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Abstract Biological soil crust (biocrust) is a composite of
mosses, lichens, and bacteria that performs many important
soil system functions, including increasing soil stability,
protecting against wind erosion, reducing nutrient loss, and
mediating carbon and nitrogen fixation cycles. These cold
desert and steppe ecosystems are expected to experience di-
rectional changes in both climate and disturbance. These in-
clude increased temperatures, precipitation phase changes,
and increased disturbance from anthropogenic land use. In this
study, we assessed how climate and grazing disturbance may
affect the abundance and diversity of bacteria in biocrusts in
cold steppe ecosystems located in southwestern Idaho, USA.
To our knowledge, our study is the first to document how
biocrust bacterial composition and diversity change along a
cold steppe climatic gradient. Analyses based on 16S small
subunit ribosomal RNA gene sequences identified the phylum
Actinobacteria as the major bacterial component within study
site biocrusts (relative abundance = 36–51%). The abundance
of the phyla Actinobacteria and Firmicutes was higher at ele-
vations experiencing cooler, wetter climates, while the abun-
dance of Cyanobacteria, Proteobacteria, and Chloroflexi de-
creased. The abundance of the phyla Cyanobacteria and
Proteobacteria showed no significant evidence of decline in
grazed areas. Taken together, results from this study indicate
that bacterial communities from rolling biocrusts found in
cold steppe ecosystems are affected by climate regime and
differ substantially from other cold desert ecosystems,

resulting in potential differences in nutrient cycling and eco-
system dynamics.
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Introduction

Steppe ecosystems, characterized by cold desert and semi-arid
conditions, are widespread in the Northern Hemisphere and
are projected to experience increases in temperature and
changes in amount and phase of precipitation [1]. Climate
shifts are predicted to increase mean annual surface tempera-
tures by about 3–5 °C by 2100 [1]. Potentially more important
to these ecosystems is the projection of increased variability in
precipitation and phase shift, with change in averages being
season-specific [2–4]. For high latitude regions of western
North America, for example, recent models predict increases
in winter precipitation, accompanied by decreases in summer
precipitation [5]. Along with warming trends, changes in
phase of precipitation will likely cause shifts from snow-
dominated to rain-dominated winters [6].

Biological soil crusts, or biocrusts, are complex microbial
communities of mosses, lichens, algae, fungi, and bacteria that
commonly colonize the soil surface of cold desert and steppe
ecosystems. Biocrusts range in structure from flat to rolling to
pinnacled in morphology depending on soil texture and cli-
matic conditions such as the amount of precipitation and frost
heaving, and can vary in color from white to black hues de-
pending on successional stage [7]. The majority of research
has focused on the structure and function of rugose and
pinnacled biocrusts associated with cold desert ecosystems,
where mean annual precipitation ranges from 15 to 26 cm
[8]; less is known about the composition and bacterial
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diversity associated with rolling biocrusts, typically found in
cold steppe deserts, where precipitation is 50–100% of poten-
tial evapotranspiration (see Belnap 2003, Fig. 5 for biocrust
morphologies) [7]. Rugose and pinnacled biocrusts in unpro-
ductive cold desert ecosystems have been shown to increase
soil stability and moisture holding capacity [9]. Some bacteria
found within these biocrust communities can produce poly-
saccharides that hold soil particles together, providing physi-
cal structure, which reduces wind erosion of soil [9] and nu-
trient loss by water runoff [10]. Additionally, biocrust com-
munities have been shown to be important mediators of bio-
geochemical cycling processes like carbon (C) and nitrogen
(N2) fixation, which increase soil fertility [9, 11], and help in
the germination and survival of vascular plants [7, 9].

Changes in climate are occurring in cold steppe ecosys-
tems, and these changes are likely to alter the bacterial com-
munities associated with biocrusts, as biocrust morphology is
influenced by precipitation and frost heaving. Thus, altered
precipitation and temperature regimes may result in changes
over time in community structure and composition. Studies
monitoring long-term patterns in climate at the Reynolds
Creek Experimental Watershed (now the Reynolds Creek
Critical Zone Observatory (RC CZO)) in the Intermountain
West Region of the US have reported directional trends in
climate [12]. Specifically, minimum temperatures have in-
creased and the proportion of precipitation due to snow had
decreased, particularly at mid-elevations [12].

