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a b s t r a c t

Successional stage may determine strength and causal direction of interactions among abiotic and biotic
factors; e.g., species that facilitate the establishment of other species may later compete with them. We
evaluated multivariate hypotheses about abiotic and biotic factors shaping biological soil crusts (BSCs) in
early and late successional stages. We surveyed vegetation and BSC in the shrub-steppe ecosystem of the
Columbia Basin. We analyzed the relationships with bryophyte and lichen covers using structural
equation models, and analyzed the relationships with BSC composition using Indicator Species Analysis
and distance-based linear models. Cover, indicator species, and composition varied with successional
stage. Increasing elevation and bryophyte cover had higher lichen cover early in succession; these re-
lationships were negative in the later successional stage. Lichen cover did not appear to impede B.
tectorum cover, but B. tectorum appeared to strongly negatively affect lichen cover in both stages. Bio-
logical soil crust composition varied with bunchgrass cover in the early successional stage, but with
elevation and B. tectorum cover later in succession. Our findings support the hypotheses that as suc-
cession progresses, the strength and direction of certain community interactions shift, and B. tectorum
leads to reductions in biological soil crust cover regardless of successional stage.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Primary producer communities can change over time because of
discrete disturbances, species introductions, or changing resources
due to climatic variations or human activities. Disturbances can
damage or remove primary producers and may change abiotic
properties. The new conditions affect which species can grow,
acting as a filter of abiotic stressors that shape early secondary
successional community composition. However, remnant or early-
establishing individuals may facilitate arriving propagules by
mediating the harsh environmental conditions (Bowker et al.,
2005), making these organisms disproportionately important
to the successional trajectory (del Moral and Lacher, 2005). As
succession progresses, the biotic community may alter abiotic
characteristics, reducing the stress on the organisms living there.
Competition may become the dominant interaction as resources
are consumed, resulting in shifts in community composition
(Callaway and Walker, 1997). Invasive species arriving soon after a
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disturbance may prevent recovery of native species, but mature
communities may be resilient to the establishment of invasive
species (Levine et al., 2004). Invasive species may promote feed-
backs between disturbances and expansion, further altering the
successional trajectory (Brooks et al., 2004).

In arid and semi-arid lands, mature communities of primary
producers include plants and biological soil crusts (BSCs) living on
the soil surface. Biological soil crusts are globally distributed and
provide important ecosystem functions, including soil stability and
the cyclingof carbon, nutrients, andwater (Bowker, 2007; Evans and
Johansen, 1999). Biological soil crust cover and composition vary
with landscape position, vegetation type, and microsite character-
istics (Ponzetti et al., 2007). Disturbances such as fire or trampling
can affect the cover, composition, and physiological functioning of
BSCs (Belnap and Eldridge, 2001). The general successional trajec-
tory following disturbance moves from microscopic algae and cya-
nobacteria to bryophytes and non-crustose lichens to crustose
lichens to fruticose and foliose lichens, depending on climate and
soils. Mature crusts may take decades to centuries to develop
depending on conditions, withmoister areas showing faster rates of
development than dry areas (Belnap and Eldridge, 2001).

Changing interactions among abiotic factors, biotic factors,
and BSC organisms have been studied in primary successional
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communities. Following glacial retreat, early-arriving soil mosses
and lichens colonized the sparse glacial soil and paleomaterial
patches. This facilitated the establishment of long-lived plant spe-
cies during early successional stages by enhancing soil fertility, but
soil organisms were over-topped by high vegetation cover at later
successional stages (Breen and Levesque, 2006). In secondary suc-
cession in arid and semi-arid lands, abiotic and biotic controls on
the BSC community are likewise expected to differ across a
disturbance chronosequence. Resprouting perennial plants may
favor BSCs by creating microsites favorable in terms of reduced
erosion potential, increased available nutrients and moisture, and
reduced damaging solar radiation due to foliar cover. However,
when plant canopy increases and new plants establish, they may
out-compete BSCs for space and shade the soil surface.

We investigated the relative importance of abiotic and biotic
factors on BSCs in early and late successional sagebrush shrub-
steppe communities following wildfire in the Columbia Basin.
Early successional vegetation communities tend to be dominated
by invasive annuals such as cheatgrass (B. tectorum) and perennial
species that can resprout following fire (Davies et al., 2012).
B. tectorum can change the physical and chemical properties of the
soil (Norton et al., 2004), reduce the fire return interval (Brooks
et al., 2004), and impede BSC development (Belnap et al., 2006).
In mature sites, native vegetation and BSC covers are positively
correlated (Ponzetti et al., 2007) and may provide resistance to
invasion by B. tectorum (Chambers et al., 2007; Deines et al., 2007).

