


threats from physical disturbances due to development, agricul-
ture, and other human activities (32, 40, 41). Understanding the
magnitude of threats to biocrusts from both climate change
scenarios and novel disturbance regimes is thus a necessary step
for predicting future ecological states and developing compre-
hensive management plans in drylands.
We compared the effects of warming temperatures and altered

precipitation patterns on biocrust community structure using
data from 10 y (autumn 2005 to autumn 2014) of biocrust com-
munity surveys, completed in a full-factorial climate manipulation
experiment (control, warming, watering, warming + watering) on
the Colorado Plateau, Utah. We simultaneously examined the
impact of 15 y annual physical disturbance on biocrust community
structure within a replicated human-trampling experiment in a site
with vegetation and biocrust communities similar to those in our
climate manipulation study (Fig. 1). Finally, we compared the ef-
fects of climate manipulation treatments and physical disturbance
from trampling on the relative cover of three biotic groups that
typically dominate biocrusts of our study region: cyanobacteria,
mosses, and lichens. Our goals were, first, to compare the re-
sponses of biocrust communities to increased temperature versus
increased frequency of small precipitation events, both of which
are forecast by climate models for the Colorado Plateau (28, 29,
42) and, second, to compare the effects of climate manipulations
to the effects of physical disturbance on biocrust community
structure, with a focus on understanding potential variation in
responses across different fractions of the community.

Results
Climate manipulation treatments had significant effects on bio-
crust community structure (P < 0.001; Table 1), particularly when
the interaction of treatment and time and the interaction of
treatment and experimental blocks were considered (P < 0.001 for
both; Table 1 and Fig. 2). Variance partitioning from principle
response curves (PRCs) (43, 44) indicated that interannual varia-
tion accounted for 17% of the changes seen in biocrust community
structure, whereas treatment × time interactions accounted for
45% of the variation in community structure. Dunnett’s compari-
son of treatments to the control [completed on principle compo-
nent analysis (PCA) axis scores] also indicated that watering and
warming + watering treatments (intended to represent model
predictions of more frequent, small-volume rain events) had rapid
effects on community structure, with both treatments leading to a

biocrust community structure significantly different from control
plots within 1 y of the start of the experiment (P < 0.05; Fig. 2).
Warming alone also altered biocrust community structure, but at a
slower rate than watering treatments, with warmed and control
communities first differing significantly nearly 6 y after the start of
the experiment and roughly 3 y after warming treatments were
increased from +2 °C to +4 °C (P < 0.05; Fig. 2).
Climate manipulations had significant yet variable effects across

different fractions of the biocrust community. In particular, warm-
ing, watering, and warming + watering all led to a dramatic de-
crease in relative cover of mosses over time (P = 0.016; Table 2
and Fig. 3) and a dramatic increase in the relative cover of cya-
nobacteria, which filled areas previously occupied by mosses and
lichens (P < 0.0001; Table 2 and Fig. 3). Lichen responses to
treatments varied over time, often mirroring natural fluctuations in
lichen relative cover seen in control plots (Fig. 3), but an apparent
effect of warming and warming + watering treatments emerged
after treatment temperatures were increased from +2 °C to +4 °C
(Table 2 and Fig. 3). Mixed-effects modeling indicated that ex-
perimental blocks (considered as a random effect) accounted for
15.3% and 13.5% of the variation in the cover of cyanobacteria and
mosses, respectively, but accounted for only 1.4% of the variation
in lichen cover.
Physical disturbance from human trampling significantly altered

biocrust community structure (P = 0.001; Table S1), with signifi-
cant interaction effects among trampling treatment and sample
year (P = 0.009; Table S1). Similar to climate manipulations,
physical disturbance dramatically decreased the relative cover of
mosses (F = 30.4, df = 1.12, P = 0.0001) and lichens (F = 28.4,
df = 1.12, P = 0.0002), while increasing the cover of cyanobacteria,
which filled in areas where mosses and lichens declined (F = 31.4,
df = 1.12, P = 0.0001). Overall, mosses and lichens comprised ≤
0.5% of cover in biocrust communities in trampled plots, com-
pared with 18% and 1.5% of cover in biocrust communities, respec-
tively, in undisturbed control plots. Cyanobacteria cover increased
from an average of 81% of the community in control plots to an
average of 99% of the community in trampled plots. Mixed-effects
modeling indicated that experimental blocks accounted for <1%
of the variation in the cover of cyanobacteria and mosses across
the trampling experiment but accounted for 27% of the variation
in lichen cover.
Comparing the long-term effects from physical disturbance

