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Influence of shrub-induced microhabitats and biocrusts
on native bunchgrass seedling establishment and growth
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Abstract
Introduction: Establishment of native vegetation from seed is important to the persistence and restoration of many native plant
communities. Seedling establishment and growth likely vary within a plant community and may be influenced by microhabitats and
biological soil crusts (biocrusts).
Objectives: Understanding the effects of biocrusts and microhabitats on seedling establishment and growth is critical for prioritizing
restoration as well as guiding management and restoration efforts.
Methods:We investigated the effects of biocrusts and microhabitats created by sagebrush in sagebrush-bunchgrass plant communities
on seedling establishment and growth of two native bunchgrasses, bluebunch wheatgrass (Pseudoroegneria spicata [Pursh] A. Löve)
and bottlebrush squirreltail (Elymus elymoides [Raf.] Swezey).
Results: Biocrusts limited the establishment of native bunchgrasses from seed, but did not appear to restrict the growth of established plants.
This suggests that biocrusts are likely a physical barrier to establishment from seed. Under sagebrush canopies increased native bunchgrass
establishment 400 to 900% compared to microhabitats between sagebrush canopies (interspaces). Seedling heights were generally greater
under sagebrush canopies compared to interspaces. The north side of under sagebrush canopies favored the establishment and growth of bot-
tlebrush squirreltail compared to south sides, but bluebunch wheatgrass appeared not to be influenced by directional side.
Conclusions: Biocrusts and microhabitats created by sagebrush substantially influence the establishment of native bunchgrass from
seed and likely the spatial arrangement of vegetation in these communities. Species-specific response to directional side under sage-
brush canopies suggests sagebrush promotes diversity.
Implications for Practice: Sagebrush is clearly important in these communities as it promotes diversity and creates favorable micro-
habitats for seedling establishment and growth. These benefits also highlight the importance of maintaining and restoring sagebrush in
these communities. Though biocrusts provide important ecosystem services, biocrusts may inhibit native bunchgrass establishment,
suggesting broadcast-seeding efforts should prioritize areas with low biocrust cover. Sagebrush-induced microhabitats and biocrusts
have ramifications for the persistence and restoration of bunchgrasses and likely other herbaceous vegetation in sagebrush plant com-
munities. Land management and restoration planning and prioritization likely should consider the effects of biocrusts and sagebrush
microhabitats on bunchgrass seedling establishment and growth.
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Introduction

Establishment of native perennial vegetation from seed is essen-
tial to the persistence and restoration of many native plant com-
munities and the goods and services they provide society. With
widespread degradation of drylands, the need for seed-based
restoration is increasing around the globe (Abhilash 2021). In
drylands, establishment of native perennial species from seed
is rarely successful (Shackelford et al. 2021; Svejcar
et al. 2023a). Establishment from seed varies across landscapes,
but also likely varies within an individual plant community
(Boyd & Davies 2012a, 2012b; Davies et al. 2022a). Determin-
ing where perennial vegetation is more likely to establish from
seed and understanding how different factors influence estab-
lishment and growth within a plant community would be valu-
able for promoting the persistence and potentially improving
the restoration of native plant communities.

Native sagebrush (Artemisia L.)-bunchgrass plant communi-
ties are a conservation and management priority in the western

United States (Davies et al. 2011). Sagebrush plant communities
are being lost at a rate of more than half a million hectares
(1.3 million acres) annually (Doherty et al. 2022). The majority
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of the loss of sagebrush communities is attributed to invasive
annual grasses (Davies et al. 2021; Doherty et al. 2022). Restor-
ing perennial vegetation, especially bunchgrasses, can substan-
tially limit invasive annual grasses (Davies & Johnson 2017;
Davies et al. 2019). Perennial bunchgrasses are the most impor-
tant plant functional group for providing resilience to distur-
bances in these communities and resistance to annual grass
invasion because they are the most abundant herbaceous plant
group and their resource acquisition patterns overlap greatly
with annual grasses (Chambers et al. 2007; James et al. 2008;
Davies et al. 2021). Hence, it is important to understand the
influence of different factors on bunchgrass establishment and
growth from seed within a plant community.