We used structural Equation (SE) modeling (Grace, 2006) to
investigate relationships among elevation, native bunchgrasses,
B. tectorum, and BSC cover by fitting separate models for early and
late successional stages. We hypothesized that the magnitudes and
even causal direction of some relationships might differ with suc-
cessional stage (as determined by time since fire).We expected that
1) favorable moist environmental conditions would speed recovery
in early succession and lead to more productive late successional
communities, 2) relationships between native species would be
facilitative in early succession but competitive in later stages, and 3)
invasive species would hinder BSC recovery in early successional
stages but that mature crusts could resist invasion.

We also hypothesized that community composition might
respond to similar cues as total cover, or alternatively, species-
specific tolerances to abiotic characteristics and vegetation struc-
ture might drive composition. Using community analysis methods,
we identified indicator species for each successional stage and
examined the correlations among BSC composition and abiotic and
biotic factors to describe the controls on the BSC community.

2. Materials and methods

2.1. Study site

Our study was conducted in the sagebrush shrub-steppe of
the Columbia Basin in south-central Washington state (46.30 N,
119.40 E). The region has a semiarid climate with mean annual
precipitation of 182 mm, an average January temperature of 1 �C,
and an average July temperature of 23 �C. Most precipitation falls
during winter (OctobereMarch) (Western Region Climate Center,
2011).

We focused primarily on two regions, the Arid Lands Ecology
Reserve and the Horse Heaven Hills (HHH). The Arid Lands Ecology
Reserve is managed by the U.S. Fish and Wildlife Service. It has not
been cultivated since 1943 and has been fenced to exclude livestock
and off-road vehicles since 1962. Low elevation areas were aerially
sprayed with herbicide to control B. tectorum and other invasive
species as recently as 2009. Much of the HHH area is managed by
the U.S. Bureau of Land Management and has not been grazed by
livestock since 1986. Additionally, we studied several private
ranches that have retained native vegetation in rotational livestock
pastures.

Elevations range from 100 to 1100 m with a generally northerly
aspect. Soil types include Hazel sands, Quincy loamy sands,
Esquatzel silt loams, Warden silt loams, Ritzville silt loams, Lick-
skillet silt loams, and Kiona very stony silt loams (NRCS, 2011).

Native vegetation is characterized by large shrubs (Artemisia
tridentata ssp.wyomingensis, Artemisia tripartita) and bunchgrasses
(Pseudoroegneria spicata, Poa secunda, Festuca idahoensis), with
composition differing as a function of climate (Daubenmire, 1970)
and disturbance history (Davies et al., 2012). Mature BSC commu-
nities are dominated by bryophytes and lichens (McIntosh, 2003;
Ponzetti et al., 2007).

2.2. Sampling design

We sampled 100 transects, each 100 m long, between April and
June 2010. Most transects (n ¼ 89) overlapped or were adjacent to
existing monitoring plots where BSC had been observed in the past
(McIntosh, 2003; Evans and Lih, 2005; Ponzetti et al., 2007). The
other 11 transects were established in areas with different fire
histories. Transects were >300 m apart and distributed across a
total study area of w100,000 ha.

The fire history of each transect was determined using fire maps
from 1981 to 2010; fires occurred in 1984, 1986, 1987, 1998, 2000,
2002, 2005, 2007, and 2009. We did not consider fire history prior
to 1980 because the spatial information about fire perimeters is
unreliable during this period. Transect elevation was estimated
from 10 m pixel Digital Elevation Models. Soil texture at each
transect was determined from a soil sample (200 g aggregated from
the top 1 cm of 7e10 points along the transect) using the hy-
drometer method (Brookside Laboratories, Inc., New Knoxville,
OH). Missing values for each of fourteen transects were estimated
as the average values from 2 to 4 nearby transects on the same soil
type.

Five quadrats, each 20 � 50 cm, were established 20 m apart
along each transect. To ensure that quadrats contained adequate
potential growing space for BSC, quadrat position was shifted 5e
10 m if the selected location had >20% cover of pebbles, gravel,
or rocks >1 cm in diameter.

In each quadrat, vascular plants were identified to the level of
species, and the cover of each species was estimated to the nearest
percent. Cover values were averaged at the transect level. Litter was
removed to observe BSCs. The soil surface was lightly sprayed with
water to initiate metabolism and make BSCs more visible. Total
lichen and total bryophyte cover were recorded to the nearest
percent. Species were identified where possible (Flowers, 1973;
McCune and Rosentreter, 2007); when this was not possible they
were grouped as genera or morphological groups (Appendix 1) as
recommended by Eldridge and Rosentreter (1999). The presence,
but not cover, of each ‘species group’was recorded for each quadrat.
Unidentified species were collected for determination with chem-
ical tests and light microscopy; voucher samples are housed at the
University of Washington Burke Herbarium. Species codes follow
PLANTS database (USDA, NRCS, 2011).

