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Biocrust communities are often heterogeneous and affected by small-scale

environmental features, including both physical and biotic factors. The presence

of moss in biocrusts, for example, is likely to create a set of physical conditions distinct

from those found in microbial biocrusts that lack mosses. Similarly, hypolithic organisms

living under and on the belowground surface of translucent and opaque stones (typically

quartz) experience a distinct environment relative to surrounding soil surface organisms.

To understand the impact of these factors on biocrust bacterial community composition,

we performed 16S rRNA sequencing from surface and hypolithic biocrusts with and

without the common biocrust moss, Syntrichia caninervis. While alpha diversity indices

did not differ significantly between any of the biocrust habitats sampled, we did observe

differences in overall community composition. Cyanobacterial abundance and diversity

decreased in the presence of moss and in surface samples compared to hypolithic

biocrusts, while Proteobacteria showed the opposite pattern. Acidobacteria were

significantly more abundant in hypolithic niches, and Patescibacteria were found to

be restricted to moss-dominated surface biocrusts. Notably, bacterial community

composition was found to shift significantly between surface and hypolithic microbial

biocrusts (Adonis, R2
= 0.122, p = 0.002) and between surface moss and microbial

biocrusts (R2
= 0.107, p = 0.002). These findings support the idea that even at small

spatial scales (e.g., within <10 cm), desert biocrust bacterial community composition

varies based on the habitat structure and cohabitants.

Keywords: biological soil crust, bacterial community, hypolithic, Syntrichia caninervis, 16S rRNA

INTRODUCTION

Competitive exclusion and habitat selection theory posit that differential habitat selection and niche
partitioning may permit organisms of similar phenotypes to coexist (Darwin, 1859; Gause, 1934;
Hutchinson, 1959; Rosenzweig, 1981). In soil microbial communities, diversity may be maintained
through the spatiotemporal partitioning of habitats and associated resources (Ettema and Wardle,
2002; Lee et al., 2016). As a driver of community diversity, niche partitioning is an important
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process to understand in the context of global change, as higher
diversity is expected to enhance the resilience of communities in
the presence of disturbance (MacArthur, 1955; Giller et al., 1997;
Girvan et al., 2005).

The importance of niche partitioning coupled with facilitative
interactions is particularly pronounced for soil biological crust
(biocrust) communities, which comprise diverse heterotrophic
microorganisms that are dependent on the resources generated
by photoautotrophs (Baran et al., 2015; Maier et al., 2018;
Couradeau et al., 2019). Biocrust composition varies with
physical factors as well as age and successional stage, but these
communities may include fungi, lichens, mosses, green algae,
diatoms, and archaea in addition to diverse bacteria (Belnap
and Lange, 2003). Biocrusts predominate in dryland ecosystems,
where they represent an estimated 40–50% of surface cover
(Elbert et al., 2012; Garcia-Pichel et al., 2013) and are responsible
for significant ecosystem services, including carbon cycling and
nitrogen fixation (Belnap and Lange, 2003; Elbert et al., 2012).

Biocrusts are frequently considered successional
communities, and successional stages are classified by
the dominant photoautotroph, with early-stage biocrusts
characterized by colonizing cyanobacteria (e.g., Microcoleus
vaginatus) and mid to later stages dominated by lichens and
mosses, respectively (Weber et al., 2016; Mogul et al., 2017;
Maier et al., 2018). However, independent of succession, the
presence or absence of particular biocrust photoautotrophs
and their bacterial cohabitants can also be controlled by abiotic
features of the local environment, such as moisture availability
and substrate stability (Kidron et al., 2000, 2009). At meso- to
micro-scales, the development of biocrusts and the establishment
of their constituent photoautotrophs is dependent on edaphic
factors (e.g., soil pH, nutrients, and texture) and local habitat
features such as slope, orientation, and shading from vascular
plants (Bowker et al., 2016; Mogul et al., 2017; Durham et al.,
2018). At this small local scale, biocrust organisms can be further
partitioned into hypolithic habitats, which occur under the
ventral surfaces of translucent and opaque stones (typically
quartz) that are embedded in the soil surface (Chan et al.,
2012). Hypolithic habitats are commonly found in drylands,
although they can occur anywhere suitable substrate is available
(Pointing, 2016). In addition to reduced UV radiation and
buffering from extreme thermal fluctuations, organisms in these
niche habitats experience enhanced water availability relative to
that in surrounding surface soils due lower evaporation, higher
relative humidity, and capture of water via fog condensation
(Pointing, 2016). Nonetheless, dryland hypolithic habitats are
still colonized by poikilohydric organisms that must withstand
extended periods without water (Pointing and Belnap, 2012).

