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Abstract. Understanding the drivers of ecosystem responses to disturbance is essential for management
aimed at maintaining or restoring ecosystem processes and services, especially where invasive species
respond strongly to disturbance. In this study, we used repeat vegetation surveys from a network of
prescribed fire treatments at the woodland–shrubland interface in the Shoshone Mountains, Nevada, USA,
to investigate post-fire responses of the understory plant community. First, we characterized post-fire com-
munity trajectories for sites located along an elevational gradient, hypothesizing a positive relationship
between elevation and resistance to invasion. Unburned understory communities and their responses to
disturbance differed along the gradient. As hypothesized, lower elevations experienced greater species
turnover and higher invasive annual grass (Bromus tectorum) cover after fire. Second, we characterized
post-fire plant community trajectories for sites with varying levels of pre-fire pinyon and juniper cover,
hypothesizing that pre-fire tree dominance and associated reductions in perennial understory species lead
to less predictable post-fire trajectories. Among sites with low-to-moderate tree cover, burning largely
eliminated differences in understory composition, suggesting that biotic legacies were sufficient to result in
predictable trajectories. In contrast, sites with high pre-fire tree cover transitioned into an annual forb-
dominated community with sparse vegetation cover, suggesting that the loss of the understory community
initiated unpredictable and divergent post-fire trajectories. Because plant communities were still changing
four years after fire, it is unclear whether the alternate trajectories in sites with high tree cover will result in
the formation of alternate states, or whether community composition will eventually converge with other
sites at the same elevation. Results indicate that careful evaluation of site characteristics can be used to
predict treatment outcomes at the woodland–shrubland interface, and to guide the appropriate use of
prescribed fire or other management practices.
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INTRODUCTION

Understanding the drivers of ecosystem
responses to disturbance is essential for manage-
ment aimed at maintaining or restoring ecosys-
tem processes and services (Seastedt et al. 2008),

particularly when disturbances are used as a
management tool (Wisdom and Chambers 2009).
The memory of past ecological states often inter-
acts with abiotic filters to shape plant community
responses to disturbance (Padisak 1992, John-
stone et al. 2016). Abiotic conditions constrain
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post-disturbance plant community assembly by
imposing filters on resource availability and spe-
cies pools (Pickett et al. 2009), and topographic
gradients of moisture and temperature have been
shown to drive post-disturbance vegetation
trajectories in deserts (Shryock et al. 2015),
savannas (Smit et al. 2010), coastal heathlands
(Vandvik et al. 2005), bogs (Benscoter and Vitt
2008), and subalpine and montane forests (Dyne-
sius et al. 2009, Coop et al. 2010). However, dif-
ferences in pre-disturbance biotic conditions can
imprint long-lasting legacies of post-disturbance
structure and function (Franklin 2000), initiating
alternate and non-convergent trajectories even
among communities with identical abiotic envi-
ronments (Gunderson 2000).

Biotic legacies that persist within a disturbed
area, such as surviving organisms, propagules,
and residual structures, promote the stability of
the pre-disturbance plant community (Franklin
et al. 2000, Johnstone et al. 2016) and influence
initial successional patterns (Turner et al. 1998,
Bengtsson et al. 2003). Conversely, a weak eco-
logical memory is generated where few biotic
legacies persist through a disturbance, increasing
the importance of stochastic dispersal-assembly
processes (Myers and Harms 2009) and leading
to alternate trajectories of community composi-
tion (Gunderson 2000). While biotic legacies
comprising ecological memory (or lack thereof)
have been credited with driving post-disturbance
trajectories in many temperate forest (Seidl et al.
2014, Kemp et al. 2016, Urza and Sibold 2017)
and wetland (Matthews and Endress 2010) plant
communities, these concepts have been rarely
applied to dryland ecosystems.

Plant invasions can influence the loss of biotic
legacy and weaken ecological memory. Invasives
that alter the composition of the pre-disturbance
plant community may limit post-disturbance
recovery of native communities (Schaefer 2011)
and enhance their own persistence through
reinforcing feedback processes. For example,
invaders can alter disturbance regimes to favor
their own persistence at the expense of native
competitors (Brooks et al. 2004, Gaertner et al.
2014), such as through annual grass–fire cycles
(D’Antonio and Vitousek 1992).