Within a sagebrush plant community, sagebrush createsuni-
que microhabitats under sagebrush canopies compared to
between sagebrush canopies (interspaces). Under sagebrush
canopies are expected to be more conducive to plant growth
because of moderated temperature extremes and greater soil
nutrient concentrations, soil organic matter, and water availabil-
ity (Doescher et al. 1984; Chambers 2001; Davies et al. 2007).
This suggests that under sagebrush canopies may provide ideal
microhabitats for bunchgrass seedling establishment and
growth. However, competition may limit seedling establishment
and growth in canopy microhabitats as herbaceous vegetation
cover and density are greater in these microhabitats compared
to interspaces (Davies et al. 2007, 2022b, 2023). Directional side
(i.e., north vs. south) of sagebrush canopies also results in differ-
ent microhabitat characteristics that shape vegetation commu-
nity characteristics (Davies et al. 2023) and likely could affect
establishment and growth of seedlings. Though sagebrush-
induced microhabitats could influence seedling establishment
and growth, the effect likely varies by precipitation and site
characteristics such as soil (Swanson et al. 2021).

Prior research on the effects of sagebrush-induced microhab-
itats on seedlings was inconclusive. Interspace locations
midway between the sagebrush dripline and the maximum dis-
tance between sagebrush canopies were more favorable for the
survival of transplanted forbs than under canopies (Koutzoukis
et al. 2023). In contrast, the survival of transplanted perennial
bunchgrasses appeared not to be influenced by microhabitats
(Koutzoukis et al. 2023). Establishment from seed is very differ-
ent from transplants as using transplants bypasses the most lim-
iting growth stages to survival (James et al. 2011; Davies
et al. 2020), thus investigations with seeding are warranted.
After fire has removed sagebrush, the former under canopy
locations were ideal for establishment and growth of perennial
vegetation from seed (Boyd & Davies 2010, 2012a, 2012b).
Microhabitat characteristics, including competition, however,
were altered with the removal of sagebrush with fire (Davies
et al. 2009). Hence, investigations of the effects of undisturbed
(i.e., not burned) microhabitats created by sagebrush on native
bunchgrass seedling establishment and growth are needed.

Biological soil crusts (biocrusts) comprised of cyanobacteria,
lichens, fungi, and mosses convey many benefits in arid and
semi-arid ecosystems. Biocrusts can facilitate or inhibit plant
species performance depending on ecological setting, biocrust
composition, and plant species (Condon & Pyke 2018; Havrilla

et al. 2019). Biocrusts are known to limit invasive annual
grasses in the western United States (Deines et al. 2007; Hernan-
dez & Sandquist 2011); however, this indicates that they could
also impede the establishment of native bunchgrasses. In sup-
port of this, biocrusts inhibited perennial species in a study in
Germany (Langhans et al. 2009), China (Song et al. 2017),
and Argentina (Funk et al. 2014). Soil amended with biological
soil crust materials, in contrast, increased native bunchgrass bio-
mass in a study in the western United States (Pendleton
et al. 2003). Many of these prior studies were conducted in the
laboratory; thus, their findings also need to be evaluated in
the field. Understanding the effects of biocrusts on native bunch-
grass seedling establishment and growth in the field is needed to
allow land managers and restoration practitioners to make
informed management decisions and prioritize areas for
restoration.

The objective of this study was to investigate the effects of
microhabitats and biocrusts on the establishment and growth
of native bunchgrasses from seed. We initiated the first step in
determining the effects of microhabitats and biocrusts on bunch-
grass seedlings with this study conducted in one area of the het-
erogeneous sagebrush ecosystem. We hypothesized that:
(1) biocrusts limit the establishment and growth of seeded
bunchgrasses because biocrusts have limited other perennials
(Langhans et al. 2009; Funk et al. 2014; Song et al. 2017),
(2) that under sagebrush canopies compared to interspaces
between canopies would be more conducive to bunchgrass seed-
ling establishment and growth because canopy microsites are
often favorable environments for plant growth (Doescher
et al. 1984; Chambers 2001; Davies et al. 2007), and (3) that
bunchgrass seedling establishment and growth would be greater
under the north compared to the south side of the sagebrush can-
opy because the north side microhabitat is likely more favorable
for perennial vegetation (Davies et al. 2023).