2.3. Statistical methods

We categorized transects into successional groups based on
time since the last recorded fire. Particularly large fires occurred
since 2000, so we designated all transects which burned then or
more recently as early successional (n ¼ 78) and all others as late
successional (n ¼ 22). The early successional transects spanned a
much larger range of environmental conditions than the late
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successional transects. To permit equitable comparisons amongst
these successional groups, we selected the early successional
transects with similar soil textures (>50% silt plus clay) and ele-
vations (<700 m) as the late successional transects. In the end, we
included 46 early successional and 22 late successional transects for
the analyses described in Sections 2.3.1 and 2.3.2.

We examined the importance of abiotic and biotic factors rela-
tive to BSC cover (percent) and composition. The abiotic factor was
elevation (m). The biotic factors were bunchgrass cover and
B. tectorum cover, both in percent. Perennial bunchgrasses are the
dominant vascular plant life form in these communities, so the
summed cover of the large species (P. secunda was excluded
because it was ubiquitous across transects) served as a surrogate for
native vegetation. B. tectorum cover served as a surrogate for the
degree to which transects were invaded. We compared each factor
by successional stage with a two-sided Wilcoxon rank sum test.
Artemisia spp., though an important structural element to this
ecosystem, were only present on 13 transects due to the recent
prevalence of fire in this area and therefore shrub cover was not
included as a biotic factor in these analyses.

2.3.1. Structural equation modeling of BSC cover
General hypothesized relationships were represented in an a

priori conceptual model (Fig. 1; Grace and Bollen, 2008), with
directed arrows indicating causal relationships based on published
studies or reasonable inferences (described in Table 1). We distin-
guished between bryophyte and lichen covers because they have
different documented rates of recovery after disturbance (Belnap
and Eldridge, 2001). We subsequently tested for significant effects
of elevation, bunchgrass cover, and B. tectorum cover on bryophyte
and lichen covers in separate models for early and late succession.
Our initial models included a reciprocal relationship between
B. tectorum cover and lichen cover rather than a directed effect
because of the possibility for reciprocal effects (Grace, 2006)
because B. tectorum invasion reduces BSC cover (Belnap et al.,
2006), but lichen cover can prevent B. tectorum establishment
(Deines et al., 2007). On the other hand, we chose to model the net
relationship between bunchgrass and B. tectorum as a simple cor-
relation, not because their interaction is not reciprocal, but so that
we could obtain statistical identification of the reciprocal interac-
tion between B. tectorum cover and lichen cover. A key contrast of
interest in our analysis was whether relationships differed by
successional stage.
Fig. 1. Initial conceptual model for early successional and late successional groups,
each run separately. Straight arrows indicate hypothesized directed relationships be-
tween variables, and curved, double-headed arrows indicate undirected correlations
between the error terms of two response variables. Letters correspond to in-
terpretations in Table 1.
Prior to modeling and based on data examinations, we used
BoxeCox plots to identify appropriate transformations so that
statistical distributions were approximately normal and bivariate
relationships were linear (Appendix 2). Bunchgrass cover was
square root transformed. All other variables were inverse-square
root transformed (Cohen et al., 2003) and then divided by the
exponent to recover the rank order of the untransformed data.

Structural Equation model analyses were run in AMOS Version
19.0.0 (Arbuckle, 2010). The development of SE models in this
application followed the guidelines presented in Grace (2006) and
updated in Grace et al. (2010) and Grace et al. (2012). Because
models included reciprocal interactions between B. tectorum and
lichen cover, attentionwas paid to parameter identification and the
stability of estimates. Parameter significance was judged based on
likelihood ratio tests comparing models by freely estimating or
setting parameter estimates to zero. Parameters associated with
reciprocal interactions (paths I and J in Fig. 1) were “free” (e.g.,
freely estimated) throughout the model evaluation process to
permit a proper test of bidirectional effects.

2.3.2. Indicator species and community composition
We used Indicator Species Analysis to identify BSC species

groups that were strongly associated with successional groups. The
Indicator Value (IV) is calculated independently for each species
group i as the product of its relative abundance and relative fre-
quency in each group j (early vs. late successional group) (Bakker,
2008). Indicator values range from 1 to 100. Significance was
assessed by permuting group identities 99 times and recalculating
IVij. IVs were calculated using the function given in Appendix S1 of
Bakker (2008). Significant indicators were those with P < 0.05 and
IVij > 25 (Dufrêne and Legendre, 1997).