In sagebrush ecosystems of the Intermountain
West, fire is the dominant broad-scale disturbance,
although the effects of fire vary greatly across

landscapes and among species. Many herbaceous
plant species native to sagebrush ecosystems exhi-
bit adaptations to fire, such as root sprouting or
seed banking (Everett and Ward 1984, Koniak
1985, Miller et al. 2013). However, the dominant
shrub species (Artemisia species, or sagebrush) lack
re-sprouting capabilities, have poor dispersal abil-
ity (Young and Evans 1989), and often recover
slowly after fire (Baker 2006, Lesica et al. 2007,
Miller et al. 2013). Bromus tectorum (cheatgrass), a
fire-adapted exotic annual grass species, has
invaded vast portions of the Intermountain West,
resulting in transformations of entire landscapes to
annual grass dominance and altering the ecology
of sagebrush ecosystems and their responses to
fire (Balch et al. 2013, Germino et al. 2016). While
many land-use practices facilitate B. tectorum inva-
sion, it is mainly fire disturbance that ultimately
leads to B. tectorum dominance (Pyke et al. 2016).
In sagebrush ecosystems, elevational gradients of
soil temperature and moisture directly affect the
pre- and post-fire environment, influencing plant
community trajectories (Davies et al. 2012) and
the probability of annual grass invasion (Cham-
bers et al. 2014a, b, 2016). After fire, warm and dry
(low-elevation) sites have lower resistance to inva-
sion by B. tectorum (Chambers et al. 2007, Condon
et al. 2011, Taylor et al. 2014), slower recovery of
sagebrush (Baker 2006), and lower rates of peren-
nial herbaceous recruitment (Chambers et al.
2014b, 2016). Consequently, low-elevation sites are
less resilient to fire (Chambers et al. 2014a).
In sagebrush ecosystems, native perennial

herbaceous vegetation that persists after fire repre-
sents an important biotic legacy that promotes
ecosystem resilience to disturbance (Chambers
et al. 2014a, b). The progressive loss of fire-
adapted, perennial herbaceous vegetation has been
pervasive and is widely attributed to two, often
interrelated processes: poor livestock management
and expansion or infilling of woodlands. Pinyon–
juniper woodland expansion and infilling in the
western United States results from multiple inter-
acting causes (Romme et al. 2009), including
climate change (Miller andWigand 1994), recovery
from settlement-era tree harvesting that was asso-
ciated with regional-scale production of charcoal
for the mining industry (Young and Budy 1979,
Ko et al. 2011, Lanner and Frazier 2011), slow
reforestation following extensive 19th-century
wildfires (e.g., Bauer and Weisberg 2009), poor
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livestock management (Cottam and Stewart
1940, Miller and Wigand 1994), and fire exclu-
sion (Miller and Rose 1999). Regardless of the
underlying causes, increased tree cover often
results in the loss of both sagebrush and associ-
ated native perennial herbaceous species from
the understory (Roundy et al. 2014a), reducing
regeneration from residual plants (Chambers
et al. 2014b, Roundy et al. 2014a) and altering the
composition of the soil seed bank (Allen and
Nowak 2008, Bates et al. 2014b).

Cumulatively, these effects can reduce the
ecological memory of native understory plant
communities after fire. Sites with depleted under-
stories, such as those with high pre-fire tree domi-
nance, are expected to have post-fire trajectories
that differ from sites previously dominated by
shrubs and grasses. The result is often delayed
recovery of native perennial understory vegeta-
tion (Condon et al. 2011, Roundy et al. 2014a),
but the implications of delayed recovery are
unclear. The empty ecological niche produced by
the absence of perennial herbaceous vegetation,
coupled with a release of soil resources (Rau et al.
2007, 2014, Roundy et al. 2014b), can facilitate
post-fire invasion of annual grasses and forbs in
climatically suitable areas (Bates et al. 2014a, b,
Chambers et al. 2014b, Roundy et al. 2014a). Some
have suggested that there is a threshold of pre-fire
tree dominance beyond which the pre-fire plant
community is unlikely to recover, and will instead
enter an alternate state dominated by opportunis-
tic natives or annual plants (Miller et al. 2005,
2013, Bates et al. 2014b, Roundy et al. 2014a).

Here, we used an experimental network of
prescribed fire treatments in a Great Basin ecosys-
tem co-dominated by sagebrush and pinyon and
juniper to characterize understory community
responses to fire for four years post-fire. Manage-
ment efforts in the region are targeted at reducing
tree cover to maintain shrub- and grass-dominated
habitats and conserve sagebrush obligate species
(Miller et al. 2013). Prescribed fire is one tool to
achieve tree reduction objectives. The experimen-
tal design included replicate pairs of burned and
control plots arranged along gradients of elevation
and pre-fire tree cover, while controlling for poten-
tially confounding factors such as topography, soil
type, time period, and post-fire management. We
used repeated measures of species composition
and aerial cover to describe multivariate plant