Methods

Study Area

The study was conducted in four Wyoming big sagebrush (Arte-
misia tridentata ssp. wyomingensis [Beetle & A. Young]
S.L. Welsh)—bunchgrass steppe sites in southeastern Oregon
south of Riley, OR (43�3202900N, 119�3001700W) and southwest
of Burns, OR (43�3405000N 119�0304200W). The vegetation over-
story was dominated by Wyoming big sagebrush. Common
perennial bunchgrasses included bluebunch wheatgrass
(Pseudoroegneria spicata [Pursh] A. Löve), bottlebrush squir-
reltail (Elymus elymoides [Raf.] Swezey), Thurber’s needlegrass
(Achnatherum thurberianum [Piper] Barkworth), and Sandberg
bluegrass (Poa secunda J. Presl). The non-native annual grass,
cheatgrass (Bromus tectorum L.), was present in low abundance
across the study sites. Common perennial forbs included Phlox
longifolia Nutt., Erigeron L. spp., Eriogonum Michx. spp.,
and Lomatium Raf. spp. Biocrusts were largely comprised of
mosses and lichens. Biocrust cover in the interspaces between
sagebrush canopies was low, patchy, and contained very little
moss. In contrast, biocrust cover under sagebrush canopies
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was generally >20% and contained high amounts of moss. Cli-
mate is characteristic of the northern Great Basin with hot, dry
summers and cool, wet winters. Long-term (30 years) average
annual precipitation ranged from 235 to 237 mm
(PRISM 2025). Annual precipitation ranged from 282 to
286 mm and 326 to 343 mm in 2023 and 2024, respectively
(PRISM 2025). Elevation at the study sites ranged from 1,291
to 1,362 m. All the study sites were relatively flat (<2% slope).
Soils were well-drained, very cobbly loams and clay loams,
and were moderately deep with soil depth to bedrock between
60 and 110 cm. Livestock grazing was excluded from the study
sites since 2009 using barbwire fencing. Prior to livestock exclu-
sion in 2009, the area was moderately grazed by cattle (40–50%
utilization) with a rest-deferred rotation for more than half a cen-
tury. Between the late 1800s and early 1900s, the area was likely
heavily grazed (>60% utilization) by sheep, horses, and cattle
(Copeland et al. 2021).

Experimental Design and Measurements

We used a block design with four blocks (sites) to investigate the
influence of microhabitats and biocrusts on seedling establish-
ment and growth from seeds. Blocks were separated by up to
12 km. In each block, we applied each treatment 20 times and
half were seeded with squirreltail and the other half were seeded
with bluebunch wheatgrass. Treatments were: no biocrust
removal in the interspace between sagebrush canopies, no
removal of biocrusts under the north side of the sagebrush can-
opy, biocrusts removed north side under canopy, and biocrusts
removed south side under canopy. A complete factorial design
could not be used because the study would have been too large
to keep within a site with similar characteristics, and the cover
of biocrust in the interspaces was quite patchy, which would
have made it difficult to find representative and repeatable loca-
tions for biocrust treatments. Under canopy locations were
located 10–20 cm from the stem of the sagebrush and fully
under the sagebrush canopy. Interspace locations were ≥50 cm
from the nearest sagebrush canopy. Biocrusts were removed
by gently scraping them off the soil surface with a soil knife.
A minimal amount of soil (<1 cm) was removed with biocrust
removal. Treatments were applied to a 10 � 20 cm area and
then seeded with 20 seeds in late-September 2023. Seeds were
locally collected from within 20 km of the study sites. While
removing biocrusts confounds the effects of the disturbance
with the effects of biocrusts, other options to eliminate the influ-
ence of biocrust, such as trampling (Hernandez & Sand-
quist 2011), have similar issues or are unlikely to be relevant
to restoration scenarios, such as biocrust sterilized or fumiga-
tion. Seeds were gently pushed into the surface material (either
soil or biocrust) to prevent movement after seeding. Landscap-
ing nails and GPS coordinates were used to mark treatment
plots.