We assessed BSC composition, including both bryophytes and
lichens, based on the frequency of each species group along each
transect. A ‘dummy’ species group (frequency ¼ 0.1) was added to
all transects so that those without BSC, a biologically meaningful
scenario, could be included in the analysis (Clarke et al., 2006).
Species groups that occurred on <5% of transects were removed,
leaving a total of 32 species groups in the compositional matrix. The
composition matrix was standardized by species group maxima
and site totals and converted to a BrayeCurtis distance matrix.
Factors affecting BSC composition were assessed with distance-
based linear modeling (Anderson, 2001) using the adonis func-
tion in the vegan package of the statistical software R (R Foundation
for Statistical Computing, 2009, version 2.10.1). Main effects of
successional group, elevation, bunchgrass cover, and B. tectorum
cover were examined for the entire dataset, and the latter three
variables were tested in each successional group separately. For
consistency, explanatory variables were transformed as in the SE
models. Because the adonis function uses Type 1 Sums of Squares,
we removed terms that were non-significant when included as the
first term in the model. Non-significant factors were removed in a
stepwise manner, beginning with the least significant term.
Remaining factors were ordered from highest to lowest R2 when
they were the first term.

Relationships among composition and explanatory variables
were visualized with Nonmetric Multidimensional Scaling (NMDS)
(Clarke, 1993) using the metaMDS, envfit, and ordisurf functions in
the vegan package. We used the results of a Principal Components
Analysis as a starting configuration, up to 20 random starts, and 999
permutations. We selected a final solution with three dimensions
to balance reductions in stress with ease of visualization. We used
the envfit function in the vegan package to display the direction in
ordination space of explanatory variables that had the maximal
correlation with the ordination configuration. The weighted aver-
ages of Indicator Species’ scores were calculated with the wascores



Table 1
Pathways, hypotheses, and observations or mechanisms associated with the directionality of arrows in the a priori conceptual model for BSC cover in early- and late-
successional stages in the Columbia Basin (Fig. 1).

Code Hypothesis Observation or potential mechanism

A, B, C, D The net effect of elevation on vegetation and
BSC is likely positive.

i As elevation increases, lower temperatures and higher precipitation
may lead to lower water stress for organisms and therefore higher cover.

E The net relationship between native vegetation
and invasive species is likely negative.

i Bunchgrasses may compete with B. tectorum that is invading (Beckstead
and Augspurger, 2004).

ii B. tectorum may decrease growth of bunchgrasses by reducing water
availability (Melgoza et al., 1990).

F, G The net effect of native vegetation on BSC is likely
positive in early succession and likely negative in
late succession.

i Areas of higher vascular plant cover have higher BSC cover (Anderson et al., 1982).
ii Vegetation may create favorable microsites for BSC due to enhanced water

and nutrient availability and to temperature moderation (Bowker et al., 2005).
iii Areas with higher BSC cover are found in areas of lower precipitation where

there is less vegetation (Kaltenecker et al., 1999).
iv Vegetation may inhibit growth of BSC or compete for resources (Bowker, 2007).

H The net effect of bryophyte cover on lichen cover is
likely positive in early succession and likely negative
in late succession.

i Bryophytes may recover quickly after a disturbance and stabilize the soil,
facilitating lichen establishment.

ii Bryophytes may compete for space and resources with lichens.
I The effect of invasive species on lichen cover is likely

negative.
i Areas previously invaded by cheatgrass show reduced cover of mosses and

lichens (Belnap et al., 2006).
ii Litter accumulation from invasive species can impede recovery of BSC after

fire (Hilty et al., 2004).
J The effect of lichen cover on invasive species is likely

negative.
i B. tectorum seedlings grown on crustose lichen crust showed decreased water

status and unsuccessful root tip formation (Serpe et al., 2008).
ii B. tectorum seedlings failed to germinate on lichen crust (Deines et al., 2007).
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function in the vegan package to display the centroids of species
space on the NMDS ordination. We scaled plot characters by total
bryophyte and lichen cover and shaded them according to relative
cover of moss out of total BSC cover to explore the relationship
between cover and composition.

3. Results

3.1. Differences between successional stages

Late successional transects had significantly higher bunchgrass
cover, bryophyte cover, and lichen cover (Table 2). Because we
selected for plots spanning similar elevational ranges and soil
textures, these did not differ between groups. B. tectorum cover also
did not differ between groups.

3.2. Models of BSC cover

Several of the model pathways initially included in Fig. 1 were
not supported by the data and subsequently associated parameters
were set to zero. Stability of estimates was excellent for both final
models based on the stability index presented by Amos (Arbuckle,
2010). The final model for the early successional group (Fig. 2A;
c2 ¼ 2.9, df ¼ 4, P ¼ 0.57) explained 17% of the variation in
bunchgrass cover, 55% of the variation in lichen cover, and none of
the variation in B. tectorum or bryophyte cover. The results imply
Table 2
Abiotic, biotic, and BSC variables measured on early (n ¼ 46) and late successional
(n¼ 22) stage transects. Each variable was tested separately to determinewhether it
differed between successional stages using a Wilcoxon rank sum test with conti-
nuity correction. For each variable, the average � standard deviation are reported in
each group along with the test statistic W and the P-value for the test.