community trajectories and trends for key species
and functional groups across abiotic and biotic
gradients. We had two primary objectives. First,
we characterized post-fire plant community trajec-
tories for sites distributed along an elevational
gradient to assess whether community responses
to fire varied among ecological site types. We
hypothesized that community trajectories would
be similar among sites with similar abiotic condi-
tions and that the low-elevation sites would exhi-
bit the greatest turnover in species composition
after burning. Second, we characterized post-fire
plant community trajectories for mid-elevation
sites with varying levels of pre-fire pinyon and
juniper cover to assess whether pre-fire tree domi-
nance influenced post-fire community structure.
We hypothesized that sites with high pre-fire tree
cover would experience greater compositional
changes and higher variability among post-fire
communities, due to heightened stochasticity
where ecological memory was weakened by a
reduced presence of perennial understory species
before burning.

METHODS

Study area
The study was located in Underdown Canyon,

in the Shoshone Mountains in Nye and Lander
Counties, Nevada, USA. The climate of Under-
down Canyon is typical of the Great Basin high
desert and is characterized by cold winters and
warm summers. Average annual precipitation in
Underdown Canyon is 23 cm at the lower eleva-
tions and 50 cm at the upper elevations (Board
et al. 2011) and typically experiences two peaks:
one in January, in the form of snow, and another
in May, in the form of rain (PRISM Climate
Group 2016). The geology is dominated by
welded and non-welded volcanic tuff, and soils
are classified as coarse loamy mixed frigid typic
haploxerolls (Rau et al. 2005). Tree assemblages
in unburned portions of Underdown Canyon are
dominated by single-leaf pinyon (Pinus mono-
phylla), with lower abundance of Utah juniper
(Juniperus osteosperma).

Study design and sampling
Underdown Canyon is a Joint Fire Sciences

Program Demonstration Area and contains a net-
work of experimental prescribed fire treatments.
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The study utilized a before/after control/impact
design, with three pairs of adjacent alluvial fans
arranged along an elevational gradient (2073,
2225, and 2347 m) on a north-facing slope within
the same watershed. One fan within each pair
was burned (impact) by the USDA Forest Service
in the spring of 2002, and the other remained
unburned (control). Prior to burning, the mid-
elevation fans were stratified into polygons repre-
senting tree cover categories: low (12% mean
cover), moderate (38% mean cover), and high
(74% mean cover; Reiner 2004). Only the mid-ele-
vation alluvial fans contained sufficient variability
in tree cover to include all three categories, and
the low- and high-elevation fans included only
the moderate tree cover category. Livestock were
excluded for the duration of the study. Weather
was variable over the study period, with years of
drought and years of above-average precipitation.

Three sampling plots approximately 0.1 ha in
size were located in each combination of control/
burned, elevation group, and tree cover category,
for a total of 30 plots (Appendix S1: Fig. S1). Data
on understory species composition and cover
were collected before burning in 2001 and after
burning in 2003, 2004, and 2006 in quadrats sys-
tematically located along transect lines that were
randomly stratified within plots. The 2001 data
collection measured two diameters for all herba-
ceous species and shrubs within 50, 2-m2 quad-
rats in each plot, which were then converted to
percentage of area sampled to obtain aerial cover
(Reiner 2004). In 2003, 2004, and 2006, 25–30,
0.25-m2 quadrats were used to measure herba-
ceous cover in each plot; aerial cover was esti-
mated by species using 13 cover categories
(Daubenmire 1959), and the mid-point of each
cover category was chosen to represent percent
cover in each quadrat (Appendix S1: Table S1). In
2003, 2004, and 2006, shrub diameters (longest
and perpendicular) and height were measured
for all individuals in 15–30, 2-m2 quadrats in
each plot, and aerial cover was derived by con-
verting to percentage of area sampled. No shrub
data were collected on control plots in 2006.

Data analyses
Community types.—We identified distinct under-

story plant community types through a cluster
analysis of species cover data for all plots across
all years. We used the Bray–Curtis distance

measure with Ward’s hierarchical agglomerative
method with the vegdist function in the “vegan”
package (version 1.7.5) and the hclust function in
the R base package version 3.1.2 (R Core Team
2015). Community types were characterized with
an indicator species analysis using the “vegan”
package, where the appropriate number of groups
was identified by maximizing the number of sta-
tistically significant indicator species (Dufrene
and Legendre 1997).
Community trajectories.—To compare multivari-