In late June of 2024, seedling density, height, and number of
leaves per seedling were measured in all treatment plots. Seed-
ling density was determined by counting all seedlings rooted
in each 10 � 20 cm treatment plot. Seedlings were considered
established if they survived until late June. Height and number

of leaves per seedling were measured on all seedlings in each
treatment plot.

Statistical Analyses

We analyzed seedling density, seedling height, and number of
leaves per seedling data usingmixedmodel ANOVAs (SAS ver-
sion 9.4). We analyzed the response of squirreltail and blue-
bunch wheatgrass individually because bunchgrass species can
respond differently to microhabitats (Davies et al. 2007). Data
from the ten 10 � 20 cm plots for each treatment for each
bunchgrass species in a block were summed together and con-
sidered one replication (i.e., one treatment replication per spe-
cies per block). For hypothesis 1, biocrust effects on seedlings
were investigated by comparing no removal of biocrusts and
biocrusts removed on the north side under sagebrush canopy
microhabitat. Treatment was no removal or biocrusts removed.
For hypothesis 2, the effects on seedlings of being under the
sagebrush canopy (north side) were compared to being in
the interspace between canopies in microhabitats without bio-
crust removal. Microhabitat was considered the treatment in
these analyses. For hypothesis 3, the effect of the directional side
of sagebrush canopy was investigated by comparing biocrusts
removed on the north and south sides under canopy treatments.
The directional side of the sagebrush canopy was considered the
treatment in these analyses. The explanatory variables in
the mixed models were treatment, block, and block by treatment
interaction. Treatment was considered a fixed variable in all ana-
lyses. Separate models were run for each hypothesis. Block and
block by treatment interaction were treated as random variables
in the models. When assumptions of ANOVAs were violated,
data were either log or square-root transformed to better meet
assumptions. When comparing areas with and without biocrust
removal, bottlebrush squirreltail and bluebunch wheatgrass
heights did not meet assumptions of normality; therefore, squir-
reltail height was log transformed and bluebunch wheatgrass
was square-root transformed prior to analyses. When comparing
the directional side of sagebrush effects, both perennial bunch-
grasses’ seedling densities did not meet assumptions of normal-
ity; thus, they were log transformed. Non-transformed (original)
data are presented in figures and text. Treatment means were
considered different at p < 0.05 and likely different at p < 0.10
and reported with standard errors.

Results

Biocrusts impeded the establishment of bottlebrush squirreltail
(F[1,3] = 12.78, p = 0.037) and likely impeded the establish-
ment of bluebunch wheatgrass seedlings (F[1,3] = 5.70,
p = 0.097) from seed (Fig. 1). Density of squirreltail and blue-
bunch wheatgrass seedlings was 2.0- and 1.6-fold greater in
areas where biocrusts had been removed, respectively. We did
not find evidence that biocrusts influenced the growth of seed-
lings as the height of squirreltail and bluebunch wheatgrass
seedlings did not differ between no biocrust removal areas and
areas with biocrusts removed (Fig. 1; F[1,3] = 2.65, p = 0.202
and F[1,3] = 0.37, p = 0.584, respectively). The number of
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leaves per seedling of squirreltail and bluebunch wheatgrass was
also similar between biocrusts removed and no biocrust
removed areas (Fig. 1; F[1,3] = 3.83, p = 0.145 and
F[1,3] = 0.00, p = 0.949, respectively).