Although not always explicitly recognized as biocrusts,
the microbial communities associated with hypolithic habitats
have been well-characterized globally (Chan et al., 2012;
Makhalanyane et al., 2013; Stomeo et al., 2013; Le et al., 2016;
Vikram et al., 2016; Lacap-Bugler et al., 2017; Van Goethem
et al., 2017). Cyanobacteria are the most common and abundant
organisms in hypolithic biocrust communities (Chan et al., 2012;
Pointing, 2016), with taxa from the genus Phormidium dominant
in Antarctic and Tibetan hypoliths and Chroococcidiopsis most

abundant in hot and cold deserts (Lacap-Bugler et al., 2017).
Comparisons of microbial community composition in hypolithic
and adjacent surface soil habitats have typically supported the
idea that hypolithic niches harbor unique assemblages of bacteria
that are distinct from, and not a filtered subset of, surface soil
communities (Khan et al., 2011; Stomeo et al., 2013; but see also
Makhalanyane et al., 2013; Le et al., 2016).

Although less common, hypolithic biocrusts sometimes
include mosses (Cockell and Stokes, 2006; Cowan et al.,
2010, 2011; Chan et al., 2012; de los Ríos et al., 2014).
In surface biocrusts, the presence of mosses is assumed to
modulate microbial community composition (Moquin et al.,
2012; Antoninka et al., 2015; Xiao and Veste, 2017), presumably
because their additional biomass modifies the physical and
chemical environment experienced by the biocrust microbial
community (Antoninka et al., 2015; Xiao et al., 2016). Moss-
dominated surface biocrusts are also capable of buffering
important ecosystem functions such as nitrogen, carbon, and
phosphorous cycling from the detrimental effects of increased
aridity in deserts and drylands (Delgado-Baquerizo et al.,
2016). Most work characterizing moss bacterial community
composition has compared moss biocrusts to nearby soils that do
not support biocrusts (Moquin et al., 2012; Delgado-Baquerizo
et al., 2016; Xiao and Veste, 2017). However, studies directly
comparing biocrusts with different dominant photoautotroph
have found that moss-dominated biocrusts harbor a microbial
community taxonomically and functionally distinct from that of
cyanobacteria-dominated biocrusts (Kidron et al., 2010; Maier
et al., 2018). Similarly, comparisons of bacterial community
composition from hypolithic and adjacent surface niches thus
far have focused on extreme environments (e.g., the Antarctic,
Namib, and Atacama Deserts) that do not support well-
developed surface biocrusts (Makhalanyane et al., 2013; Stomeo
et al., 2013; Le et al., 2016; Vikram et al., 2016). Thus, the
role that hypolithic niches interspersed within broader surface
biocrusts might play in promoting local-scale beta diversity
remains relatively unexplored.

Because of the potential contributions of habitat partitioning
and facilitative interactions to the overall diversity and associated
ecological resilience of biocrust microbial communities, in
this study we set out to characterize the relative impacts of
hypolithic niche and dominant photoautotroph on bacterial
community composition. We sampled biocrusts with either
cyanobacteria or moss as the dominant photoautotroph from
both surface and hypolithic microhabitats within a small (8
m2) area in the Mojave Desert, and used 16s rDNA sequencing
to test the hypothesis that both the presence of moss and
hypolithic microhabitat would have significant impacts on the
composition of bacterial communities associated with each type
of biocrust.