In addition to climate changes, land-use changes are also
occurring in cold-desert and steppe ecosystems worldwide,
resulting in increased disturbance by animal grazing, agricul-
ture, fire, and recreational activities [9]. These activities often
physically disturb the soil surface and biocrust structure.
Reductions in biocrust cover from disturbance can lead to
lowered water retention, decreased soil fertility, and increased
erosion with up to 35 times more dust production [8, 11].
Pinnacled biocrust communities have been shown to be sus-
ceptible to a variety of anthropogenic disturbances, with re-
covery potentially taking over 1000 years depending on the
severity of disturbance experienced, soil characteristics, and
climate [11, 13]. Disturbance has also been found to alter the
community composition of pinnacled biocrusts, with particu-
larly negative effects to Cyanobacteria species [9]. Little is
known, however, about the potential responses of rolling
biocrusts to climate change and disturbance.

In this study, we examined the variation in composition and
diversity of bacterial communities in rolling biocrusts in cold
steppe ecosystems with respect to climate (elevation gradient)
and disturbance (grazing). We hypothesized that altered rela-
tive bacterial abundances and community composition in
biocrusts would occur along the climatic gradient due to
changes in temperature and precipitation. Further, we hypoth-
esized that disturbance form grazing would alter the bacterial
abundance and community composition of biocrusts, and

predicted that bacterial phyla sensitive to disturbance, such
as Cyanobacteria, would be replaced with higher relative
abundances of more disturbance-tolerant types of bacteria.
Thus, we posit that biocrust community composition can be
used as a potential bioindicator of both climate change and the
severity of impacts from land use.

Materials and Methods

Study Area and Experimental Design

All biocrust samples were collected from the Reynolds
Creek Critical Zone Observatory, a large (239 mile2) wa-
tershed located in the Owyhee Range in southwestern
Idaho, USA. Aside from watershed research, the area is
primarily managed for cattle grazing by the United States
Department of Agriculture Agricultural Research Service
(USDA-ARS). Vegetation within the CZO is common to
cold steppe ecosystems of the Intermountain West region.
Four sites along a 1000 m elevational gradient at the CZO
were selected for use in this study. The four sites, increas-
ing in elevation, are designated as Flats (F), Wyoming Big
Sage (WBS), Low Sage (LS), and Mountain Big Sage
(MBS).

Big sagebrush (Artemisia tridentata) is the dominant veg-
etation at all sites, though A. tridentata subspecies vary as a
function of climate (Table 1). As elevation increases, mean
annual precipitation (MAP) increases from 235 to 803 mm,
and mean annual temperature (MAT) decreases from 9.1 to
5.4 °C (Table 1). Rain is the main form of annual precipitation
at the lower elevation sites, whereas snow is the dominant
form of annual precipitation at the highest elevation site.
Variation in other factors such as topography and parent ma-
terial was minimized by insuring that all sites were on rela-
tively flat surfaces with a common (volcanic/basalt) parent
material.

Table 1 Descriptive factors at each site in climactic gradient including
elevation, mean annual temperature (MAT), and mean annual
precipitation (MAP)

Elevation (m) Site name MAT (°C) MAP (mm year−1)

1170 F 9.1 235

1400 WBS 9.2 298

1600 LS 8.5 345

2080 MBS 5.4 803

Site names increasing in elevation are Flats (F), Wyoming Big Sage
(WBS), Low Sage (LS), and Mountain Big Sage (MBS)
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Biocrust and Soil Sampling

All biocrust and soil samples were collected in October 2014.
For DNA analysis, interspace and shrub-canopy biocrust sam-
ples were collected from five randomly selected shrubs in both
grazed and ungrazed (exclosure ˃40 year) areas at each of the
elevational sites as described by Schwabedissen (SG
Schwabedissen, 2016. M.S. Thesis, Idaho State University).
The experimental layout reflected a replicated randomized block
design, with samples obtained randomly from within both
grazed and ungrazed levels, within each elevation (block).
Shrub-interspace vs. shrub-canopy effects are not explicitly con-
sidered here. Each sample area was defined with a 10 × 10 cm
metal frame, excised intact with a spatula and soil knife to a
depth of 2.5 cm, and placed in an ethanol-sterilized storage con-
tainer. All samples were transported and stored on ice until pro-
cessing. A total of 5 × 2 shrub/interspace levels × 2 grazed/
ungrazed levels × 4 elevation levels = 80 samples were obtained.