Microhabitat (canopy and interspace) influenced bluebunch
wheatgrass and squirreltail seedling establishment (Fig. 2;
F[1,3] = 22.42, p = 0.018 and F[1,3] = 16.22, p = 0.028, respec-
tively). Squirreltail and bluebunch wheatgrass seedling establish-
ment were 9.0- and 4.0-fold greater under sagebrush canopies
than in interspaces, respectively. Squirreltail seeding height was
2.8-fold greater in canopy compared to interspace microsites
(Fig. 2; F[1,3] = 27.52, p = 0.014). Though the average height of
bluebunch wheatgrass seedlings was 1.9-fold greater in canopy
compared to interspace microsites, we did not find evidence that
seedling height differed between microhabitats (Fig. 2;
F[1,3] = 3.37, p = 0.164). Leaves per squirreltail seedling were
2.3-fold greater in interspace compared to canopy microsites
(Fig. 2; F[1,3] = 22.98, p = 0.018). We did not find evidence that
the number of leaves per bluebunch wheatgrass seedling differed
between microsites (Fig. 2; F[1,3] = 3.67, p = 0.151).

Directional side of the sagebrush canopy did not influence blue-
bunch wheatgrass seedling densities (Fig. 3; F[1,3] = 0.00,
p = 0.974). In contrast, the density of squirreltail seedlings was
3.1-fold greater under the north side compared to the south side
of the canopy (Fig. 3; F[1,3] = 10.36, p = 0.049). Seedling height
of bluebunch wheatgrass did not differ between the north and south
sides (Fig. 3; F[1,3] = 0.08, p = 0.797). Similar to seedling density,
squirreltail seedling height was 2.7-fold greater under the north side
compared to the south side of the canopy (Fig. 3; F1,3 = 23.97,
p = 0.016). The number of leaves on bluebunch wheatgrass and
squirreltail seedlings did not differ between the north and south
sides of the canopy (Fig. 3; F[1,3] = 0.53, p = 0.518 and
F[1,3] = 0.01, p = 0.913, respectively).

Discussion

The response to microhabitats varied by bunchgrass species,
suggesting that microhabitats likely contribute to plant commu-
nity diversity and the development of heterogeneous patterns of
vegetation cover and density, which has been measured within

Figure 1. Seedling density, seedling height, and number of leaves per seedling (mean + SE) of bluebunch wheatgrass and bottlebrush squirreltail seeded in areas
with no biological soil crusts (biocrusts) removal and biocrusts removed under the north side of sagebrush canopies.
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sagebrush-bunchgrass plant communities (e.g., Charley &
West 1977; Davies et al. 2007, 2023). Biocrusts also influenced
bunchgrass establishment from seed, which probably also
affected the spatial patterns of vegetation in sagebrush commu-
nities. Our study was limited because it was only conducted in
one year and one area of the sagebrush ecosystem; thus, effects
may vary with different years and site characteristics. Under-
standing the effects of microhabitats and biocrusts on herba-
ceous vegetation is needed for effective land management and
restoration.

Biocrusts appear to be a barrier to the establishment of native
bunchgrasses in Wyoming big sagebrush plant communities.
However, our study is limited to one area and a single year
and thus, biocrusts may influence bunchgrasses differently in
other years or sites. Biocrust effects on plants vary by biocrust
composition, ecological context, and plant traits (Condon &
Pyke 2018; Havrilla et al. 2019). In our study, bottlebrush squir-
reltail and bluebunch wheatgrass seedling establishment was
greater when biocrusts were removed. Biocrusts likely impede
establishment because they act as a physical barrier to seedling

root penetration into the soil. In a common garden study, seed-
lings often appeared in cracks in biocrusts, which would allow
seedlings to bypass the physical barrier imposed by biocrusts
(Langhans et al. 2009). Once seedling roots penetrated through
the biocrusts, there appeared to not be any negative effects as
seedlings were of similar size with and without biocrust
removal. The lack of an effect of biocrusts on seedling growth
further supports that the negative effects of biocrusts on seedling
establishment were likely the result of them acting as a physical
barrier.