(community survey data from 11 and 15 y after the start of tram-
pling) to those from climate manipulation treatments (community
survey data from 10 y after the start of warming and watering
treatments) revealed similar treatment impacts on the cover of
cyanobacteria, mosses, and lichens (Fig. 4). In all cases, treatments
drastically reduced moss cover and dramatically increased cyano-
bacteria cover in soil crusts (Fig. 4). Climate manipulations and

Fig. 1. Biocrusts can locally regulate ecosystem processes and cover large
portions of dryland ecosystems as in A (photo by Bill Bowman). Biocrusts are
sensitive to physical disturbances from vehicles and trampling by livestock or
people as depicted in B, which shows an experimentally trampled plot (fore-
ground) bordered by undisturbed biocrust (background).

Table 1. Two-way PERMANOVA test of the effects of climate
manipulation treatments and time (year of experiment) on
biocrust community structure (2005–2014)

Source* df SS Pseudo-F P

Treatment 3 64,912 11.5 0.001
Block 4 7,820 18.0 0.001
Time 18 43,097 13.6 0.001
Treatment × block 12 22,609 17.4 0.001
Treatment × time 54 20,396 3.5 0.001
Block × time 72 12,693 1.6 0.001
Residual 216 23,407 — —

*First biocrust surveys were completed in Autumn 2005, and treatments
were initiated in December 2005 and included controls (no climate manipu-
lations), warming, watering (frequent, small-volume water additions), and
warming + watering. SS, sums of squares from PERMANOVA.
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trampling treatments all had negative effects on lichen cover (Fig.
4), yet disturbance by trampling led to an almost complete loss of
lichen cover over time, whereas climate manipulations had less
drastic effects on lichens. Considered across treatments, there were
no significant differences in the relative effects of trampling dis-
turbance, warming, watering, or warming + watering on changes in
cover of mosses and cyanobacteria (P > 0.05)—in other words,
physical disturbance and climate manipulations caused similar
changes in the abundances of mosses and cyanobacteria compared
with their respective controls (Fig. 4). Although lichens did not
differ in their negative responses to physical disturbance versus
warming and warming + watering treatments, lichens did differ in
their responses to physical disturbance versus watering (χ2 = 4.9,
df = 3, P < 0.05; Fig. 4).

Discussion
We compared responses of biological soil crust communities of
the Colorado Plateau to 10 y of warming and altered precipitation
experiments and 15 y of physical disturbance from repeated hu-
man trampling (Fig. 1). We found that experimental warming,
augmented precipitation (i.e., increased frequency of small
watering events representing model predictions for the region),
warming + watering, and disturbance from trampling significantly
altered biocrust community structure and led to a similar early
successional community state (Table 1, Table S1, and Figs. 2 and
4). The strong similarity of climate-induced changes to biocrust
communities and the effects of physical disturbance were un-
expected and suggest climate change has the potential to alter
biocrust community structure as much as the dramatic mortality
caused by physical disturbance. Specifically, climate manipulations
and trampling resulted in decreased cover of mosses and increased
cover of cyanobacteria, which rapidly fill areas opened by the loss
of mosses and lichens (Figs. 3 and 4). Climate manipulations had
variable effects on lichens across treatments; nevertheless, warm-
ing and warming + watering caused a decrease in lichen cover over
time (Fig. 3). Human trampling led to a nearly complete loss of
lichen, suggesting that physical disturbances may have more
drastic long-term impacts on lichens relative to climate change
(Figs. 1 and 4).
Despite the convergence of alternate community states in bio-

crusts following physical disturbance and climate change treatments,

response rates within biocrust communities varied dramatically
across warmed and watered treatments. In particular, water addi-
tion in the form of frequent, small-volume monsoonal precipitation
events led to far more rapid changes in biocrust community
structure than did warming. The rapid shift in community structure
in response to watering was primarily due to swift moss mortality
(35), with a subsequent increase in cyanobacteria cover in watered
and warmed + watered treatments (Fig. 3). Quantitative biocrust
community assessments in physical disturbance plots were first
completed 11 y after the start of trampling; however, visual
assessments from early in the experiment indicated rapid effects
on biocrust physical and biotic structure, and many other studies
verify rapid changes in biocrusts following physical disturbances
(32, 45). Thus, we assume that disturbance from human trampling
led to a shift toward an alternate state at a rate similar to or faster
than that seen for watering treatments.
Although previous reports detailed changes in community