Early successional
group

Late successional
group

W, P

Elevation (m) 384 � 114 413 � 130 436.5, P ¼ 0.366
Soil texture (sum

of % silt and clay)
60.2 � 4.93 60.5 � 4.45 513, P ¼ 0.932

Bunchgrass cover (%) 7.0 � 3.4 9.9 � 3.7 275.0, P ¼ 0.002
B. tectorum cover (%) 2.6 � 6.7 3.2 � 4.3 384.5, P ¼ 0.110
Bryophyte cover (%) 4.7 � 5.4 16.9 � 9.8 91.5, P < 0.001
Lichen cover (%) 4.8 � 6.0 9.2 � 7.6 263.5, P ¼ 0.002
that elevation had a positive effect on the cover of bunchgrasses
and lichens and that elevation had an influence on BSC indepen-
dent of the differences in vegetation among transects. B. tectorum
cover and bunchgrass cover were significantly negatively related.
Native bunchgrass cover tended to show positive relationships
with bryophyte and lichen covers (Appendix 2), but neither rela-
tionship was significant in the final model. Bryophyte cover was
positively related to lichen cover. Results indicate that B. tectorum
had a strong negative effect on lichen cover but not vice versa.

The final model for the late successional group (Fig. 2B; c2 ¼ 2.2,
df ¼ 5, P ¼ 0.81) explained 62% of the variation in lichen cover and
none of the variation in B. tectorum, bunchgrass, or bryophyte cover.
The results imply that elevation, B. tectorum cover, and bryophyte
cover all had strong negative effects on lichen cover. Bunchgrass
cover and B. tectorum cover were negatively correlated, but not
significantly. Therewas again evidence that cheatgrass had a strong
negative effect on lichen cover but not vice versa.

3.3. Indicator species and BSC composition

In total, 41 species groups were documented, including nine
bryophytes and 32 lichens (Appendix 1). A moss (Pterygoneurum
ovatum) and a crustose lichen (Caloplaca tominii) were significant
indicators of the early successional group (Table 3, Appendix 3).
Nine species groups were significant indicators of the late succes-
sional group, including a liverwort (Cephaloziella divaricata), one
moss, and eight lichens, including fruticose and lobate species
(Table 3, Appendix 3).

The final distance-based linear model for the entire dataset
included bunchgrass cover, successional stage, and B. tectorum
cover and explained 21% of the variation in BSC composition
(Table 4). The final model for the early successional group included
bunchgrass cover and explained 13% of the variation in BSC
composition. The final model for the late successional group
included the main effects of B. tectorum cover and elevation and
explained 19% of the variation in BSC composition.

The NMDS ordination had a stress of 0.12, and a non-metric fit of
R2 ¼ 0.98. There was considerable overlap in the composition be-
tween the two groups (Fig. 3). Late successional transectsweremore
similar to one another thanwere early successional transects. Some
early successional transects had very similar compositions to late



Fig. 2. Final models for (A) early successional and (B) late successional groups. Arrow width is proportional to the magnitude of the path coefficient and the standardized regression
weight is listed with “*” indicating significant pathways (P < 0.05), “�” indicating marginally significant pathways (P < 0.10), or “NS” indicating non-significant pathways. Dotted
arrows denote paths that were non-significant and set to 0. R2 values are in bold below response variables.
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successional transects, particularly if they were located at high el-
evations and/or with high bunchgrass cover. Early successional in-
dicator species C. tominii and P. ovatumwere associated with lower
B. tectorum and bunchgrass cover. Late successional transects lower
in elevation with lower bunchgrass and B. tectorum cover were
associatedwith the indicator species Syntrichia spp., while fruticose
lichens and a liverwort were associated with higher elevations and
bunchgrass cover (Fig. 3A and B). In the early successional group,
transects with low bunchgrass cover had lower total cover and
higher proportion bryophyte than transects with high bunchgrass
cover (Fig. 3C). Late successional transects hadhigher total BSC cover
and a range of proportions of bryophyte cover (Fig. 3D).

4. Discussion

4.1. Differences in successional stage and models of BSC cover

Recent fire had significant effects on all native vegetation and
BSC variables recorded, decreasing cover of plants and BSC. B. tec-
torum was found across the study area, similar in cover in both
recently burned and mature areas. Though fire history was
important in structuring both cover and composition, we found
abiotic and biotic factors also affected BSC.
Table 3
Significant indicator species groups and group code of early (n ¼ 46) and late-
successional (n ¼ 22) groups. Each species group is characterized by growth form
(moss, liverwort, or various lichen morphologies; McCune and Rosentreter, 2007).
For each indicator, the number of transects on which it occurred in that group is
reported along with its Indicator Value (IV), and P-value. Complete indicator species
information is provided in Appendix 3.

