTURE at K=2, as well as patterns in the
regular PCAs that were used when assessing information
content across screened datasets generated at variable levels
of missing data (Supplementary Material Fig. 3).

When populations are graphed in environmental space
(Fig. 3b), genetic similarity resolved by the sPCA is simi-
larly situated along PC2 compared to latitude in Fig. 3a,
but it is better sorted along PC1 compared to longitude in
Fig. 3a (i.e., the colors form a more continuous gradient
from yellow to red). Loading values of the variation in the
bioclimatic variables onto PC1 and PC2 indicate that PC1 is
positively correlated with environmental variables primar-
ily attributed to higher elevations (e.g., lower mean annual

West South

Fig.2 Plots of posterior probabilities for individuals, which could be
assigned to 2 (K=2) or 3 (K=3) groups by the STRUCTURE algorithm.
The K groups within an analysis are differentiated by color, and thin-
ner vertical black lines delimit populations, whose names are listed
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across the bottom. Symbols following population names correspond
to those used in Figs. 1 and 3. Regional groupings of populations
referred to in the text are noted along the top, and match the colors of
the symbols. (Color figure online)
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Fig.3 Populations mapped in a geographic space, and b environ-
mental space. Symbols match those of Figs. 1 and 2. Within the envi-
ronmental PCA (b), small grey circles represent the environmental
space of the Colorado Plateau, and X’s mark other known S. rura-
lis populations (i.e., they help depict S. ruralis’ overall environmen-
tal tolerance across the Colorado Plateau). PC2 in highly correlated
with geographic distance (see “Results”). Populations’ individuals
are depicted by overlain, smaller colored circles, where the colors
among individuals represent genetic similarity, as calculated from
sPC1 and sPC2. Individuals are artificially jittered so they do not

temperature, higher annual precipitation), while PC2 is posi-
tively correlated with environmental variables attributed to
higher latitudes on the Colorado Plateau (e.g., colder winter
temperatures, warmer temperatures during drier summers)
(Supplementary Material Table 5). Both PC1 and PC2 are
significantly correlated with geography (p <0.0001 for
each), but the correlation is weak for PC1 (r=0.05) com-
pared to PC2 (r=0.69), as resolved by Mantel tests between
geographic and PC1 or PC2 distances calculated for 1000
randomly sampled points across the study area. The pattern
of genetic similarity when graphed in environmental space
(Fig. 3b) is similar to the K=3 STRUCTURE result, with lower
elevation sites having lower PC1 values (i.e., correspond-
ing roughly to the blue genomic axis in Fig. 2) and higher
elevation sites having higher PC1 values (i.e., the green
genomic axis in Fig. 2). The Procrustes analysis between
genetic similarity and geographic distance (i.e., the fit of
the two datasets in Fig. 3a) resolved a significant correlation
(t=0.58, p=0.001), while the analysis between genetic sim-
ilarity and environmental space (i.e., Fig. 3b) had a higher
correlation (#=0.72, p=0.001), indicating that considering
geographic and environmental distance together accounts for
more genetic variation than does geographic distance alone.

PC1 (68.3%)

completely overlap within a population. The gradation of individu-
als’ colors along the x and y axes in (a) and (b) illustrates why the
Procrustes correlation is higher when rotating genetic similarity to
environmental space compared to geographic space; compared to (a),
genetic similarity in (b) forms a more continuous gradient from yel-
low to red along the x-axis and from red to green along the y-axis.
In other words, accounting for environmental distance and geographic
distance together (b) explains genetic structure better than consider-
ing geographic distance in isolation (a). (Color figure online)