structure in response to the watering treatments used here, these
studies singularly found shifts linked to rapid moss mortality,
likely due to carbon starvation, in response to augmented pre-
cipitation (35, 39). However, these reports were completed before
the longer term effects of warming on other components of the
biocrust communities had manifest. The effects of warming de-
scribed here are a great cause for concern, as increasing annual
temperatures are a near certainty across dryland ecosystems,
whereas predictions of future precipitation patterns and regional
hydrology remain highly uncertain (28, 29). Indeed, the warming
simulated in the climate manipulation treatments (4 °C above
ambient) is within the midrange of temperature increases pre-
dicted for the US Southwest by 2100 (46). At the same time, moss
mortality in response to water additions stands in contrast with the
lichen mortality described here, which primarily occurred in re-
sponse to warming treatments. Variable rates and directional re-
sponses of different fractions of the biocrust community to climate
manipulations likely stem from important influences of evolution-
ary history on species’ physiological responses to climate change.
Variation in responses to climate change across different fractions
of the biocrust community could alter the strength and direction of
biotic interactions within communities with different species com-
position, with possible consequences for local to regional feedbacks
among biocrust taxa and novel environmental conditions (47–49).
A larger understanding of variation in responses to climate change
lies in uncovering the mechanisms behind species’ response pat-
terns. For example, carbon starvation was identified as a probable
mechanism underlying rapid moss mortality in watered treatments
of our study and as a possible mechanism of both moss and lichen

Fig. 2. PRCs (Left) showing temporal responses of biocrust communities
(log scale) to climate manipulation treatments relative to controls (green,
zero line). Taxon weights (Right; log scale) indicate the relative contribution
of taxa to community shifts: Weight >0 indicates increased abundance, and
weight <0 indicates decreased abundance. Overall, climate treatments are
moving biocrusts away from moss-dominated (S. caninervis) to cyanobac-
teria-dominated (M. vaginatus) communities. Symbols above the x axis in-
dicate when communities within a treatment first differed (P < 0.05) from
controls; * and † indicate a shift in biocrust communities of watered and
warmed + watered treatments, respectively, and ‡ indicates a shift in the
warmed biocrust community.

Table 2. Mixed-effects model of the impacts of climate
manipulation treatments and time since the start of the
experiment on the proportional cover of cyanobacteria, moss,
and lichen in biocrusts

Group Source* df F P

Cyanobacteria Treatment 3 0.33 0.8026
Time 18 4.34 <0.0001

Treatment × time 54 2.32 <0.0001
Moss Treatment 3 0.58 0.6301

Time 18 2.12 0.0055
Treatment × time 54 1.52 0.0161

Lichen Treatment 3 0.55 0.6487
Time 18 4.83 <0.0001

Treatment × time 54 1.52 0.0166

*Treatment blocks were considered random effects and contributed 15.3%,
13.5%, and 1.4% of the variation in cyanobacterial, moss, and lichen cover,
respectively. Treatments included controls (no climate manipulations), warming,
watering (frequent, small-volume water addition), and warming + watering.
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mortality during drought in other systems (50). These results raise
the question of whether carbon starvation is also the source of
temperature-induced changes in biocrust community composition
(Fig. 3) or if a separate set of drivers is at play. Regardless of the
cause, differential responses across fractions of the biocrust com-
munity to climate factors and even relatively subtle variability
among climatic versus physical drivers of change could result in
substantial community and functional differences over time.
We found evidence of substantial block (landscape) effects on

both community composition and the responses of specific biotic
groups to treatments across experiments. These block effects sug-
gest the existence of small-scale gradients in climate and distur-
bance impacts on biocrust communities. These gradients, possibly
in soil nutrients or microclimate, may interact with interannual
climatic variation such that areas prone to fluctuations in soil
moisture or temperature may become more or less harsh for bio-
crust organisms over time (51–53). Environmental gradients can
also affect the strength and direction of biotic interactions within
these communities (47, 54), highlighting the need to consider
spatial and temporal influences on species responses in environ-
mental change studies.