Biocrusts likely influence natural recruitment as well as
recruitment from broadcast seeding efforts. Biocrusts may limit
recruitment from seed rain since they act as a barrier between the
seed and soil, thus expectations of natural recovery of bunch-
grasses should be tempered in areas with high biocrust cover.
In areas with high biocrust cover, there is likely a tradeoff with
perennial herbaceous vegetation. This is probably similar to
the negative relationship between invasive annual grasses and
biocrusts (Deines et al. 2007; Hernandez & Sandquist 2011;
Peterson 2013). Our conclusion that biocrusts may limit

Figure 2. Seedling density, seedling height, and number of leaves per seedling (mean + SE) of bluebunchwheatgrass and bottlebrush squirreltail seeded in under
sagebrush canopies (canopy) and between sagebrush canopies (interspace) microhabitats with no biocrusts removal.
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bunchgrass recruitment would seem to be contradicting findings
from an observational study from the Great Basin where there
was a correlation between greater biocrust cover, especially
moss cover, and greater native bunchgrass cover (Condon &
Pyke 2018). Differences between our study and Condon and
Pyke (2018) may have been from our experimental study being
limited to a few sites in the northern Great Basin and examining
two bunchgrass species, while Condon and Pyke (2018) obser-
vational study was across the Great Basin and examined peren-
nial grasses as a single group. Clearly, relationships between
perennial grasses and biocrusts are more complicated than just
the direct effects of biocrusts on recruitment from seed. Restora-
tion success using broadcast seeding may also be limited in areas
with high biocrust cover because seeds would likely be distrib-
uted on top of biocrusts. The benefit of having high biocrust
cover to limit invasive annual grasses (Deines et al. 2007; Her-
nandez & Sandquist 2011; Peterson 2013) probably offsets the
need for immediate restoration. Already low success with broad-
cast seeding in Wyoming big sagebrush communities (Svejcar
et al. 2023b) further suggests broadcast seeding may not be an

effective restoration strategy in areas with high biocrust cover.
Therefore, it may be advantageous to prioritize restoration of
areas with low biocrust cover when using broadcast seeding.

Establishment and growth of bunchgrass seedlings from seed
were generally influenced by microhabitat (canopy
vs. interspace). The canopy microhabitat was more favorable
for the establishment of bluebunch wheatgrass and bottlebrush
squirreltail than the interspace microhabitat. Partially in agree-
ment with our results, squirreltail, but not bluebunch wheat-
grass, abundance was greater in the canopy compared to the
interspace in intact Wyoming big sagebrush communities
(Davies et al. 2007). Competition, particularly with other
grasses, in the canopy microhabitat may be the reason why, even
though bluebunch wheatgrass had high establishment from seed
in our study, Davies et al. (2007) did not find bluebunch wheat-
grass to be more abundant in canopy microhabitats. The influ-
ence of the canopy microhabitat on seedling growth was less
clear. Squirreltail seedlings were taller but had fewer leaves
per seedling in the canopy compared to the interspace microhab-
itat. This pattern was similar for bluebunch wheatgrass seedling

Figure 3. Seedling density, seedling height, and number of leaves per seedling (mean + SE) of bluebunch wheatgrass and bottlebrush squirreltail seeded under
the north side and south side of sagebrush canopies with biocrusts removed.
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height and leaves per seedling. Though the effects of canopy
compared to interspace were inverse for height and leaves, we
still consider growth greater in the canopy locations because of
the substantial seedling height differences. However, plants
growing in shade are often taller, possibly because they are light
limited (Allard et al. 1991; Krieger et al. 2022). Under sagebrush
canopies are probably a more favorable environment for seed-
ling establishment and growth than interspaces because of medi-
ated temperature extremes (Davies et al. 2007; Chambers 2001),
reduced solar incident radiation (Moro et al. 1997), greater soil
water availability (Davies et al. 2007), reduced evapotranspira-
tion, and greater soil nutrient concentrations (Charley &
West 1977; Doescher et al. 1984).