Genomic diversity varied among populations, with &
ranging from 25.6 to 161.2 (average=100.1+37.4) and O,
ranging from 15.7 to 94.2 (average =63.5 +21.3) (Supple-
mentary Material Table 3). Pairwise genetic differentiation
(F¢) ranged from ~0 to ~0.19 (Supplementary Material
Table 4). Mantel correlations were significant for both Fg,
by environmental distance (r=0.31, p=0.0097) and F¢; by
geographic distance (r=0.22, p=0.044) (see Supplemen-
tary Material Table 4 for distance matrices). Furthermore,
environmental distance remained a significant predictor of
genetic distance when geographic distance was accounted
for as a covariate (r=0.24, p=0.044). While Mantel tests
have been critiqued when used for population genetic infer-
ence (e.g., see Raufaste and Rousset 2001; Guillot and Rous-
set 2013), our focus here is on the relative importance of
environmental versus spatial prediction of genetic structure.
Furthermore, we do not solely depend on the Mantel frame-
work to evaluate determinants of genetic structure, but pre-
sent them as complementary to other analytic approaches. In
congruence with the results from the Mantel tests, an initial
general linear model resulted in geographic distance explain-
ing 7.8% of the genetic PC dataset variation (p <0.0001).
A subsequent linear model resulted in the environmental
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PC data explaining 11% of the variation within the residual
dataset (p <0.0001).

Discussion

This study highlights the power of next-generation sequenc-
ing data to resolve genomic structure within a putatively
highly dispersible species at a relatively small spatial scale.
Results of complementary analyses suggest S. ruralis’
genome displays a significant pattern of isolation by dis-
tance (IBD) in addition to adaptation to regional environ-
mental gradients, namely those associated with elevation
and latitude. Below we discuss these patterns in relation to
neutral and deterministic processes, as well as to S. ruralis’
unique biological features. We also discuss future avenues of
research that would help untangle the contributions of geo-
graphic and environmental distance to patterns of genomic
variation.

Population structure of Syntrichia ruralis

Syntrichia ruralis is perceived to be highly dispersible due
to its expansive range over multiple continents and dispersal
patterns resolved in other moss species, including one that
is very closely related (Paasch et al. 2015). Our results sup-
port a high dispersal capacity for this species. At both K=2
and K'=3 within STRUCTURE analyses (Fig. 2), populations in
all regions contain admixed individuals and/or non-admixed
individuals representing alternative genomic axes (i.e.,
colors). This result is reinforced in the SPCA (Fig. 3) and
the PCA (Supplementary Material Fig. 3) by the overlap/
mixing of individuals across populations in color or in PC
space, respectively. Similar mixing of genomic axes within
populations has been resolved in other species inferred to
be highly dispersible (e.g., Pinheiro et al. 2014). Despite
the inferred high dispersibility of S. ruralis, we resolved a
significant pattern of isolation by distance (IBD) using both
Mantel and Procrustes analyses, with the latter manifesting
as a latitudinal trend of differentiation (Figs. 2, 3 and Sup-
plementary Material Fig. 3). Practically, these results imply
that creating a restoration propagule source from one or a
few geographically proximate populations will be insuffi-
cient to represent the genetic diversity of the species across
the Colorado Plateau.

Population level sampling across the Colorado Plateau
for phylogeographic analyses is largely absent for other spe-
cies, which makes setting the genomic patterns of S. ruralis
into a comparative context difficult. The most analogous
study may be Galbreath et al. (2010), in which three distinct
mitochondrial lineages for the American pika were resolved.
Higher differentiation in pikas compared to mosses is unsur-
prising due to their dispersal method and limited climatic
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niche (Smith 1974), but it does illustrate that environmen-
tally specialized species with low dispersibility will show
definite spatial genetic structure across the Colorado Plateau.
Another habitat specialist in the adjacent Great Basin region,
the pallid kangaroo mouse, displays east—west differentiation
into distinct clades, with further division into subclades in
the eastern portion of its range (Hafner et al. 2008). Phylo-
geographic research involving plants in the western United
States generally has been conducted at large spatial scales
and focused on the Rocky Mountains and/or Pacific North-
west; even in instances where population sampling occurred
across smaller areas, genetic variation was more finely par-
titioned compared to S. ruralis (e.g., Richardson et al. 2002;
DeChaine and Martin 2005; Brunsfeld et al. 2007; Massatti
and Knowles 2014).