The increase in cyanobacteria-dominated soil surfaces, cou-
pled with reduced abundances of mosses and lichens in response
to climate manipulations and physical disturbance, is commonly
associated with a shift toward early successional biocrust com-
munity states (11, 24, 32, 45). This shift toward an early suc-
cessional state has critical implications for ecosystem processes
and functioning, as early successional biocrusts fix less carbon
and nitrogen (11, 24, 55, 56) and lose more carbon and nitrogen
via leaching (25). Rapid moss mortality in response to watering
treatments was associated with decreased concentrations
of ammonium (NH4

+) and increased concentrations of nitrate
(NO3

−), suggesting a strong influence of biocrust composition on
local nitrogen processes (35). This switch in nitrogen forms can
translate to nitrogen being more easily lost through leaching and
directly to the atmosphere (57) and can have strong influences on
multiple process rates in dryland ecosystems (58, 59). Early suc-
cessional biocrusts are also more prone to erosion, dust pro-
duction, and reduced water infiltration, which can have complex,
long-lasting effects on local ecosystem processes (25, 32, 60, 61).
Thus, drivers that push biocrust communities to earlier succes-
sional states—here shown to be both physical and climate dis-
turbance factors—have important implications for soil stability,
fertility, and carbon storage, each of which is globally relevant for
the extensive dryland biome.

Conclusions
We examined the effects of experimental warming and augmented
precipitation on biocrust communities and then compared the im-
pacts of climate manipulations to physical disturbance (replicated
human trampling) on biocrust community structure. We found that
warming, watering, warming + watering, and physical disturbance

Fig. 3. Temporal changes in the relative cover of moss (Top), lichen (Middle),
and cyanobacteria (Bottom) in response to climate manipulation treatments.
Values shown are means ± 1 SE. Repeated-measures, mixed-effect models
(treatment, time, and treatment × time as fixed effects, and blocks as a ran-
dom effect) revealed significant effects of time and treatment × time (P < 0.05)
on all groups.

Fig. 4. RCCI for moss (Top), lichen (Middle), and cyanobacteria (Bottom) in
biocrusts subjected to climate manipulations or physical disturbance from
repeated human trampling. RCCI shows changes in biotic cover relative to
controls (Methods). The RCCI value ranges from +1 (100% increase in cover
in response to treatment) to –1 (100% decrease in cover in response to
treatment). Bars are means ± 1 SE, P values are probability of type I error
(Kruskal–Wallis tests), and lettering indicates significant differences via
Steel–Dwass nonparametric pairwise comparisons.
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had similar effects on biocrust communities, collectively shifting
communities toward early successional states. Although physical
disturbances can be mitigated (41) and future precipitation patterns
are uncertain (28, 42), increasing temperatures (meeting or ex-
ceeding those imposed by warming treatments) are considered a
near certainty across many dryland ecosystems (29). Thus, our
results suggest that climate change will affect biocrusts to an
extent similar to changes observed with physical disturbance,
leading to a landscape-level shift to early successional states
with seemingly limited potential for a return to late succes-
sional states. However, given the different rates at which these
pressures alter biocrust community structure and the potential
for longer term adaptation and species’ shifts, variation in the
ultimate effects of these disturbances on ecosystem processes
are likely and require continued study.
Ecological state changes in response to global change factors are

a growing concern. Transitions to alternate community states in
drylands are a particularly poignant issue, as these ecosystems
cover roughly 40% of the Earth’s terrestrial surfaces and may
hold up to 25% of global soil organic carbon (31). Biocrust com-
munities can represent a substantial portion of primary production
in drylands and can locally stabilize and regulate ecosystem pro-
cesses including carbon and nitrogen cycles as well as short-
term hydrologic cycles and surface energy balance (8, 9, 45, 62–
64). The role biocrusts play in soil stability is also a topic of
significant public interest, due to the human health and safety
issues associated with increasing dust storms. Because different
components of the biocrust community (i.e., mosses versus li-
chens) play different roles in the functioning of drylands (8, 10,
56, 65, 66), understanding the factors that control the compo-
sition of biocrust communities will be essential to predictions of
future dryland function. In addition, because drylands may
dominate the interannual variability in global atmospheric CO2
concentrations (67, 68), state transitions in dryland structure
could have effects beyond arid and semiarid systems.