Directional side of canopy microhabitats likely influences the
establishment and growth of some herbaceous species. Density of
bottlebrush squirreltail seedlings was 300% greater under the north
compared to the south side canopy microhabitat. Similarly, squir-
reltail seedlings were 270% taller under the north compared to the
south side. In contrast, bluebunch wheatgrass seedling establish-
ment and growth were similar between canopy directional sides.
Hence, north compared to south side microhabitats may be favor-
able for certain herbaceous species or functional groups, but not
for others. Further supporting that the directional side of sagebrush
canopies influences the establishment and growth of herbaceous
vegetation, annual forb and annual grass abundance differed
between north and south side canopy microhabitats in sagebrush
plant communities near our current study area (Davies
et al. 2023). The species-specific response to the directional side
of the canopy suggests that sagebrush is likely critical to promoting
plant community diversity. Bymodifyingmicrohabitats, sagebrush
creates unique niches in a plant community, which in turn favors
different species and functional groups leading to more diverse
plant communities.

Clearly, sagebrush plants create important microhabitats
that generally favor the establishment and growth of peren-
nial bunchgrasses from seed, as seen in our current study, as
well as potentially limit large herbivore defoliation (France
et al. 2008). This is similar to other research that has sug-
gested that under sagebrush canopies promote the establish-
ment and growth of other plant species (Pierson &
Wight 1991; Callaway et al. 1996; Davies et al. 2022b).
Favoring the establishment and growth of bunchgrasses is
important because bunchgrasses are critical to promoting
resistance to annual grass invasion (Chambers et al. 2007;
Davies 2008; Davies & Johnson 2017) and preventing the
development of an annual grass-fire cycle that is detrimental
to native plants (D’Antonio & Vitousek 1992; Crist
et al. 2023). The directional side of a sagebrush canopy can
also influence the establishment and growth of some bunch-
grass species from seed and is likely vital to their persistence
in some sagebrush communities. The effects of sagebrush on
seedling establishment and growth likely vary across the
sagebrush ecosystem and among years because the strength
of the effects of sagebrush on under-canopy vegetation varies
with precipitation and soil characteristics (Swanson
et al. 2021). Sagebrush appears to be important to the long-
term persistence and restoration of diverse herbaceous

understory plant communities. This suggests maintaining a
sagebrush overstory in sagebrush-bunchgrass communities
is crucial, as well as restoring sagebrush after it has been lost
in disturbances such as wildfires.

Native perennial bunchgrass establishment and growth
from seed within sagebrush communities were influenced
by biocrusts and microhabitats created by sagebrush plants.
This has important ramifications for the persistence and resto-
ration of the herbaceous understory in sagebrush and other
shrubland communities. Though biocrusts are important for
limiting invasive annual grasses (Deines et al. 2007; Hernan-
dez & Sandquist 2011; Peterson 2013), they also limited
native perennial bunchgrass establishment from seed in our
current study. Therefore, restoration practices (e.g., drill
seeding) that disturb biocrusts to improve seed-soil contact
will likely need to be weighed against the risk of promoting
invasive annual grasses. Though we did not observe any
increases in annual grasses with disturbing biocrusts in our
study, we expect that if the disturbance was at a large scale
and with additional time following disturbance, annual
grasses would have likely increased in abundance. Areas with
high biocrust cover may also be a lower priority for restora-
tion of perennial herbaceous vegetation than areas where bio-
crust cover is unlikely to substantially limit establishment
from seed. Perennial bunchgrass establishment and growth
from seed is substantially greater under sagebrush canopies,
suggesting the importance of maintaining intact communities
and restoring sagebrush in burned areas. Sagebrush is proba-
bly particularly important for the persistence and restoration
of perennial herbaceous species that may not be as competi-
tive as other species when exposed to hotter and drier micro-
habitats. Though more research is needed, our results suggest
that areas with sagebrush still occupying the community and
areas where sagebrush has been recently lost (Boyd &
Davies 2010, 2012a) may be more likely to be successfully
restored with seed-based restoration efforts than areas where
sagebrush has been absent for extended time periods. Our
results provide evidence that shrubs and biocrusts likely have
substantial influence on herbaceous vegetation establishment
from seed and spatial vegetation patterns in drylands, though
additional studies are warranted because of the broad range of
ecological conditions across the sagebrush ecosystem and
varying biocrust composition could influence responses.
Regardless, the potential effects of shrubs and biocrusts on
seedling establishment and growth should be considered in
management and restoration plans.
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