Signatures of environmental adaptation

The S. ruralis data provide evidence that population level
genomic variation is structured along environmental gra-
dients, despite potentially high rates of gene flow. For
example, the Mantel test was significant when correlating
genetic distance (Fgp) with distance in environmental PC
space (Fig. 3), and this relationship remained significant
after controlling for geographic distance. Considering indi-
vidual level genomic PC data instead of F¢; values, Pro-
crustes analyses resolved a higher correlation when fitting
genetic data to environmental space compared to geographic
space. Note that geography is implicit within environmental
space; neither environmental PC1 nor PC2 was independ-
ent of geographic distance. Finally, the linear regression
between environmental distance and the residuals resulting
from a regression between genomic distance and geographic
distance was highly significant, explaining approximately
11% of the residual variation. Similar to our suggestion that
the IBD pattern prevents a geographically limited propagule
source from accurately representing the genomic diversity of
S. ruralis, the ability of environmental variables to explain
genomic variation implies that stratifying propagule sources
across relevant environmental gradients would best represent
environmentally driven (and potentially adaptive) genomic
variation.

Genomic patterns displayed in the sTRUCTURE and PCA
analyses can also be interpreted in an environmental context.
In the K=3 STRUCTURE analysis, the populations dominated
by the red genomic axis (North region populations + Fruita;
Fig. 2) fall north of the average northern extent of sum-
mer monsoon moisture (Mitchell 1976). The blue and
green genomic axes correspond relatively well with lower
and higher elevation sampling sites, respectively, within the
region that experiences summer monsoons (Supplementary
Material Table 1). Within the genomic PCA that does not
account for geography (Supplementary Material Fig. 3), PC1
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may be environmentally interpreted as a monsoonal gradi-
ent axis (from low intensity to high intensity), while PC2
corresponds with elevation (also from low to high, when
discounting populations from the North region). However,
we note that due to the complex ways in which environ-
mental variables covary, not to mention how axes of genetic
variation interact, direct environmental interpretation of the
genomic PCA is difficult. Cumulatively, our data support a
pattern of isolation by environment (IBE) (Nosil et al. 2008,
2009) within S. ruralis, a result that has emerged from many
genetic studies on plants (see Sexton et al. 2014 and refer-
ences therein). While we are not attempting to resolve indi-
vidual loci exhibiting signs of selection (see below), isola-
tion by adaptation (IBA) may explain why the dominant axes
of genomic variation correspond to the major environmental
gradients across the Colorado Plateau (Orsini et al. 2013).
For researchers and practitioners whose goals are to create
geographically tailored propagule sources for restoration and
conservation purposes (e.g., Broadhurst et al. 2008; Havens
et al. 2015), resolving the underlying drivers (i.e., loci) of
environmental adaptation may not be necessary in instances
where IBA shapes genomic structure.

Ecological studies of local adaptation in moss species
reveal that populations prefer their respective local environ-
ments. Experiments utilizing S. ruralis suggest, at a mini-
mum, adaptation to different moisture regimes. For example,
when two S. ruralis populations were sampled from sites
with different environments (cool/mesic and warm/dry)
and transferred to a separate warm/dry site, the warm/dry-
sourced material produced more biomass during three years
of observation (Condon and Pyke 2016). In another study,
individuals from five environmentally unique populations
of S. ruralis were grown under uniform greenhouse condi-
tions and then subjected to a watering protocol designed to
induce stress. Populations displayed a range of tolerances to
these watering treatments, perhaps due to adaptation to site-
specific precipitation regimes (Doherty et al. 2017). Similar
adaptive processes are inferred to be at work in other moss
species, in which genetic variation is commonly structured
across altitudinal gradients that are strongly correlated with
temperature and precipitation (Korpelainen et al. 2012; Pisa
et al. 2013; Magdy et al. 2016).