Methods
Climate manipulation and physical disturbance experiments were located on
the Upper Colorado Plateau, Utah. The region is classified as cool desert with
a majority of precipitation occurring in winter and spring. The sites have
extensive cover of biocrusts held together primarily by filaments of the
cyanobacteria Microcoleus vaginatus and covered by a mosaic of the mosses
Syntrichia caninervis and Syntrichia ruralis and various lichens (mostly Col-
lema tenax and Collema coccophorum). Climate manipulations representing
model predictions of both increasing temperature and frequency of small
(<2 mm) rainfall events for the study region (28, 29, 42) were completed
near Castle Valley, Utah (38.6748 N, –109.4163 W, 1,310 m above sea level).
The soil of this area is Lithic Torriorthent, a sandy-loam ranging in depth
from 17 to 122 cm. Human trampling plots, mimicking disturbances from
humans and livestock, were located in Arches National Park, Utah, on soil of
the Mido-Sazi complex, a loamy sand with depths to 100 cm.

Climate manipulations began in autumn 2005 in a randomized, complete
block design consisting of twenty 2 m × 2.5 m plots divided among four
treatments: control (no manipulations), warmed, watered, and warmed +
watered. Warming was completed with infrared lamps heating the topsoil
(temperature at 1–2 cm depth) by +2 °C above ambient for the first 3 y of

the experiment and then by +4 °C above ambient from June 30, 2008 until
present. In addition to ambient precipitation, watering treatments consisted
of frequent, 1.2 mm “rainfall events” applied by hand sprayers. Watered
plots received on average 35 such events (roughly four times the average
natural frequency) throughout the summer months starting in 2006 (35–37,
39). Physical disturbance by human trampling started in May 1996 in ten
2 m × 5 m plots, divided as five trampled and five undisturbed controls.
Plots were trampled annually in May of successive years until 2011 (69).
Biocrust communities were assessed as the relative cover of all visible
species present within standardized 40 cm × 40 cm frames. Climate ma-
nipulation plots were surveyed twice per year (May and September) from
Autumn 2005 to present, with survey frames placed in four repeated lo-
cations per plot (6,400 cm2 surveyed in each plot in a repeated-measures
design). Trampled–control plot pairs were surveyed in 2007 and 2011, with
survey frames placed in 10 random locations within each plot (16,000 cm2

surveyed in each plot).
Biocrust community responses to climate manipulations and trampling were

assessed via permutational multivariate analysis of variance (PERMANOVA).
PERMANOVAs were performed on Bray–Curtis distance matrices of log-
transformed species’ abundances derived from cover measures. PERMANOVAs
on climate manipulation data included treatment, block, and time since the
start of the experiment as factors, and PERMANOVAs on physical disturbance
data included treatment and biocrust survey year (2007 and 2011) as factors,
with block effects ruled out by stepwise fitting procedures. Treatment effects
of climate manipulations were visualized via PRCs, which measure the differ-
ences between the species composition and cover in each treatment compared
with controls over time (43, 70). To determine the date when biocrust com-
munities in climate manipulation treatments first differed from controls, the
community structure of treatment and the control plots were compared via
Dunnett’s tests on PCA axis scores. PRC and PCA were completed on log-
transformed species abundance data. To determine effects of climate and
disturbance treatments on different fractions of the biocrust community, we
calculated relative abundances for three biotic groups common to biocrusts of
our sites (mosses, lichens, and cyanobacteria). To account for the repeated-
measures design of biocrust surveys, relative cover of the three biotic groups
were analyzed with linear mixed-effect models with restricted maximum
likelihood estimators. Treatment and time (or sample years in the case of the
trampling experiment) were considered fixed effects, and field experimental
blocks were considered as random effects. Finally, we compared the long-term
effects of climate manipulations (data from the 10th year of the study) and
physical disturbance (data from the 11th and 15th year of the study when
biocrusts were surveyed) on the relative cover of mosses, lichens, and cyano-
bacteria by relativizing treatment responses to controls in a manner account-
ing for cover values in both treatments and controls: Relative Cover Change
Index, or RCCI = cover(treatment) – cover(control)/cover(treatment) + cover(control) (71).
RCCI values within biotic groups were then compared via Kruskal–Wallis one-
way analysis of variance followed by Steel–Dwass nonparametric pairwise
comparisons (72). Analyses were completed in R (72).
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