Soil Characterization

For geochemical analysis, soil was collected to a depth of
5 cm below each biocrust sample and transported on ice to
the laboratory for processing. Soils were passed through a 2-
mm sieve, and subsamples were used for determination of pH,
electrical conductivity (EC), extractable inorganic nitrogen
(N) as ammonium-N and nitrate-N, extractable soluble phos-
phate (ortho-P), and gravimetric water content (GWC).
Subsamples of the biocrust were taken for determination of
total C (TC) and total N (TN). Samples were sieved through a
2-mm sieve and then dried at 55 °C for 24–48 h before being
placed in a ball mill grinder and ground for approximately
2 min until a fine powder was reached. Samples were packed
into 5 × 9-mm tin capsules and sent to the ISU Center for
Archeology, Materials, and Applied Spectroscopy
(CAMAS) where the samples were analyzed on an
Elemental Combustion System 4010 (Costech Analytical
Tech, Inc., USA). Soil moisture was determined as percent
gravimetric water content (% GWC) by weighing 10.0 ± 1 g
of homogenized soil into an aluminum tin and drying at
105 °C for 24–48 h before weighing again to determine water
loss. Sample pH and EC were determined using a 1:1 ratio of
water to soil except at the highest elevation site, MBS, where a
2:1 ratio was needed due to high organics. After swirling the
soil and water mixture for 1 min, samples rested for 1 h before
measuring pH in triplicate on a Dual Channel pH/Ion/
Conductivity Meter XL50 (Fisher Scientific, Pittsburg, PA).

Inorganic N extractions as ammonium (NH4
+) and nitrate

(NO3
−) were conducted with a 1:5 ratio of soil to 2 M potas-

sium chloride (KCl, CAS: 7447–40-7, Fisher Scientific,
Pittsburg, PA). After addition of KCl, the samples were shak-
en for 1 h and then poured through Whatman #1 filters
(CAT:1001–110, Fisher Scientific, Pittsburg, PA), pre-

leeched with 2 M KCl. The inorganic N extracts were stored
at 4 °C until analysis on the SmartChem 200 Discrete
Analyzer Auto-Spectrophotometer (Westco Scientific
Instruments, Inc., Brookfield, CT). A salicylate method
(AMM-003-A) was used for NH4

+ as N and a nitrate reduction
method with a cadmium metal column (NO3–001-A) was
used for NO3

− as N. Ortho-P extractions were performed
using a 1:20 ratio of soil to 0.5 M sodium bicarbonate
(NaHCO3, CAS: 144–55-8, Fisher Scientific, Pittsburg, PA).
After addition of NaHCO3, the samples were shaken for 1 h
and then poured throughWhatman 40 filters (CAT: 1440–110,
Fisher Scientific, Pittsburg, PA), pre-leeched with 0.5 M
NaHCO3. The ortho-P extracts were stored at 4 °C until col-
orimetric analysis on the SmartChem 200 Discrete Analyzer
Auto-Spectrophotometer using the PHO-001-A method and
reported as ortho-P.

Microbial Community Structure

Biocrusts were sub-sampled for DNA extractions and bacte-
rial community analysis from the original biocrust samples
(80 samples) on the same day as field collection in October
2014. The samples were collected using an ethanol and flame-
sterilized cork borer inserted 1 cm into each biocrust sample to
collect a volume of approximately 1.75 mL, which was placed
immediately into an autoclaved 2-mL tube and stored at
−20 °C preceding extraction. DNA extraction was performed
following the manufacturer’s protocol using the PowerSoil
DNA Isolation Kit (CAT: 12,888–100, MoBio Laboratories,
Inc., Carlsbad, CA). DNA was quantified using a NanoDrop
ND-1000 Spectrophotometer at the Molecular Research Core
Facility (MRCF) at Idaho State University.