METHODS

Field Site and Sample Collection
Soil and biocrust samples were collected on March 25, 2018 from
the Sheep Creek Wash near Wrightwood, CA. The Sheep Creek
Wash site is located at the northern base of the San Gabriel
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Mountains (34◦22′ 33.85′′N, 117◦36′34, 59W) and the western
edge of the Mojave Desert at an elevation of 1,800m (Baughman
et al., 2017). This site was chosen based on the presence of both
surface and hypolithic Syntrichia caninervis biocrusts within the
same restricted (∼8 m2) area. Syntrichia caninervis was detected
based on characteristics such as hair points on the apices of
leaves, leaf morphology, and colony pigmentation. Biocrusts with
cyanobacteria as the dominant photoautotroph were identified
based on their adherent texture and darker pigmentation relative
to the underlying sand substrate. To differentiate the description
of crust type based on dominant photoautotroph (cyanobacteria-
dominated vs. moss-dominated) from the description of biocrust
bacterial community composition (which will likely always
include cyanobacteria in some proportion), for the remainder
of this report we use the term “microbial biocrust” to refer to
biocrusts with cyanobacteria as the dominant photoautotroph.
Seven replicate samples were collected for each of the following
microsite types: surface moss biocrust; surface microbial
biocrust; hypolithic moss biocrust; hypolithic microbial biocrust;
sub-biocrust soil (for all previous sample types); and non-
biocrust surface soil. Abiotic features of the habitat such as slope,
aspect, and sun exposure can influence the establishment of
dominant photoautotrophs such as mosses and cyanobacteria
(Kidron et al., 2000, 2009, 2010), and thus might also directly
select for particular bacterial assemblages. Because we aimed
to focus our study on the impact of biocrust mosses and
hypolithic microsites on bacterial community composition, we
designed our collection strategy to minimize variation in local
abiotic factors across the biocrusts sampled. All samples were
collected from the same shelf within the Sheep Creek Wash,
which was ∼2 × 4m and contained a mosaic of intermixed
microbial (cyanobacteria-dominated) and moss biocrusts with
quartz and other stones sporadically embedded within. The
sampling area experienced uniform shading from two trees
(Juniperus occidentalis) to the east and southeast of the shelf.
While there was some variation in the microtopography across
the sampling area (1–3% slope change from the center of the
shelf to the lower edge), both surface and hypolithic moss and
microbial biocrusts were distributed throughout the entire area,
and replicate samples of each crust type were collected from both
the interior and outer edges of the sampling area to capture
the range of slope variation. For each hypolithic sample we
collected, we also collected a sample of the surface biocrust
(moss or microbial) directly abutting the hypolith quartz rock
(Figure 1). To limit our comparisons to moss and microbial
photoautotrophs, we avoided collecting biocrusts with lichens
present. A sterile spatula (surface sterilized with 70% isopropyl
alcohol between samples) was used for collection of 5–10 g
soils and biocrusts, and each sample was placed individually
into a sterile Nasco Whirl Pak bag (Fort Atkinson, WI). For
hypolithic samples, quartz rocks (often with visible adhered
microbial biomass) were collected along with soil and biocrust.
All samples were stored on ice during field collection and
transport back to the lab, where they were stored at −20◦C until
DNA extraction.

Sample Preparation and DNA Extraction
Quartz samples were crushed with a UV sterilized hammer
to obtain biological matter adhered to the rock samples.
Smaller rocks were scraped using a sterile scalpel to gather
biological materials for DNA extraction. For samples containing
moss biocrusts, ca 5 stems of moss were first submerged
for several seconds (using sterile forceps) in the buffer used
during cell disruption step of the DNA extraction protocol,
to remove some of the adhered soil and biocrust material
for subsequent DNA extractions. Care was taken to remove
all traces of moss after submersion. The prepared samples
then underwent DNA extraction using a QIAGEN DNeasy
PowerSoil Kit (Qiagen, Germantown, MD) according to the
manufacturer’s instructions (with the addition of the moss-
washing step noted above). Quantification readings were taken
immediately after DNA extraction using a Qubit 4 fluorometer
(Invitrogen, Carlsbad, CA).