Code Growth form Number of
transects

IV P

Early-successional group
Pterygoneurum ovatum PTOV Moss 26 47.9 0.01
Caloplaca tominii CATO18 Crustose lichen 21 32.4 0.02
Late-successional group
Cladonia spp. CLADO3 Squamulose

lichen
21 69.0 0.01

c.f. Syntrichia TORU70 Moss 22 65.6 0.01
Diploschistes muscorum DIMU7 Crustose lichen 16 60.8 0.01
Leptochidium

albociliatum
LEAL20 Lobate lichen 15 56.0 0.01

Leptogium sp. LEPTO14 Foliose lichen 17 54.0 0.02
Small black crustose

lichens
Smblk Crustose lichen 17 50.6 0.02

c.f. Buellia BUELL Crustose lichen 12 43.7 0.02
Cladonia pocillum CLPO60 Fruticose lichen 8 36.4 0.01
Cephaloziella divaricata CEDI11 Liverwort 8 31.4 0.01
The results support the hypotheses that the lichen component
of BSC cover is controlled by both abiotic and biotic factors, and that
these relationships vary with successional stage. We found that
vegetation type affects BSC, with native perennials having a
different kind of effect (neutral) compared to the invasive annual,
whose effect appears to be strongly negative. The network of re-
lationships affecting BSC cover in this study supports separate re-
ports of effects of disturbance history (Belnap and Eldridge, 2001),
topography (Ponzetti et al., 2007), and vegetation community
(Bowker et al., 2005) on BSC cover (Table 1).

Elevation had a strong positive effect on bunchgrass and lichen
cover in the early successional group, whereas it had no effect and a
negative effect, respectively, in the late successional group. The
positive relationships in the early successional group may indicate
that recovery of native vegetation and BSC occurs faster under
cooler and moister conditions (Belnap and Eldridge, 2001) or that
disturbances were less severe or more patchy under these condi-
tions (Davies et al., 2012). However, we did not have data to
quantify this, so further studies of thismechanism arewarranted. In
late successional transects, the decrease in lichen cover with
increasing elevation may indicate that the highest elevation areas
were less suitable, perhaps because they have exposed lithosol soils
or steep slopes which may not retain sufficient available nutrients
or water (Sackschewsky and Downs, 2001) to support mature BSC.
Factors correlated with elevation, such as moisture availability and
soil characteristics, determine the response to disturbance and the
potential mature vegetation and BSC communities.
Table 4
Results of distance-based linear models for BSC community composition. Separate
models were developed for the full dataset (68 transects), early successional group
(46 transects), and late successional group (22 transects). Variables are reported in
the order that they were included in each model.

df SS Pseudo-F Partial R2 P

Full dataset
Bunchgrass cover 1 1.06 9.67 0.12 0.002
Successional stage 1 0.51 4.65 0.06 0.002
B. tectorum cover 1 0.30 2.76 0.03 0.020
Residual 64 7.01 0.79
Total 67 8.88
Early successional group
Bunchgrass cover 1 0.81 6.52 0.13 0.002
Residual 44 5.47 0.87
Total 45 6.28
Late successional group
B. tectorum cover 1 0.24 2.63 0.11 0.006
Elevation 1 0.18 1.92 0.08 0.028
Residual 19 1.76 0.81
Total 21 2.18



Fig. 3. First two of three dimensions of an NMDS ordination of BSC composition on 68 transects. The ordination had a stress of 0.12. Transects are coded by successional group and
the space bounding all plots in each successional group is denoted with a polygon. Environmental variables were transformed as per Section 2.3.1. In A, the linear fits of elevation,
bunchgrass and Bromus tectorum covers are overlaid on the ordination. In B, species centroids of indicator species for each successional group are indicated by the species group
codes (Appendix 1). In C and D, symbol size is proportional to total average BSC cover on each transect and the symbol color is proportional to relative cover of bryophyte cover out
of total BSC cover, with the legends in C applicable for both.
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We found evidence that the sign of the relationship between
native bryophytes and lichens switched with successional stage.
Bryophyte cover had a strong positive effect on lichen cover in early
successional transects in our model. In the time soon after a
disturbance, remnant and recovering bryophytes may have a
disproportionate impact on the successional trajectory of the BSC
communities by stabilizing the soil and increasing productivity. In
late successional transects, the model indicates that there were
negative interactions between bryophyte and lichen cover, evi-
dence of competition becoming stronger among BSC groups once
total cover was high.

The final models did not support our a priori hypotheses that
mechanisms involving B. tectorum in these communities vary with
successional stage. We expected to find the relative strengths of
effects between B. tectorum and lichen to switch between early and
later successional stage. Instead, B. tectorum appears to negatively
affect lichen cover in both stages. Fire and herbicide may have
reduced the cover of B. tectorum initially in early-successional
transects, but B. tectorum can increase in abundance again there-
after (Chambers et al., 2007), perhaps with a priority effect over
slow-recovering BSC. In late successional stages, B. tectorum was
still negatively related to BSC. Serpe et al. (2008) found that
B. tectorum germination was reduced by Diploschistes crust which
was as an indicator in our late successional group, but the presence
of B. tectorum in the late successional transects demonstrates that it
can successfully invade. This indicates that at this large scale, lichen
cover may be insufficient to prevent B. tectorum invasion, and
instead that B. tectorum can degrade native communities even in
the absence of fire by competing for space and resources or
exploiting other disturbances (Section 4.3) that remove vegetation
and BSC.