ate patterns of community composition between
plots, we performed non-metric multidimensional
scaling (NMS) ordinations of species cover data
for all plots across all years. NMS is an uncon-
strained ordination technique that uses rank order
correlations to iteratively model observed ecologi-
cal distances from a site dissimilarity matrix. Non-
metric multidimensional scaling allows for non-
parametric relationships, avoiding the assumption
of linear or unimodal responses to environmental
gradients, and so is well suited to non-normal or
discontinuous species cover data (McCune and
Grace 2002).
Percent cover was averaged by species within

each plot. Unknown species and rare species
(observed only once) were removed to reduce
spurious influences on the ordination, and simi-
lar species with identification uncertainty were
grouped by genus. For example, although multi-
ple Artemisia species are known to exist at this
site, they are difficult to distinguish in the
seedling stage, so we combined these species for
analysis. Wisconsin double standardization,
which standardizes across both species and sites,
was applied prior to ordination (Bray and Curtis
1957). We used Bray–Curtis distance metrics in
the metaMDS function in the “vegan” package
version 2.3-1 (Oksanen et al. 2015), which runs
the NMS multiple times with random starting
configurations to avoid convergence at local
minima. In the ordination figures, interannual
variability within all unburned (control) plots
was shown using ellipses. Fire-induced shifts in
species composition within burned plots were
represented using arrows connecting each plot
through time, as the Bray–Curtis distance metric
is representative of beta diversity, or species
turnover between sites (Ellingsen 2001).
Variability in community composition.—To assess

the variability in community composition in
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burned plots over time, we calculated Bray–
Curtis dissimilarity metrics among plots within
site groupings. We calculated dissimilarity
among plots for each elevation and tree cover
group for each year of the study. Additionally,
we calculated dissimilarity for each of the com-
munity types identified from the cluster analysis.

Functional group cover.—Species were aggre-
gated into six functional groups, which repre-
sented >99% of the total cover observed: perennial
graminoids, annual graminoids, perennial forbs,
annual forbs, non-sprouting perennial shrubs, and
sprouting perennial shrubs. Percent cover was
summed by functional group within each sam-
pling quadrat, then averaged within each plot. We
used the “lm” function in R to model functional
group and total cover (log-transformed). Because
the gradients of elevation and tree cover were not
fully crossed in the experiment (i.e., only mid-ele-
vation plots span a gradient of tree cover, and vice
versa; Appendix S1: Fig. S1), we analyzed the
effects of elevation and tree cover in separate
models: Only moderate tree cover plots were used

to analyze the effect of elevation, and only mid-
elevation plots were used to analyze the effect of
tree cover. Control/burned (“Burn”), year, and
treatment group (either elevation or tree cover),
and all possible interactions were included as pre-
dictors in both models. As interactions between
factors resulted in a large number of effect size
estimates, we report only type 2 ANOVA statis-
tics. We used a standard Bonferroni correction to
adjust for multiple comparisons: Based on 14
hypothesis tests and a desired significance level of
0.05, our critical alpha level was 0.004.

RESULTS

Understory plant community types
Eight major plant community types were identi-

fied from the cluster analysis, using species com-
position data from all plots (Table 1; Appendix S1:
Fig. S2). Four community types were comprised
of unburned plots (pre-fire or controls), and four
were comprised of burned plots (Appendix S1:
Table S2). The four unburned community types

Table 1. Indicator species and dominant species for each community type.

Community type Indicator understory species (indicator score) Dominant understory species (mean % cover)

Big sagebrush/fescue
shrubland

Festuca idahoensis (77), Artemisia (75), Eriogonum
umbellatum (53), Koeleria macrantha (51)

Artemisia (21), Festuca idahoensis (6),
Chrysothamnus viscidiflorus (2), Lupinus
argenteus (2), Symphoricarpos oreophilus (2),
Elymus elymoides (1)

Big sagebrush/bluegrass
shrubland

Poa secunda (71) Poa secunda (6), Artemisia (4), Lupinus argenteus
(2), Eriogonum microthecum (<1), Chrysothamnus
viscidiflorus (<1), Arenaria aculeata (<1)

Sparse perennial
understory

Ephedra viridis (58) Poa secunda (1), Elymus elymoides (1), Artemisia
(1), Ephedra viridis (<1), Lupinus argenteus (<1),
Symphoricarpos oreophilus (<1)

Big sagebrush-dominated Astragalus purshii (59) Artemisia (10), Poa secunda (1), Lupinus argenteus
(1), Chrysothamnus viscidiflorus (1), Eriogonum
elatum (1), Elymus elymoides (1)

Diverse mountain
shrubland

Penstemon watsonii (90), Symphoricarpos
oreophilus (85), Phlox hoodii (71), Silene douglasii
(67), Achnatherum hymenoides (66),Mentzelia
albicaulis (65), Antennaria rosea (63), Carex (60)