16s rRNA Amplification and Sequencing
The V3 and V4 hypervariable region within the 16S rRNA cistron
was amplified using primer sequences 341F and 805R with
Illumina sequencing adaptors (Herlemann et al., 2011; Mizrahi-
Man et al., 2013). All PCR reactions contained 12.5 µl of Apex
HotStart Master Mix, 8.5 µl of sterilized molecular biology-grade
water, 1.0 µl of 10mM forward and reverse primers, and 2.0 µl
of DNA template. Each PCR reaction was performed using the
following cycling parameters: initial denaturation of 95◦C for
3min, denaturation of 95◦C for 30 s, annealing (generating 25
cycles) of 55◦C for 30 s, extension of 72◦C for 30 s, final extension
of 72◦C for 30 s. Positive (1 mg/µl bacterial community DNA,
ZymoBIOMICS Microbial Community DNA Standard, Zymo
Inc.) and negative controls were included in these PCR runs.

To visually confirm successful amplification, all PCR products
were run in 0.5X TBE buffer on a 2% agarose gels. Each gel
contained 6 µl DNA Ladder II 1 (1 kb) and 6 µl of each DNA
sample, followed by staining with ethidium bromide. Upon
confirmation of the target ∼500 bp amplicons, PCR products
were sent to ChunLab (ChunLab, Inc., Seoul, South Korea) for
sequencing on the IlluminaMiSeq platform. Because the negative
controls failed to yield any amplification products, only positive
controls were sent for sequencing.

Sequence Assembly and Analysis
Demultiplexed paired end MiSeq reads for 40 samples were
trimmed, filtered, denoised, and merged using the DADA2
(Callahan et al., 2016) plugin in QIIME2 (Bolyen et al., 2018).
Sequences were assigned to taxa using the scikit-learn 0.20.2
native Bayes classifier (Pedregosa et al., 2011) trained on the
Silva v.132 reference database (Quast et al., 2013; Yilmaz
et al., 2014). The q2-taxa plugin in QIIME2 was used to filter
mitochondrial and chloroplast sequences from the dataset prior
to downstream analyses.

For the calculation of phylogenetic diversity metrics (Faith’s,
unweighted UniFrac), positive control samples were removed
and a rooted phylogeny was generated from the sequences using
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FIGURE 1 | Habitat photo (Left), showing a major portion of the collection area with locations of two hypoliths harboring moss biocrusts indicated

[A,B—corresponding to the photos in (A,B) to the right of the figure]. Representative moss (C) and microbial (D) biocrusts are also indicated. Inset (A): moss hypolith

showing mosses in their hydrated state; the surface biocrust adjacent to this hypolith is microbial, toward the upper left of the panel. Inset (B): moss hypolith in

desiccated state, with moss biocrusts on the soil surface adjacent to the hypolith.

the QIIME2 q2-phylogeny plugin’s align-to-tree-mafft-fasttree
pipeline. Standard alpha (Shannon’s, evenness, Faith’s) and
beta (Bray-Curtis, unweighted and weighted UniFrac) diversity
metrics were calculated with the QIIME2 q2-diversity plugin
using a data set rarefied to 9,000 OTUs per sample. This sampling
depth was selected based on rarefaction curves for observed
OTUs generated for each sample type at sampling depths ranging
from 1 to 10,000. Alpha diversity measures were explored for
associations with habitat metadata (crust location and biocrust
composition) to test for significant differences in community
diversity between different biocrust microhabitats.

Sample metadata, the QIIME2 feature abundance table
(containing the frequencies of each OTU), and the QIIME2
taxonomy table (containing the taxonomic assignments of each
OTU) were imported into the Calypso online software suite for
microbiome analysis (Zakrzewski et al., 2017). Prior to analyses,
the two positive control samples and the non-crust (soil only)
samples were excluded from the data set. Rare OTUs with
<0.01% relative abundance across all samples were also removed.
Abundance data for the 3,418 taxa present in the remaining 28
samples were normalized through cumulative-sum scaling and
log2 transformed.

An Adonis PERMANOVA of Bray-Curtis distances was
used to test for significant compositional differences between
moss and microbial biocrusts in surface and hypolithic niches.
To compare overall community composition across biocrust
sample types, we also performed non-metric multidimensional
scaling using Bray-Curtis distances. Multivariate ordinations
were performed first for all four biocrust sample types combined.