The DNA extractions were pooled into 16 samples
representing ungrazed and shrub-canopy, ungrazed and inter-
plant space, grazed and shrub-canopy, and grazed and inter-
plant space, within each of the four elevations. Thus, two inde-
pendent DNA extractions were obtained for consideration of
grazed and ungrazed effects within each elevation.We conduct-
ed PCR of the 16S SSU rRNA V3-V4 region to generate
amplicons for next-generation sequencing on the MiSeq
Illumina platform (Illumina San Diego, CA) using the primer
sequences V3-Forward (5′-CCTACGGGNGGCWGCAG-3′)
and V4-Reverse (5′-GACTACHVGGGTATCTAATCC-3′)
[14] (Integrated DNA Technologies, Coralville, IA). The
50 μL reaction consisted of the primers (10 μM), Vent poly-
merase (CAT: M0258S, New England Biolabs, Ipswich, MA),
1× ThermoPol Buffer (New England Biolabs, Ipswich, MA),
400 μM deoxynucleotide triphosphates (CAT: BP2564–1,
Fisher BioReagents, Fair Lawn, NJ), nuclease-free water, and
200 ng of pooled template DNA. Thermocycling was conduct-
ed using a PTC-200 gradient thermocycler (MJ Research,
Waltham, Massachusetts). Amplification conditions were an
initial incubation at 95 °C for 10 min, followed by a cycling
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regime (35 cycles total) of 95 °C for 1 min, 41.5 °C for 2 min,
and 72 °C for 4 min, and followed by a final extension of 72 °C
for 10min and a hold at 4 °C until analysis on a 1% agarose gel.
PCR amplicons were pair-end sequenced at the MRCF and the
raw data obtained were uploaded to the Galaxy server [15–17].
Using Galaxy, the files were groomed, joined by paired ends,
and converted to FASTA format before uploading to the pro-
gram Metagenomics Rapid Annotation using Subsystems
Technology (MG-RAST) for identification [18, 19].
Abundance values were normalized to the highest abundance
for comparison between samples. Sequences have been sub-
mitted to the NCBI Sequence Repository. Shannon diversity
index, richness, and evenness were calculated at both the phy-
lum and genus taxonomic levels by site and by grazing
disturbance.

Statistics

All analyses acknowledged the replicated randomized block
design of the experiment. A significance level of α = 0.05 was
used for all null hypothesis tests. To examine univariate site
and grazing differences in phyla (e.g., evenness, richness,

etc.), we conducted analysis of variance (ANOVA) and post
hoc Tukey tests after transforming data, if necessary, to meet
linear model assumptions. We graphically depicted multivar-
iate relationships of site bacterial communities within species
space using Nonmetric Multi-Dimensional Scaling (NMDS)
[20]. Bray-Curtis (Steinhaus) distance was used in NMDS and
other resemblance metric requiring multivariate procedures
[21]. We formally tested for differences in biocrust bacterial
communities using Permutational Multivariate Analysis of
Variance (PERMANOVA) [22]. We used the R statistical en-
vironment (version 3.2.0; R core team [https://www.R-project.
org]) for all statistical procedures, with heavy reliance on the
Bvegan^ package [23].

Results

Soil Characteristics

Soil characteristics varied with climate (Table 2). Soil pH be-
came more acidic as elevation increased from the lowest ele-
vation, Flats (F), at 8.2 ± 0.54 (mean ± SD) to the highest

Table 2 Soil characteristics
(n = 20 at each site) from October
2014 reported using mean ± SD

F WBS LS MBS

pH 8.15 ± 0.535 7.27 ± 0.292 7.22 ± 0.313 6.16 ± 0.322

EC 189.6 ± 279.45 212.7 ± 161.96 54.1 ± 20.96 103.5 ± 58.46

NH4
+ 0.47 ± 0.191 0.55 ± 0.191 0.57 ± 0.209 1.43 ± 0.405

NO3
− 2.94 ± 1.924 1.53 ± 0.716 2.18 ± 1.398 2.34 ± 1.886

Ortho-P 8.00 ± 5.378 8.16 ± 6.362 12.15 ± 5.045 10.06 ± 10.632

GWC 9.94 ± 2.946 14.01 ± 2.536 20.69 ± 4.133 28.83 ± 7.082

TN 0.20 ± 0.130 0.21 ± 0.122 0.48 ± 0.288 0.67 ± 0.292

TC 2.78 ± 2.295 2.66 ± 2.018 7.40 ± 6.104 9.99 ± 5.732

Electrical conductivity (EC) is reported in μS cm−1 and nutrients (NH4
+ , NO3

− , and Ortho-P) are reported as
μg g−1 dry soil−1 . Gravimetric water content (GWC), total nitrogen (TN), and total carbon (TC) are given as a
percent. Site names increasing in elevation are Flats (F), Wyoming Big Sage (WBS), Low Sage (LS), and
Mountain Big Sage (MBS)

Table 3 Soil characteristics from October 2014 reported as mean ± SD from grazed (G) or ungrazed exclosure (E) areas at each elevation