Symphoricarpos oreophilus (11), Lupinus argenteus
(6), Festuca idahoensis (3), Chrysothamnus
viscidiflorus (3), Phlox hoodii (2), Leymus
cinereus (1)

Native perennial forbs
and grasses

Agoseris glauca (69), Arenaria aculeata (60),
Pseudoroegneria spicata (57), Gayophytum
racemosum (45)

Lupinus argenteus (4), Chrysothamnus viscidiflorus
(1), Collinsia parviflora (1), Poa secunda (1),
Eriogonum elatum (1), Eriogonum microthecum (1)

Invaded forbs and
grasses

Bromus tectorum (95), Arenaria kingii (85), Arabis
sparsiflora (81), Phlox longifolia (80),
Chrysothamnus viscidiflorus (69), Eriastrum
wilcoxii (69), Eriogonum elatum (66), Lappula
occidentalis (63)

Chrysothamnus viscidiflorus (7), Lupinus argenteus
(3), Bromus tectorum (2), Eriogonum elatum (2),
Elymus elymoides (1), Poa secunda (1)

Sparse annual forbs Microsteris gracilis (82), Collinsia parviflora (66),
Astragalus oophorus (66), Lactuca serriola (59),
Descurainia pinnata (58)

Collinsia parviflora (1), Symphoricarpos oreophilus
(1),Microsteris gracilis (1), Elymus elymoides (1),
Mentzelia albicaulis (<1), Eriogonum elatum (<1)

Notes: Only significant indicator species (P < 0.05) are listed (up to eight per group). Top six dominant understory species
are listed (based on mean % cover).
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were (with abbreviated names) big sagebrush/
fescue shrubland (sagebrush/fescue), big sagebrush/
bluegrass shrubland (sagebrush/bluegrass), sparse
perennial understory (sparse perennials), and big
sagebrush-dominated (big sagebrush). The four
burned community types were diverse mountain
shrubland (diverse shrubland), native peren-
nial forbs and grasses (native perennials), invaded
forbs and grasses (invaded), and sparse annual
forbs (sparse annuals). Plots with the same combi-
nation of site conditions (burned/unburned, eleva-
tion, and pre-fire tree cover) generally pertained to
a single plant community type, suggesting low
variability in species composition among replicate
plots.

The eight identified plant community types
corresponded to different regions in the NMS
ordination of species composition for all plots
(Fig. 1). The NMS analysis showed that variation
in species composition was best explained along
two axes (105 sites, 92 species; final stress = 0.24;

Appendix S1: Table S3). Axis 1 separated unburned
from burned community types along a gradient of
disturbance. Plots at the high end of Axis 1 had
high annual forb cover (r = 0.98, P = 0.001), low
non-sprouting shrub (Artemisia) cover (r = �0.87,
P = 0.001), and low perennial graminoid cover
(r = �0.78, P = 0.001). Axis 2 was related to a gra-
dient of total vegetation cover. All functional
groups were negatively correlated with Axis 2, and
plots at the high end of the axis had low sprouting
shrub cover (r = �0.98, P = 0.001), low perennial
forb cover (r = �0.98, P = 0.001), and relatively
sparse cover in all other functional groups.

Understory plant community composition along
an elevational gradient
Unburned plots.—Species composition within

the unburned plots (with moderate pre-fire tree
cover) was well stratified by elevation, with each
elevation group corresponding to a different
plant community type (Table 1; Appendix S1:
Table S4). The low-elevation plots corresponded
to the “big sagebrush/bluegrass shrubland” com-
munity type, characterized by high cover of Poa
secunda, Artemisia, and Lupinus argenteus. Mid-
elevation plots were classified as “big sagebrush-
dominated” understory communities, with Arte-
misia comprising the majority of vegetation cover
with a minor component of sprouting shrubs.
High-elevation plots were characterized as “big
sagebrush/fescue shrubland” communities, with
high cover of Artemisia and Festuca idahoensis,
and an abundance of sprouting mountain shrubs
such as Chrysothamnus viscidiflorus and Symphori-
carpos oreophilus. All unburned plots shared sev-
eral common species: Artemisia, C. viscidiflorus,
Elymus elymoides, P. secunda, L. argenteus, Phlox
hoodii, and Arabis holboellii. Among unburned
plots at different elevations, the composition of
the low-elevation plots was most distinctive,
while the mid- and high-elevation plots had
some overlap in NMS ordination space (ellipses
in Fig. 2). Among-plot dissimilarity (Fig. 3a) and
total understory cover (Appendix S1: Fig. S3)
were positively related to elevation, and both
were substantially greater at the highest elevation.
Community trajectories after burning.—After the

burn treatment, all plots showed substantial
turnover in species composition (trajectory
arrows in Fig. 2). All elevation groups lost virtu-
ally all Artemisia cover as a result of burning,