To better resolve the individual influences moss and hypolithic
niche on community composition, we then performed Adonis
and NMDS for pairwise comparisons of samples grouped
by biocrust composition (with or without moss) and by
location (surface or hypolithic). Univariate analyses (one-way
ANOVA) were implemented to determine which taxa (phyla,
genera) displayed significant differential abundance between
sample types.

To generate taxonomic community profiles scaled to relative
abundance within sample types, the original unfiltered, non-
normalized data were imported into phyloseq (McMurdie
and Holmes, 2013), where the same filters were applied as
described above. Samples from identical biocrust types were then
merged and OTU abundance data were normalized to relative
abundance within sample type prior to generating taxonomic
community profiles.

RESULTS

Sequence Assembly
After filtering, denoising, merging, and removal of chimeric
sequences, sequencing depth of the field-collected samples
ranged from 4,184 to 20,010 (mean= 11,054).

The two mock microbial community positive control samples
were consistent with each other in composition and did not share
any sequences in common with the rest of the samples. Together
they contained 22 OTUs, all of which represented sequences
highly similar or identical to those from the eight species present
in the ZymoBIOMICS standard. In total, 18,490 features were
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recovered in the assembly, with the depth of coverage per feature
ranging from 1 to 2,284 (mean= 23).

Diversity Measures
Shannon indices did not indicate overall significant differences in
alpha diversity among any of the sampled biocrust or soil habitats
(Kruskal-Wallis p = 0.245), and no differences in Shannon
diversity were found in pairwise comparisons of samples filtered
by biocrust composition (moss vs. microbial crust samples in
hypolithic sites, p = 0.223; in surface sites, p = 0.631) or by
sampling location (hypolithic vs. surface moss crusts, p = 0.584;
hypolithic vs. surface microbial crusts, p = 0.199). Similar to
Shannon diversity measures, Faith’s Phylogenetic Diversity (PD)
did not vary significantly in any of these pairwise comparisons.
Evenness was not found to vary significantly among sample types
overall (group Kruskal-Wallis p = 0.311), although a pairwise
comparison of microbial crusts did indicate significantly higher
evenness of bacterial communities in hypolithic compared to
surface sites (p= 0.045).

Multivariate Analyses of Community
Composition
Adonis PERMANOVA of Bray-Curtis distances indicated
significant overall differences in composition between biocrust
sample types (R2 = 0.142, p = 0.0003). Further partitioning of
the sample data to pairwise comparisons within one biocrust
type or one biocrust niche revealed these patterns to be driven
largely by compositional differences between surface moss and
microbial biocrusts (R2 = 0.092, p = 0.038) and between surface
and hypolithic biocrusts without moss (R2 = 0.115, p = 0.002).
Adonis did not distinguish samples from surface and hypolithic
moss biocrusts (R2 = 0.88, p = 0.08), or hypolithic moss and
microbial biocrusts (R2 = 0.83, p= 0.19).

FIGURE 2 | Plot of the non-metric multidimensional scaling ordination of

Bray-Curtis distances for the four sampled biocrust habitats. HM, hypolithic

moss biocrust; HM-, hypolithic microbial biocrust; SM, surface moss biocrust;

SM-, surface microbial biocrust.

Non-metric multidimensional scaling (NMDS) suggested
compositional differences between at least some of the four
biocrust habitats we sampled (Figure 2). When the samples were
partitioned to compare composition within each type of biocrust
by habitat and vice-versa, NMDS ordinations were consistent
with the Adonis results, visually distinguishing communities
from hypolithic and surface biocrusts without moss and from
moss and microbial surface biocrusts (Figure 3).