Several other relationships were the same in both early and late
successional stages. Elevation had no significant effect on
B. tectorum cover. This likely reflects ongoing land management
activities, particularly herbicide applications targeted at B. tectorum
in lower elevations, because B. tectorum had reached high percent
cover in many areas prior to and after some of the fires (Evans and
Lih, 2005). Unfortunately, we did not have sufficient replication of
unsprayed transects at comparable elevations to examine the ef-
fects of this herbicide treatment. Bunchgrasses and B. tectorum had
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negative relationships in both successional stages, indicating that at
both low and high total vegetation cover (Table 2), perennial native
species are competing with B. tectorum.

Bryophyte cover did not show a significant response to any
measured variable. Bryophytes can colonize and growmore rapidly
than can many lichens, so perhaps as little as three years (the time
from the most recent fire to our observations) was sufficient for
bryophytes to colonize and begin to grow in all suitable habitats.
Several species of moss were found on nearly every transect (Fig. 3C
and D, Appendix 3), indicating that there was habitat to support
bryophyte growth at all locations sampled.

In contrast to our results showing no relationship between
perennial bunchgrasses and BSC and negative relationships be-
tween B. tectorum and BSC, Chaudhary et al. (2009) found a nega-
tive relationship between total vegetation cover and BSC cover in
the cool desert in Utah. The differences in scale may account for the
differences in the net relationships because we averaged across
transects whereas Chaudhary et al. (2009) examined individual
quadrats where dense vegetation cover would compete with BSC
for soil resources and could shade the soil surface. Our results
demonstrate that at broad scales, functional groups can determine
the relationship with BSC cover. Bunchgrasses provide discontin-
uous fuel so fire may travel slowly without damaging the soil sur-
face, whereas high B. tectorum cover and litter accumulation enable
direct contact between flames and the soil surface; the fire behavior
in these two types of vegetation would therefore differentially
affect BSCs present. The appropriate plant functional groups to
examine may depend on their structure, life history, phenology,
litter deposition patterns, and other traits. This study indicates that
plant identity may be important to consider for BSC response to
vegetation community changes and fire.

4.2. Indicator species and BSC composition at different successional
stages

Species groups responded differentially to effects of fire, eleva-
tion, and vegetation, leading to different drivers for composition
than cover. Early successional transects showed a gradient of cover
and composition from areas with high B. tectorum cover to high
elevation, high bunchgrass cover sites, whereas late successional
transects did not have a clear trend (Fig. 3C and D). Many species
groups occurred in both successional groups (Appendix 1), and
relatively few were significant indicators of one successional stage
over the other.

Indicator species at our transects were similar to species iden-
tified as early or late successional species in other studies.We found
P. ovatum as an indicator in the early successional group, and
mosses such as P. ovatum and small mosses including Bryum spp.,
Encalypta vulgaris, and Ceratodon spp. have been found soon after
disturbance (Evans and Johansen, 1999; Hilty et al., 2004). We
identified C. tominii, a crustose lichen with vegetative diaspores, as
an indicator in early successional transects, and it has been shown
to reinvadewithin two years following fire (Johansen et al., 1984). A
tall moss, Syntrichia spp, and fruticose and foliose lichens such as
Cladonia pocillum and Leptochidium albociliatum were associated
with late successional transects, as previously observed in this area
(Ponzetti et al., 2007).

Biological soil crust composition varied between successional
stages (Table 4), but there was considerable overlap (Fig. 3), indi-
cating that while cover of BSC was strongly affected by successional
stage, the species composition did not respond as strongly. Due to
small-scale disturbances (Section 4.3), a patchwork of early suc-
cessional and late successional species were found within most of
the transects. Overall variation in compositionwas driven primarily
by bunchgrass cover (Table 4), indicating differences in BSC species
tolerance the conditions created by large bunchgrasses. B. tectorum
cover was also important in explaining variation within the late-
successional community, indicating species group-specific toler-
ances to vegetation functional type and cover. Elevation also
affected late successional composition, perhaps reflecting the effect
of stonier soils at the highest elevations.

The recovering plant community structure could be indicative of
the recovery of BSC composition. Bunchgrass cover was signifi-
cantly related to BSC composition in the early successional group.
Bunchgrasses are presumed to have resprouted after fire rather
than having germinated and established. Early successional tran-
sects with high bunchgrass cover and low B. tectorum cover were
more similar in composition to late successional transects (Fig. 3).
Pre-fire conditions or fire behavior may have differed at transects
where we found high bunchgrass cover and low B. tectorum cover,
or recovering bunchgrasses may have facilitated the recovery of
certain species of BSC, but we do not have sufficient information to
suggest which of these is the mechanism.