Fig. 1. Understory plant community composition
for burned (triangles) and unburned (circles) plots,
based on non-metric multidimensional scaling (NMS)
ordination. Arrows indicate correlations between func-
tional group cover and site NMS scores. Arrow length
is proportional to the magnitude of the correlation.
Point colors represent plant community types identi-
fied from hierarchical cluster analysis.
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driving similar trajectories toward more positive
values along Axis 1 (Fig. 2). All elevations
showed slight increases in among-plot dissimi-
larity after burning (Fig. 3a), which persisted

through 2006. This increase was most marked for
low- and middle-elevation plots, where plots
were more similar before burning.
Low- and mid-elevation plots transitioned first

to the “native perennial forbs and grasses” com-
munity type, with high cover of L. argenteus and
several other perennial forbs and grasses as indi-
cator species (Table 1). After two years post-burn-
ing, these plots transitioned to the “invaded forbs
and grasses” community type, driven by the
increase in Bromus tectorum and sprouting shrubs
(Table 1; Appendix S1: Table S4). Both low- and
mid-elevation plots had slightly decreased total
cover of all functional groups combined in 2003
(one year after burning), followed by increases in
subsequent years (Appendix S1: Fig. S3). By 2006,
burned plots had regained pre-burn cover levels
at the mid-elevation and exceeded pre-burn levels
at the low elevation.
High-elevation plots transitioned into the

“diverse mountain shrubland” community type
after burning, characterized by high cover and
richness of perennial grasses, forbs, and sprout-
ing shrubs (Table 1; Appendix S1: Table S4).
Total cover was reduced after burning
(Appendix S1: Table S4), and control and burned
plots showed small but persistent differences in
all years (Appendix S1: Fig. S3). Overall, the
high-elevation plots experienced the least turn-
over in species composition after burning, as
seen in the relatively short trajectory arrows in
Fig. 2.

Fig. 2. Understory plant community composition of
moderate tree cover plots for burned (arrows) and con-
trol (ellipses) plots along an elevational gradient, based
on non-metric multidimensional scaling (NMS) ordi-
nation. Ellipses show the interquartile range for all
control plots in 2001, 2003, and 2004 (N = 9). Arrows
show the community trajectory of each burned plot
through time, with a distinct line type for each plot
(short-dash, long-dash, solids); arrowheads show plots
in 2006, tails show plots in 2001 (pre-burn), and inflec-
tion points show plots in 2003 and 2004.

Fig. 3. Bray–Curtis dissimilarity among plots within elevation (a) and tree cover (b) groups. Only burned plots
are included in the analysis. Data shown as mean � 1 SE. Large triangle shows year of burn treatment.
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Functional group responses to burning.—Peren-
nial graminoid cover was not significantly
affected by burning (Year 9 Burn: P = 0.022;
Table 2) and was instead driven by high interan-
nual variability in both control and burned plots
(Fig. 4a). Perennial grass cover in burn and con-
trol plots differed among elevations and was
greatest at high elevation (Year 9 Elevation:
P = 0.001; Table 2), although there was not a
consistent relationship between cover and
elevation groups. Perennial grass cover was sig-
nificantly lower for the burned plots (Burn:
P < 0.001; Table 2), but this was the case both
before and after treatment (Fig. 4a), suggesting
that the difference was not due to burning.

Annual graminoid cover showed a distinctive
burn response (Year 9 Burn: P < 0.001; Table 2),
and the trajectories of control and burned sites
diverged sharply after fire (Fig. 4b). Burned sites
had large (though highly variable) increases in
annual graminoid cover that were apparent in
the final year of sampling, whereas control sites
had no more than trace amounts in all years.
Cover was inversely related to elevation (Eleva-
tion: P < 0.001; Table 2), as the greatest increases
occurred at low elevation, and no annual grami-
noid cover was recorded at high elevation. Bro-
mus tectorum was the only annual graminoid
species recorded.