Community Profiles and Differential Taxon
Abundance in Sampled Biocrusts
Community profiles reflected shifts in the relative abundance
of all phyla present in the sampled biocrust habitats, showing
a trend toward increased cyanobacterial abundance in biocrusts
without moss present (Figure 4). Relative abundance profiles
of cyanobacterial genera across the four biocrust communities
and adjacent non-biocrust soils revealed increased diversity
of cyanobacterial taxa in hypolithic biocrusts compared to
surface biocrusts and bare soils (Figure 5). ANOVA comparisons
of phylum abundance indicated significant differences in the
abundance of Chloroflexi (p = 0.00056), Deinococcus-Thermus
(p = 0.0024), Acidobacteria (0.015), and Elusimicrobia (p =

0.021) within the 28 biocrust-associated samples (Figure 6).
When samples were restricted to one sampling location (surface
or hypolithic), surface environments (n= 16) showed significant
differential abundance of Patescibacteria (p= 0.032), Chloroflexi
(p = 0.038), and Planctomycetes (p = 0.042), all of which
were more abundant in moss-dominated surface biocrusts. In
hypolithic environments (n= 16), Elusimicrobia (p= 0.022), and
Deinococcus-Thermus (p = 0.04) were differentially abundant
with significantly higher prevalence in biocrusts without moss.
Grouping samples by dominant photoautotroph (moss or
microbial) in the ANOVA revealed that moss-dominated
biocrusts (n = 16) harbored significantly more Acidobacteria (p
= 0.015) in hypolithic niches, while Planctomycetes (p = 0.021)
and Patescibacteria (p = 0.027), were more abundant in surface
moss biocrusts. In microbial biocrusts (n = 16), Deinococcus-
Thermus (p= 0.00073), Chloroflexi (p= 0.00087), Bacteriodetes
(p = 0.34), and Acidobacteria (p = 0.41) all showed significant
differential abundance, with all but Bacteriodetes having higher
abundance in hypolithic compared to surface crusts lackingmoss.

To provide more resolution regarding the taxa associated
with significant shifts in community composition, ANOVA
tests for differential abundance were run at the generic
level for both surface moss and microbial biocrusts, and
for microbial biocrusts in surface and hypolithic niches.
In surface biocrusts, the presence of moss significantly
increased the abundance of Tepidisphaera, Hymenobacter,
Rhizobacter, Sphingomonas, Spriosoma, Bryobacter, and
Pseudonocardia relative to biocrusts lacking moss, which
supported significantly more Aquabacterium, Oligoflexus,
Caenimonas, Sporocytophaga, Rhodocytophaga, and Arctibacter
(Figure 7). In microbial biocrusts, hypolithic samples
contained a significantly higher abundance of Truepera,
Trichocoleus-SAG-26.92, Solirubrobacter, Rubrobacter,
PMMR1, Phormidium-SAG-37.90, Parviterribacter, Flavitalea,
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FIGURE 3 | Plots for pairwise non-metric multidimensional scaling (NMDS) ordinations of Bray-Curtis distances. Upper panels show comparisons of microbial (Left)

and moss (Right) biocrusts from hypolithic and surface niches; lower panels show comparisons of microbial and moss biocrusts from hypolithic (Left) and surface

(Right) niches.

Fimbriiglobus, Conexibacter, Bryobacter, and Angustibacter
(Figure 8). Surface microbial biocrusts, in contrast, contained
significantly higher abundance of Taibaiella, Sporocytophaga,
Silvanigrella, Segetibacter, Pseudoxanthomonas, Peredibacter,
Flavobacterium, Flavisolibacter, Fibrella, Cellvibrio, Blastococcus,
and Aquabacterium (Figure 8).

DISCUSSION

Biocrusts and the essential ecosystem services that they provide
are threatened by anthropogenic disturbances, including physical
damage (Weber et al., 2016; Durham et al., 2018) and climate
change (Belnap et al., 2004; Delgado-Baquerizo et al., 2016). Since
biocrust resistance and resilience to such disturbances is likely to
be influenced by community composition (Girvan et al., 2005),
understanding factors that may impact local biocrust microbial

diversity is critical for predicting responses to disturbance and
designing effective restoration strategies.