Given that we infer IBA likely shaped S. ruralis’ genomic
variation, the processes promoting the maintenance of
alternative genomic axes within populations becomes
intriguing, especially in the context of creating appropri-
ate propagule sources for restoration projects. Resulting
from the putatively limited opportunities for recombination
between individuals and low levels of spore generation in
arid climates (Bowker et al. 2000; Nath and Asthana 2001),
asexual reproduction/dispersal and environmental filtering
(i.e., Cavender-Bares et al. 2004) may be the predominant
methods by which S. ruralis populations are tuned to local

environments. However, landscapes with high topographic
complexity, and thus a diversity of microhabitats at a small
spatial scale, may promote the persistence of immigrants
adapted to different suites of environmental characteristics.
Combined with infrequent episodes of sexual reproduction,
these processes would explain the mixture of alternative
genomic axes within populations (Figs. 2, 3 and Supple-
mentary Material Fig. 3) that underlies the inferred patterns
of IBD and IBE. Furthermore, this mixture of more and less
adapted genomic axes may be maintained through time in
an environmentally transitional landscape by high levels of
phenotypic plasticity (e.g., desiccation tolerance; Stark et al.
2012); ultimately, genomic diversity may allow populations
the flexibility to respond relatively quickly to changing envi-
ronmental conditions. We note, however, that the generation
time for S. ruralis is unknown, though its ability to withstand
extreme environmental events (e.g., drought) may suggest
an ability to persist for long periods. Modeling alternative
hypotheses, such as random assembly versus environmental
filtering, under a range of environmental and demographic
parameters (e.g., He et al. 2013; Bemmels et al. 2016; Mas-
satti and Knowles 2016; Knowles and Massatti 2017) would
help determine if and how the process of local adaptation
proceeds and the relative importance of environmental,
demographic, and historical processes to genomic structure.

Alternative explanations and future analyses

The resolution of genomic structure across S. ruralis popula-
tions is a testament to the utility of next-generation sequenc-
ing data, given the spatial scale of our analyses and the
biology of S. ruralis. While our analyses indicate that the
environment significantly explains some genomic variation,
additional research would help rule out alternative hypoth-
eses. For example, the resolved genomic patterns could be
consistent with the recolonization of East and West region
populations from northern and southern refugia following
the Last Glacial Maximum (sensu Knowles and Massatti
2017). However, if population extirpation and recolonization
strictly followed neutral demographic processes, we would
not expect major axes of environmental variation to signifi-
cantly explain a relatively large proportion of genomic vari-
ation beyond that which is tightly correlated with geography.

Patterns of S. ruralis genomic variation could also indi-
cate that ecological and evolutionary processes occur at
a geographic scale larger than the Colorado Plateau. For
example, a wider geographic sampling of S. ruralis popu-
lations may resolve discrete genomic axes associated with
distinct environments, such as a low elevation genomic axis
(blue in Fig. 3b), a montane genomic axis (green in Fig. 3b),
and a genomic axis outside of the main monsoonal influ-
ence (red in Fig. 3b). Due to the limited geographic scope
of this study and the steep environment gradients across the
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Plateau, we could be resolving few populations displaying
what may be an “optimal” genomic identity. In other words,
the short geographic distances between environmentally dis-
tinct locations (for example, the low elevation Moab popu-
lation was sampled 20 km from the high elevation La Sal,
Fig. 1) result in high levels of genomic mixing compared
to the species’ overall range, which would suggest that the
Colorado Plateau is a place where several different genomic
axes intermingle (similar to the pattern resolved in Galbreath
et al. 2010, as discussed above). Accordingly, it is important
to sample populations over an appropriate geographic scale,
depending on the ecology of the study organism and the
questions at hand (Anderson et al. 2010; Manel et al. 2010).