Perennial forb cover was also increased by
burning (Year 9 Burn: P = 0.002; Table 2). Con-
trol and burned plots had similar perennial forb
cover before burning in 2001, but cover increased
on the burned plots through time and was greater

than on control plots at all elevations by 2006
(Fig. 4c). This response varied by elevation, and
the low-elevation burned plots had the largest
apparent increase (Burn 9 Elevation: P = 0.002;
Table 2).
Annual forb cover had a short-term positive

response to burning (Year 9 Burn: P < 0.001;
Table 2). At all elevations, annual forb cover
peaked in 2004, though the magnitude of the
peak, and the rate of decline to pre-burn levels,
varied by elevation (Year 9 Elevation: P < 0.001;
Table 2). At low and mid-elevations, annual forb
cover began to increase in 2003 and was still ele-
vated above pre-burn levels in 2006 (Fig. 4d). The
high elevation showed a more short-lived flush of
annual forbs, with increased cover only in 2004.
Non-sprouting perennial shrub cover was

strongly negatively affected by burning (Year 9

Burn: P < 0.001; Table 2). At all elevations, cover
was reduced to trace amounts immediately after
burning, and minimal signs of recovery were
evident by 2006 (Fig. 4e). Among control plots,
there was a positive relationship between non-
sprouting shrub cover and elevation, but this
relationship was not reflected in burned plots.
Artemisia (sagebrush) species were the only
recorded non-sprouting shrubs.
Sprouting perennial shrub cover was positively

affected by burning (Year 9 Burn: P = 0.001;
Table 2), particularly at low elevation (Burn 9

Elevation: P < 0.001; Table 2). Low-elevation
burned plots had sprouting shrub cover compa-
rable to that of high elevation by 2006, despite a
strong positive relationship between cover and

Table 2. Elevation effect on understory cover by functional group.

Response

Perennial
graminoid

cover

Annual
graminoid

cover
Perennial
forb cover

Annual
forb cover

Non-sprouting
shrub cover

Sprouting
shrub cover Total cover

Predictor F (P)
Year 19.22 (<0.001) 9.67 (<0.001) 1.70 (0.179) 29.52 (<0.001) 14.39 (<0.001) 15.26 (<0.001) 21.96 (<0.001)
Burn 19.18 (<0.001) 17.86 (<0.001) 44.30 (<0.001) 199.14 (<0.001) 94.42 (<0.001) 77.60 (<0.001) 3.22 (0.080)
Elevation 41.31 (<0.001) 17.78 (<0.001) 10.86 (<0.001) 3.41 (0.041) 2.68 (0.080) 102.80 (<0.001) 59.41 (<0.001)
Year 9 Burn 3.53 (0.022) 11.42 (<0.001) 5.95 (0.002) 29.22 (<0.001) 20.55 (<0.001) 8.13 (0.001) 9.98 (<0.001)
Year 9 Elev 4.81 (0.001) 2.65 (0.027) 2.89 (0.018) 5.93 (<0.001) 0.27 (0.946) 0.59 (0.738) 3.85 (0.004)
Burn 9 Elev 0.39 (0.681) 5.58 (0.007) 6.91 (0.002) 0.81 (0.450) 0.85 (0.434) 54.75 (<0.001) 7.17 (0.0021)
Burn 9 Year

9 Elev
0.29 (0.944) 3.60 (0.005) 1.91 (0.098) 1.77 (0.125) 0.39 (0.814) 3.32 (0.019) 1.62 (0.187)

Adjusted R2 0.7153 0.6671 0.6179 0.852 0.7498 0.8963 0.7964

Notes: Only moderate tree cover plots were included in the analysis. F-value and P-value calculated from type 2 ANOVA for
a linear model predicting percent cover (log) for each functional group. All predictors are factors. Bolded where P < 0.004
(based on a Bonferroni correction for 14 tests at a desired significance value of 0.05). Burn = control (unburned) or burned.
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Fig. 4. Functional group cover for burned (red triangles) and control (black circles) plots along an elevational
gradient. Only moderate tree cover plots are shown. Data are shown as mean � 1 SE. No shrub control data
were collected in 2006. Large triangle shows year of burn treatment.
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elevation for the control sites (Fig. 4f). Post-fire
sprouting shrub cover was dominated by
C. viscidiflorus at low and mid-elevations and by
S. oreophilus (with lower amounts of C. viscidi-
florus) at high elevation.

Understory responses to burning along a gradient
of pre-burn tree cover

Unburned plots.—Mid-elevation unburned plots
were arranged along NMS Axis 2 based on tree
cover (ellipses in Fig. 5), and each tree cover
group corresponded to a different plant commu-
nity type (Table 1; Appendix S1: Table S4). Low
tree cover plots were characterized as “big sage-
brush/fescue shrubland” communities, with high
cover of Artemisia and F. idahoensis, as well as
sprouting mountain shrubs such as C. viscidi-
florus and S. oreophilus. Moderate tree cover plots
were classified as “big sagebrush-dominated”
understory communities, with Artemisia compris-
ing the majority of vegetation cover with a minor