The results of this study corroborate previous work noting
the influence of dominant photoautotrophs in shaping bacterial
community composition in surface biocrusts (Maier et al.,
2014, 2018), as well as studies that have found compositional
shifts with biocrust development or succession (Mogul et al.,
2017; Maier et al., 2018). Consistent with these studies, we
found significant differences in the composition of bacterial
communities from surface moss- and cyanobacteria-dominated
biocrusts (Maier et al., 2018). Contrary to these studies, we
did not find significant differences in alpha diversity measures
among the four biocrust community types we sampled (Maier
et al., 2018). However, our study does suggest that beta diversity
increases with the co-occurrence of biocrusts with and without
moss as the dominant photoautotroph.
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FIGURE 4 | Community profile plots showing the relative abundance of all phyla found in the four sampled biocrust habitats (N = 7 for each habitat). OTUs with

<0.01% abundance across all samples were removed prior to analysis; remaining abundance data were normalized through cumulative-sum scaling and log2
transformed.

Unlike surface biocrusts, the communities associated with
biocrusts in hypolithic spaces were not significantly impacted
by the presence of moss, although we did observe an overall
reduction in the abundance of cyanobacteria in hypoliths
with moss. These results are consistent with the idea that
hypolithic niches exert a strong selective habitat filter, as
has been noted in comparisons of cyanobacterial community
composition in hypolithic habitats from deserts worldwide
(Lacap-Bugler et al., 2017). The unique selective filter imposed
by the conditions in hypolithic spaces may attenuate species
interactions such as competition, which could explain our
observation that OTUs in hypolithic microbial biocrusts
displayed significantly higher evenness compared to their
surface counterparts.

Comparative work on hypolith bacterial community
composition at a regional scale has focused hyperarid deserts that
support very little soil biomass beyond hypolithic communities
(Cowan et al., 2010; Stomeo et al., 2013; de los Ríos et al.,
2014). Thus, comparisons of hypolith and non-hypolith
communities in these studies have involved nearby soils without
biocrusts, and have concluded that the community in hypolithic
environments is primarily filtered from the regional pool
of soil microbes (Makhalanyane et al., 2013). The processes
influencing hypolith community composition are likely to be
more dynamic in regions where both hypoliths and surface

FIGURE 5 | Community profile plots showing the relative abundance of

Cyanobacteria genera found the four sampled biocrust habitats and bare soil.

OTUs with <0.01% abundance across all samples were removed prior to

analysis; remaining abundance data were normalized through cumulative-sum

scaling and log2 transformed. HM, hypolithic moss biocrust; HM-, hypolithic

microbial biocrust; SM, surface moss biocrust; SM-, surface microbial

biocrust; NC, non-crusted bare soil.

biocrusts coexist, and in these systems, hypolithic communities
may serve to “seed” surrounding soils with biocrust-forming
taxa (Chan et al., 2012).
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The comparisons reported here provide some evidence
supporting this refugial role for hypoliths. Two cyanobacterial
taxa were significantly more abundant in hypolithic as opposed
to surface microbial biocrusts, Phormidium SAG 37.90 (p =

0.0064) and Trichocoleus SAG 26.92 (p = 0.0036), which are
associated with temperate freshwater (Marquardt and Palinska,
2007) and hot desert biocrust environments (Lange et al., 1992,
asMicrocoleus sociatus), respectively. These seemingly conflicting
habitat associations may reflect the natural disturbance regime
in the Sheep Creek Wash where we collected our samples: while
the sampling area was located on an elevated, stable shelf within

FIGURE 6 | Relative abundance of phyla found to be differentially abundant in

an ANOVA of the four sampled biocrust habitats. Bars indicate significant

pairwise differences at * ≥ 0.05; ** ≥ 0.01; *** ≥ 0.001. HM, hypolithic moss

biocrust; HM-, hypolithic microbial biocrust; SM, surface moss biocrust; SM-,

surface microbial biocrust.

the shallow wash, it is likely that the seasonal flow of water in
the wash occasionally covers the shelf. This periodic seasonal
disturbance may explain the freshwater habitat associations for
many of the taxa highlighted in our differential abundance
analyses and community profiles. For example, both moss and
microbial biocrusts in surface environments were dominated
by a single genus of cyanobacteria, Tychonema CCAP 1459-
11, an oscillatoroid species typically associated with freshwater
environments (Suda et al., 2002). Surface biocrusts without moss
are the least physically stable of the four biocrust types we
sampled, and thus may be the most vulnerable to occasional
disturbance. While periodic flooding may eliminate some taxa
from biocrusts on the surface, these taxa may persist in protected
hypolithic niches, or in more stable moss biocrusts (see below).