F G F E WBS G WBS E LS G LS E MBS G MBS E

pH 8.1 ± 0.54 8.2 ± 0.55 7.3 ± 0.23 7.3 ± 0.36 7.4 ± 0.24 7.0 ± 0.22 6.0 ± 0.16 6.3 ± 0.40

EC 261.5 ± 388.27 117.8 ± 51.39 366.2 ± 48.64 59.2 ± 25.74 57.8 ± 19.83 50.4 ± 22.46 113.4 ± 71.94 93.6 ± 42.67

NH4
+ 0.4 ± 0.16 0.5 ± 0.22 0.7 ± 0.21 0.4 ± 0.06 0.6 ± 0.16 0.6 ± 0.26 1.4 ± 0.36 1.5 ± 0.46

NO3
− 3.7 ± 2.42 2.2 ± 0.80 1.9 ± 0.78 1.1 ± 0.35 2.3 ± 1.15 2.1 ± 1.66 2.9 ± 2.19 1.7 ± 1.39

Ortho-P 6.7 ± 3.67 9.3 ± 6.64 11.4 ± 7.72 4.9 ± 1.61 11.7 ± 6.72 12.6 ± 2.85 17.8 ± 10.14 2.3 ± 1.22

GWC 10.6 ± 3.61 9.3 ± 2.08 14.9 ± 2.80 13.1 ± 1.97 19.8 ± 3.75 21.6 ± 4.51 34.3 ± 4.39 23.4 ± 4.48

TN 0.19 ± 0.138 0.21 ± 0.128 0.23 ± 0.154 0.18 ± 0.079 0.55 ± 0.332 0.42 ± 0.236 0.61 ± 0.139 0.72 ± 0.393

TC 2.61 ± 2.191 2.94 ± 2.501 3.07 ± 2.644 2.25 ± 1.109 8.92 ± 7.238 5.89 ± 4.599 8.49 ± 2.137 11.49 ± 7.733

Electrical conductivity (EC) is reported as μS cm−1 and nutrients (NH4
+ , NO3

− , and Ortho-P) are reported in μg g−1 dry soil−1 . Gravimetric water
content (GWC), total nitrogen (TN), and total carbon (TC) are reported as a percent. Site names increasing in elevation are Flats (F), Wyoming Big Sage
(WBS), Low Sage (LS), and Mountain Big Sage (MBS)

694 Blay E. S. et al.

https://www.r-project.org
https://www.r-project.org


elevation site, Mountain Big Sage (MBS), at 6.2 ± 0.32.
Extractable ammonium (NH4

+) as N, soil moisture (GWC),
total nitrogen (TN), and total carbon (TC) all increased with
elevation. Electrical conductivity (EC), extractable nitrate
(NO3

−), and extractable soluble phosphate (ortho-P) varied
among elevations with no clear pattern (Table 2). The lowest
elevation site, F, had the highest NO3

− at 2.9 ± 1.92 μg N g−1

dry soil−1. The middle elevation site, Wyoming Big Sage
(WBS), had the highest EC at 212.7 ± 161.96 μS cm−1.
Concentration of ortho-P was highest at the middle elevation
site Low Sage (LS) at 10.1 ± 10.63 μg P g−1 dry soil−1

(Table 2). In areas of grazing, the soil characteristics of EC
and NO3

− were consistently higher in samples from grazed
areas than in samples from ungrazed exclosure areas
(Table 3). Measurements of pH, NH4

+, ortho-P, GWC, TN,
and TC did not demonstrate clear patterns of variation with
grazing disturbance (Table 3).

Biocrust Community Variation

Actinobacteria was the most abundant phylum at each site,
ranging from 35.85 to 51.07% of total bacterial abundance
(Table 4). Other dominant phyla included Bacteroidetes, rang-
ing in relat ive abundance from 6.24 to 16.71%,
Proteobacteria, ranging from 9.46 to 11.77%, and
Cyanobacteria, ranging from 0.12 to 10.58% (Table 4).
Quantities of the two gram-positive bacterial phyla
Actinobacteria and Firmicutes both increased with elevation,
while Cyanobacteria, Chloroflexi, and Proteobacteria de-
creased. The abundance of the phyla Bacteroidetes and
Verrucomicrobia was highest at the mid-elevation sites,
WBS and LS. There were no clear patterns with elevation
for the phyla Acidobacteria and Gemmatimonadetes.
Unclassified bacteria made up about 21 to 26% of total bac-
teria sequences, and the minor phyla combined were <1% of
the total bacterial sequences (Table 4). Minor phyla included
Aquificae, Chlamydiae, Chlorobi, Deferribacteres,
Deinococcus-Thermus, Dictyoglomi, Lentisphaerae,
Nitrospirae, Planctomycetes, Poribacteria, Spirochaetes,
Synergistetes, Tenericutes, and Thermotogae (Fig. 1).