Elevation and B. tectorum cover were significantly related to late
successional composition. Species distributions have been shown
to differ by landscape strata such as ridges, draws, and slopes of
warm or cool aspects (Ponzetti et al., 2007), so elevation, with
correlated moisture availability, affects the potential species
composition. B. tectorum may invade sites already altered by some
disturbance other than fire (Section 4.3), and the densely growing
individuals and accumulation of litter may block light from BSC.
Biological soil crust species that tolerate reduced light may persist
while others are removed, thereby shifting composition in late
successional plots that have higher B. tectorum cover.

4.3. Other factors affecting BSC cover and composition

Although the models of BSC cover and composition fit statisti-
cally, there was considerable unexplained variation in all models.
Factors we did not include in the models, including fire regime
details, herbivory and other disturbance history, soil chemistry and
physical properties, ground cover (litter, vegetation, rock), and
microtopography, may be important in this context.

Although this study occurred in the sagebrush shrub-steppe,
shrubs were absent from many of the transects due to previous
fire. The relationships of BSC with this functional group may be
different than with bunchgrass-dominated native vegetation. Bio-
logical soil crusts can grow under the canopy of shrubs but are
destroyed by the higher intensity fire associated with burning
woody material and hence require longer recovery times (Hilty
et al., 2004; Muscha and Hild, 2006). The nature of the fire re-
gimes experienced by these transects may therefore have affected
BSC cover and composition. For example, all of the early succes-
sional transects burned in or after 2000. Where those fires were the
first after a long fire-free interval, they removed the shrubs, burned
more severely, and therefore had an extensive effect on the vege-
tation (Davies et al., 2012) and BSC. In contrast, where those fires
were re-burns of areas whose shrubs had already been removed in
prior fires, they might not have had as large an effect on the BSC.
The return interval of repeated fires may alter the trajectory of the
recovering community (Davies et al., 2012). However, the re-
lationships between shrub cover and BSC and questions about fire
regimes were beyond the scope of this study.

Previous studies have found that large herbivores can severely
damage BSC through trampling (Marble and Harper, 1989). Sheep
and cattle had been present on nearly all transects in the past,
and several transects were located in active pastures. Additionally,
we found fresh hoof prints or dung of native herbivores (deer or
elk) on every transect indicating that there is current herbivore
disturbance.
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Small-scale disturbances such as mounds created by burrowing
mammals were commonly observed on the landscape. These
patches of bare mineral soil could enable early successional BSC to
persist within the matrix of a mature BSC community. Because we
averaged across quadrats within each transect, we did not examine
local disturbances with quadrats; these may help explain the
overlap in BSC composition between early and late successional
stages.

4.4. Conclusions

The loss of BSCs may trigger transitions across structural and
functional thresholds in arid lands because their loss affects di-
versity, biomass, and nutrient cycling. Once thresholds are crossed,
recovery often does not occur passively (Bowker, 2007), so
although cyanobacteria may be present and active, mature bryo-
phytes and lichens may not be maintained. If fires burn frequently
and over large spatial scales, there may not be time or remaining
source populations allowing recovery to occur, and the systemmay
change to an invasive-dominated state (Davies et al., 2012) with
concurrent loss of late successional BSC species. Additionally,
functions such as nitrogen fixation may take longer to recover than
species richness and cover (Evans and Johansen, 1999); the loss of
these functions may create further feedbacks leading to
degradation.

These results can be used to prioritize actions by managers
seeking to prevent the degradation of or to restore BSC commu-
nities for purposes of preventing erosion, increasing nutrient
cycling, or increasing biodiversity. For example, protection could
focus on areas with low relative B. tectorum cover, as these have the
highest BSC cover and most mature BSC composition. Following
disturbance, bunchgrasses could be planted to compete with
invasive species or herbicide could be applied, but the effect of
herbicide on non-target plants and BSC organisms must be
considered. Finally, this study supports previous designations of
some BSC species as indicators of early and late successional states;
monitoring could focus on these species to gain insight into the
successional stage of the BSC community.

This study supports the hypothesis that relationships between
biotic communities and their environment change with succes-
sional stage (Callaway andWalker, 1997). Early in succession, native
bryophytes and moderate environmental conditions were associ-
ated with higher lichen cover, while later in succession competitive
relationships between these two groups dominated. These data
also imply that B. tectorum leads to reductions in BSC cover
whenever it invades. Results also indicate that cover and compo-
sition of BSC respond to different environmental and abiotic factors.
It appears that time since fire has a dramatic effect on the cover and
composition of vegetation and BSC communities in the sagebrush
shrub-steppe.
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