FIGURE 7 | Relative abundance of genera found to be differentially abundant

in an ANOVA comparison of surface biocrusts with and without moss. Bars

indicate significant pairwise differences at * ≥ 0.05; ** ≥ 0.01; *** ≥ 0.001.

FIGURE 8 | Relative abundance of genera found to be differentially abundant in an ANOVA comparison of surface and hypolithic biocrusts without moss. Bars

indicate significant pairwise differences at * ≥ 0.05; ** ≥ 0.01; *** ≥ 0.001.
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The two taxa for which we found the most significant increase
in abundance from surface to hypolithic microbial biocrusts
are both potential extremophiles, Truepera (p = 0.0005) and
Caulobacteraceae sp. PMMR1 (p = 0.0004). This unexpected
association of extremophilic taxa with hypolithic niches, where
conditions are expected to be less stressful than on the surface,
may reveal a role for hypolithic spaces in providing refugia from
occasional disturbances.

In contrast to hypoliths without moss, hypolithic moss
biocrust communities were not statistically different from surface
moss biocrusts in the Adonis analysis or NMDS ordination.
Similar to hypolithic niches, moss biocrusts on the surface may
offer some physical protection from low-level disturbances like
those described above. This result may also indicate that the
presence of moss alters the physical environment in surface
biocrusts such that light and moisture conditions experienced by
microbes associated with moss biocrusts are similar enough to
conditions in hypolithic niches to support partially overlapping
bacterial communities.

Recent work on biocrust restoration has emphasized
the utility of mosses such as Syntrichia caninervis and S.
ruralis for reestablishing biocrust communities and their
ecological function (Antoninka et al., 2015, 2018). Mosses are
particularly promising components of biocrust restoration
inocula, as they stabilize soils, enhance moisture retention, and
facilitate the establishment of other functionally important
biocrust microorganisms (Antoninka et al., 2015). Our
results corroborate the role of mosses in modulating biocrust
bacterial community composition, and expanded metagenomic
investigation of the biocrusts investigated here will provide
further resolution regarding the potential facilitative role of
mosses by characterizing functional variation accompanying
shifts in bacterial community composition with dominant
photoautotroph. While the composition of communities in
hypolithic spaces has previously been considered without direct
comparison to nearby surface biocrusts, our results highlight
the potential role of hypolithic niches in enhancing bacterial
diversity at sites containing established surface biocrusts. If
future biocrust restoration projects deploy greenhouse-grown
biocrust mosses in an effort to expedite re-establishment of more
complex, late-successional communities (Antoninka et al., 2018),
such efforts might be enhanced by simultaneous introduction
of quartz stones, sporadically embedded in the soil surface
within the area under restoration (Chan et al., 2012). Deliberate
introduction of such hypolithic spaces could encourage the
establishment of taxa that might otherwise be absent, and could

potentially provide refugia for later colonization of surface
biocrusts once mosses become established.

By investigating the influence of both hypolithic niche and the
presence of moss, our study highlights the possible overlapping
roles of mosses and hypoliths in shaping biocrust bacterial
community composition. The results presented here corroborate
the influence of dominant photoautotrophs, like moss, on
community composition (Maier et al., 2018). Overall, community
composition is heavily impacted by hypolithic niche: teasing
apart communities associated with one biocrust type (moss or
microbial) within niche (surface or hypolith) allowed us to
differentiate the potential effects of these factors. This approach
revealed that hypolithic spaces appear to harbor a unique
bacterial community that is relatively insensitive to the presence
of moss. At our study site, this hypolithic community is distinct
from that in surface biocrusts that do not include moss; however,
the effect of hypolithic niche is diminished in comparisons of
moss biocrusts from hypolithic and surface habitats. If moss
biocrusts and hypoliths are partially redundant in their bacterial
community composition due to similarities in the physical
microhabitats that they create, this may have implications for
the design and implementation of projects aiming to restore
biocrusts in the presence of historical or ongoing disturbance.
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