The NMDS projection based on bacteria phyla demonstrat-
ed strong community differences between the highest site,
MBS, and the other three elevations, F, WBS and LS, with
greatest variation along the first dimension (Fig. 2).
Significant abiotic correlates of the NMDS projection were
soil pH (R2 = 0.549; P = 0.003), NH4

+ (R2 = 0.613;
P = 0.004), GWC (R2 = 0.531; P = 0.005), TC (R2 = 0.596;
P = 0.004), and TN (R2 = 0.674; P = 0.002) (Fig. 2). A
projection of weighted averages of phyla scores from the
NMDS ordination of sites in community shown in Fig. 2 is
given in Fig. 3. Figure 3 reveals that the first NMDS dimen-
sion was strongly affected by the phylum Poribacteria, a pos-
itive correlate of soil NH4. Variation along the second T
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dimension is primarily due to the phyla Chlorobi, Tenericutes,
and Dictyoglomi, which were positively correlated to ortho-P
and EC, and the phylum Cyanobacteria which was positively
correlated with NO3 and soil alkalinity. Bacteria within the
phylum Poribacteria were more abundant at the highest eleva-
tion site, MBS, while those belonging to the phylum
Cyanobacteria were more abundant at the lowest elevation
site, F (Figs. 2 and 3).

Biocrust Communities with Elevation

PERMANOVA demonstrated strong integrated phyla
(community) differences with elevation (P < 0.001). Further,
a large number of individual phyla varied in abundance by
elevation (P ≤ 0.05) including Acidobacteria, Actinobacteria,
Aquificae, Bacteroidetes, Cyanobacteria, Deinococcus-
Thermus, and Firmicutes (Table 6) . Respect ing
Actinobacteria abundance, the three lower elevations were
not significantly different from each other but were signifi-
cantly different from the highest elevation site, MBS after

adjustment for simultaneous inference using Tukey’s method
(Table 6). The abundance of Cyanobacteria was significantly
different between each of the F, LS, and MBS sites (Table 6).
For both the Acidobacteria and Firmicutes phyla, F and MBS
were significantly different from one another, while neither
was significantly different from either of the middle elevation
sites WBS and LS (Table 6).

When calculated at the phylum level, Shannon diversity and
evenness were both significantly higher in the F, WBS, and LS
sites, compared to the highest elevation site, MBS (Table 5a).
At the genus level, however, Shannon diversity, richness, and
evenness were statistically indistinguishable (Table 5a).

Biocrust Communities with Grazing

We did not detect differences in overall phyla-level composi-
tion with grazing using PERMANOVA (P = 0.393).
Nonetheless, several individual phyla, including
Proteobacteria (P = 0.098), Cyanobacteria (P = 0.079), and
particularly Acidobacteria (P = 0.0095) showed evidence of

Fig. 1 a Average percent
abundance of phyla at each
elevation. Minor phyla of
Aquificae, Chloroflexi, and
Deinococcus-Thermus were also
significantly different with eleva-
tion. b Average percent abun-
dance of phyla by grazing distur-
bance at each elevation. Site
names increasing in elevation are
Flats (F), Wyoming Big Sage
(WBS), Low Sage (LS), and
Mountain Big Sage (MBS)
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differences with grazing disturbance across all four elevations
(Fig. 1, Table 6). The relative abundance of the phylum
Acidobacteria was 0.25 to 0.63% higher in grazed areas than
ungrazed (Table 4). Similarly, the relative abundance of
Proteobacteria was 1.27 to 2.88% higher in grazing samples
(Table 4). Grazed areas at all elevations had lower levels of
Cyanobacteria, with a decline of −0.03% atMBS to −11.2% at
F (Table 4). Measures of alpha diversity, richness, and even-
ness did not vary significantly with grazing at either the phy-
lum or genus levels (Table 5b).