Other important considerations for testing adaptation to
local environments include constructing sampling schemes
that explicitly control for geography and using environmen-
tal variables that are relevant to the organism (see Rellstab
et al. 2015 and references therein). Due to the correlation
between geography and environmental space across the Col-
orado Plateau, it is difficult to disentangle the contribution
of geographic and environmental processes, a problem that
haunts many spatial genetic analyses. For example, it may
be that the continuity of S. ruralis populations across the
Colorado Plateau, along with high migration rates, swamp
out any signal of IBD, and we may be misinterpreting
environmental adaptation as IBD. Only a refined sampling
scheme specifically designed to disentangle environmental
distance from geographic distance will be able to address
this issue. For example, Lotterhos and Whitlock (2015)
suggest sampling scattered pairs of closely spaced popula-
tions that exhibit substantial environmental differences in
order to identify loci adapted to environmental gradients;
this approach controls for both geography and for genetic
structure arising from neutral demographic processes. In
addition, assessing environmental adaptation may be refined
by only using environmental variables with low levels of
correlation or that are specifically hypothesized to have bio-
logical influence (Rellstab et al. 2015). Furthermore, using
modeling techniques and/or machine learning algorithms
to determine how allele frequencies change according to
environmental variables would resolve the variables most
important to S. ruralis (Lee and Mitchell-Olds 2011; Brieuc
et al. 2015; Shryock et al. 2015).

The quality of the S. ruralis genomic dataset imposes ana-
lytical limitations on our demographic and environmental
adaptation inferences. While biological patterns are robust
to analyses relying on different assumptions (e.g., STRUCTURE
versus sSPCA analyses, and Mantel tests versus Procrustes
rotations versus regression), our dataset contains a high pro-
portion of missing data (up to 60% per SNP across 1678
SNPs). Missing data affect our ability to calculate accurate
and significant locus-specific Fg, values, thus making F;-
based outlier tests for adaptive loci unreliable. In addition,
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missing data limit the opportunity to use modeling method-
ologies (e.g., FasTSIMCOAL2; Excoffier et al. 2013) to calculate
demographic parameters within tight confidence intervals;
optimally, modeling demographic scenarios with appropri-
ate data would provide the best estimates of migration rates
among regions and among populations within regions. Given
the limitations discussed thus far, future research would ben-
efit from (1) a region-wide sampling scheme designed to dis-
sociate environmental from geographic distance; (2) repre-
sentative sampling of populations located in regions adjacent
to the Colorado Plateau; (3) including fewer individuals per
library to increase overall depth of coverage; (4) uniform
(and higher) individual sampling per population (i.e., some
of our populations contain as few as 2 to 3 individuals); and
(5) potentially modifying aspects of the ddRAD library pro-
tocol to further reduce the complexity of the genome (e.g.,
using different restriction enzymes).

Conservation implications

One motivation for generating genomic data for S. ruralis
across the Colorado Plateau was to inform propagule sourc-
ing for biological soil crust restoration. An efficient program
of S. ruralis materials development (e.g., Antoninka et al.
2016) should identify an appropriate set of source materials
for restoration projects that can be deployed across a breadth
of environments. Our data suggest that S. ruralis restoration
material may be best tailored to a given restoration site by
minimizing environmental distance rather than geographic
distance. The genomic patterns identified here imply that
sources should include, at a minimum, populations at higher
and lower elevations both within and outside of the area
affected by summer monsoonal precipitation. Because the
monsoonal precipitation gradient is tightly linked to latitude,
stratifying by latitude satisfies the requirement to maximize
geographic distance to maintain genomic diversity (due to
the pattern of IBD). We do acknowledge that some popula-
tions were significantly mixed in terms of genomic ancestry;
however, it remains to be seen whether individuals not tai-
lored to a specific environment (i.e., that do not follow our
expectations of local environmental adaptation) persist for
multiple generations, or if they are temporary inhabitants
that immigrated into a local environment to which they are
ill-suited. Given that we suggest matching S. ruralis prop-
agules to restoration sites by environmental distance, care-
ful consideration must be given to not only a site’s current
climate, but also that which it will likely encounter in the
future (e.g., Havens et al. 2015).
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