Discussion

Biocrust Community Variation

The results from our study clearly support our hypothesis that
the composition of bacterial communities in biocrusts varies
with climate (elevation), and to a lesser degree with distur-
bance (grazing). The biocrusts located in RC CZO were pre-
dominantly composed of bacterial species from the phylum
Actinobacteria. These findings were in stark contrast to

Fig. 2 NMDS of sample in
bacterial phyla space with vector
fitting of the environmental soil
characteristics. Site names
increasing in elevation are Flats
(F), Wyoming Big Sage (WBS),
Low Sage (LS), and Mountain
Big Sage (MBS)

Fig. 3 A projection of weighted
averages of phyla scores
(generated using the vegan
function wascores) from the
NMDS ordination of sites in
phyla space shown in
Fig. 2.Vector fits of the
environmental soil characteristics
are overlaid. Site names
increasing in elevation are Flats
(F), Wyoming Big Sage (WBS),
Low Sage (LS), and Mountain
Big Sage (MBS)
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several studies performed on pinnacled and rugose biocrusts
located in the cold desert of the Colorado Plateau, USA [8, 9].
In accordance with our work, these studies also sampled
biocrusts to a depth of 2.5 cm for DNA extraction; yet, these
authors found that Cyanobacteria comprised the majority (32–
59%) of the biocrust bacterial communities [9]. This differ-
ence may be a result of climatic differences in the Colorado
Plateau, a cold desert that typically receives <25 cm precipi-
tation [8], compared to our study area, a cold steppe desert that
receives between 25 to 50 cm of precipitation depending on
evapotranspiration (Table 1). More generally speaking, these
differences also explain biocrust morphology shifts from
pinnacled to rolling crusts, which have each been found to
host different microbial communities [24]. These findings
are supported in part by a study [25] which employed terminal
restriction fragment length polymorphism (TRFLP) and

reported the phylum Actinobacteria as the dominant bacterial
phylum in soils (0–5 cm) in a hot desert in Israel along a
precipitation gradient from 100 to 400 mm [25]. Another
study on Northern Asia biocrusts reported the phylum
Proteobacteria dominant (25–33%), while Cyanobacteria rep-
resented 9–24% and Actinobacteria only 7–9% of all phyla
present [26]. Not only did the phylum Actinobacteria domi-
nate the biocrust bacterial community within our rolling
biocrusts, it was a strong correlate of elevation. Similarly,
the Firmicutes lineage, which comprised much less of the
overall abundance in the samples (2–7%), also showed a sig-
nificant increase in relative abundance with elevation. Phyla
including Cyanobacteria, Proteobacteria, and Chloroflexi de-
creased in relative abundance with elevation.

There remains a debate as to which factors are important
for determining biocrust community composition and

Table 5 Shannon diversity
index, richness, and evenness
calculated at the phylum and
genus taxonomic levels (a) by
climate (elevation) and (b) by
grazing (G) or ungrazed exclosure
(E)

F WBS LS MBS

Phylum Level Shannon 1.713 A 1.729 A 1.641 A 1.480 B

Richness 27 28 26 24

Evenness 0.520 A 0.519 A 0.504 A 0.466 B

Genus Level Shannon 3.719 3.709 3.701 3.807

Richness 808 822 838 772

Evenness 0.556 0.553 0.550 0.572

F G F E WBS G WBS E LS G LS E MBS G MBS E

Phylum Level Shannon 1.649 1.735 1.760 1.675 1.622 1.651 1.474 1.480

Richness 26 22 27 25 25 24 22 24

Evenness 0.506 0.561 0.534 0.521 0.504 0.519 0.477 0.466

Genus Level Shannon 3.634 3.706 3.739 3.599 3.629 3.712 3.746 3.808

Richness 729 710 723 747 766 743 685 708

Evenness 0.551 0.564 0.568 0.544 0.546 0.562 0.574 0.580

Site names increasing in elevation are Flats (F), Wyoming Big Sage (WBS), Low Sage (LS), and Mountain Big
Sage (MBS). Significant omnibus results for site diversity and evenness at the phylum level prompted pairwise
comparisons. Levels given distinct letters are significantly different after controlling family-wise type I error using
Tukey’s method. No significant grazing effects on diversity, richness, or evenness were evident at either the
phylum or genus level

Table 6 Phyla with significant differences (P ≤ 0.05) in abundance by elevation and grazing, after adjustment using Tukey’s method

Acidobacteria Actinobacteriaa Aquificae Bacteroidetes Cyanobacteriab Deinococcus-
Thermus

Firmicutesc

Flats (F) 1170 m A A AB AB A A A

Wyoming Big Sage (WBS) 1400 m AB A A C AB A AB

Low Sage (LS) 1600 m AB A A AC B AB AB

Mountain Big Sage (MBS) 2080 m B B B B C B B

Site (elevation) omnibus P value 0.002 0.003 0.002 0.0006 <0.0001 0.0022 0.0239

Grazing omnibus P value 0.0095 0.7750 0.2831 0.7025 0.0789 0.1666 0.1879

Sites with the same letter designation (A, B, C) are statistically indistinguishable, whereas sites with different letter designations are statistically different
a Square root transformation required for response
b log transformation required for response
c Inverse square root transformation required for response
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diversity. Biocrust studies performed in southern Africa [27]
suggest that rainfall frequency is the best predictor of both
biocrust composition and presence. However, a study in
Israel [25] concluded that the bacterial diversity was indepen-
dent of a precipitation gradient. Most studies agree, however,
that soil pH (a correlate of soil water), along with precipitation
and temperature regimes, have a strong influence on biocrust
presence and the bacterial community composition and diver-
sity. Our results support the premise that climate is the primary
state factor controlling biocrust bacterial communities.

Overall, our findings indicate that biocrust diversity at the
phylum level was quite similar within the range of 235 to
345 mm precipitation but dramatically declined with higher
precipitation (>800 mm) and lower temperatures. The three
lower elevation sites, F, WBS, and LS, have similar Shannon
diversity indices and group together in the NMDS ordination,
indicating community overlap (Fig. 2). Lower diversity and
community distinctiveness at the MBS site was associated
with increases in Actinobacteria and drastic decreases of
Cyanobacteria observed in both grazed and ungrazed areas.
Thus, as noted above, we posit that community differences are
largely due to elevational effects on climate (lower tempera-
tures and higher precipitation) and potentially concomitant
edaphic factors (e.g., lower pH and higher NH4

+), rather than
grazing disturbance. Due to the large increase in precipitation
from LS to MBS, future studies at the RC CZO would benefit
from sampling at higher spatial densities to examine changes
in biocrust community structure and function.

Biocrust Community Variation with Grazing

Our work supported our hypothesis that grazing will alter
some components of bacterial communities composition.
Disturbance was correlated with a decline in the relative abun-
dance of the Cyanobacteria phylum (P = 0.079). Lack of sta-
tistical significance was undoubtedly largely due to obfusca-
tion from strong elevational effects. Conversely, the relative
abundance of Proteobacteria (P = 0.098) and particularly
Acidobacteria (P = 0.0095) was higher in grazed areas.
These findings suggest that as bacteria from the phylum
Cyanobacteria are lost from grazing, they may be replaced
with bacteria from the Acidobacteria and Proteobacteria.
Alternatively, the phyla Acidobacteria and Proteobacteria
may be introduced from the microbial communities associated
with the feces of grazing animals thereby increasing their
abundance. The reduction in the quantity of Cyanobacteria
species with disturbance is consistent with findings that show
that chronic disturbance may alter biocrust communities [8],
with particularly negative effects to Cyanobacteria [8, 9].
Previous work has also demonstrated that trampling may re-
sult in the increased presence of Acidobacteria and
Proteobacteria [8, 9]. Acidobacterial communities,

particularly those in subgroup Gp6, have previously been
shown to thrive in grassland areas associated with heavy graz-
ing [28].

Conclusions

Our study shows that the community composition of rolling
biocrusts in steppe ecosystems varies strongly with climatic
(precipitation and temperature) and edaphic conditions, and
that variation in community components may occur with land
use changes. The presence and composition of biocrusts are
linked to their ability to perform important functions in steppe
ecosystems, such as increasing soil stability, aiding in estab-
lishment of vascular plants, protecting soil against wind ero-
sion, reducing nutrient loss, and performing carbon and nitro-
gen fixation. This study is the first to examine the impacts of
climate variation and grazing on bacterial diversity in rolling
biocrusts utilizing a climatic gradient. Further studies moni-
toring changes in bacterial community composition of
biocrusts may provide a means for predicting altered ecosys-
tem stability, altered capacity to perform vital soil biogeo-
chemical cycles, and other responses to climate and land use
changes that are occurring in these ecosystems.
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