component of sprouting shrubs. The high tree
cover plots corresponded to the “sparse peren-
nial understory” community type, characterized
by lower total cover (Appendix S1: Fig. S4), a
negligible shrub component (Appendix S1:
Table S4), and a more diverse and variable
assembly of uncommon annual forb species. The
unburned “sparse perennial understory” com-
munity type clustered with the burned commu-
nities, rather than with the other unburned
community types (Appendix S1: Fig. S2).
Among unburned plots with different levels of

pre-fire tree cover, the high tree cover plots were
the most distinct, while there was substantial
overlap between low and moderate tree covers in
NMS ordination space (ellipses in Fig. 5). High
tree cover plots were distinguished from low and
moderate plots by the absence of common peren-
nial forb species such as Eriogonum elatum and
Eriogonum umbellatum, and by the relative scarcity
of Artemisia, Agoseris glauca, and Crepis acuminata.
All unburned plots shared several common
species, including C. viscidiflorus, E. elymoides,
P. secunda, L. argenteus, and P. hoodii. Among-plot
dissimilarity (Fig. 3b) was negatively related to
tree cover and was substantially greater among
unburned plots with high tree cover.
Community trajectories.—After the burn treat-

ment, all plots experienced major changes in spe-
cies composition (trajectory arrows in Fig. 5),
and the changes were most pronounced in high
tree cover plots. Artemisia cover was largely elim-
inated after burning in all plots, driving all trajec-
tories toward more positive values along Axis 1.
The post-fire trajectories of low and moderate

tree cover plots were overlapping and indistin-
guishable (Fig. 5), and both transitioned to the
“native perennial forbs and grasses” community
type immediately after burning, with high cover
of L. argenteus and several other perennial forbs
and grasses as indicator species (Table 1). At two
years post-burning, these plots transitioned to
the “invaded forbs and grasses” community
type, driven by the arrival of B. tectorum (2.3%
mean cover) and the increased presence of
sprouting shrubs (8.2% mean cover; Table 1;
Appendix S1: Table S4). A single low tree cover
plot transitioned directly to the “invaded forbs
and grasses” community type after burning.
Both low and moderate tree cover plots had
decreased total cover one year after burning

Fig. 5. Mid-elevation understory plant community
composition for burned (arrows) and control (ellipses)
plots along a gradient of pre-burn tree cover, based on
non-metric multidimensional scaling (NMS) ordina-
tion. Ellipses show the interquartile range for all con-
trol plots in 2001, 2003, and 2004 (N = 9). Arrows
show the community trajectory of each burned plot
through time, with a distinct line type for each plot
(short-dash, long-dash, solids); arrowheads show plots
in 2006, tails show plots in 2001 (pre-burn), and inflec-
tion points show plots in 2003 and 2004.
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(Appendix S1: Fig. S4). Whereas moderate tree
cover plots regained pre-burn cover levels by
2006, total cover remained decreased at low tree
cover plots. Low and moderate tree cover plots
maintained similar among-plot dissimilarity in
all post-burn years (Fig. 3b).

High tree cover sites, in contrast, occupied
their own area in ordination space (Fig. 5), indi-
cating a distinct vegetation response with much
greater species turnover (i.e., longer trajectory
arrows) after burning. Burned high tree cover
plots corresponded to the “sparse annual forbs”
community type, a ruderal understory assem-
blage characterized by consistently low total
cover (Appendix S1: Fig. S4) and a dominant
presence of annual forbs such as Collinsia parvi-
flora, Microsteris gracilis, and Mentzelia albicaulis
(Table 1). Among-plot dissimilarity increased for
high tree cover plots after burning and was con-
tinuing to increase at the time of last sampling
(Fig. 3b).

Functional group responses to burning.—Peren-
nial graminoid cover was inversely related to
pre-burn tree cover (Tree Cover: P < 0.001;
Table 3), particularly among the control plots.
Perennial graminoid cover was not strongly
affected by burning (Year 9 Burn: P = 0.028;
Table 3), and control and burned plots had paral-
lel trajectories over time (Fig. 6a). Perennial gra-
minoid cover showed a strong signal of
interannual variability (Year: P < 0.001; Table 3),
with reduced cover in 2003, increased cover in
2004, and little to no change in 2006 (Fig. 6a).

Statistically significant differences between con-
trol and burned plots (Burn: P < 0.001; Table 3)
were present both before and after treatment and
thus cannot be inferred to result from burning.
Annual graminoid cover had a strong positive

response to burning (Year 9 Burn: P < 0.001;
Table 3) and showed a pattern of gradual
increase in burned plots in all tree cover cate-
gories (Fig. 6b). This pattern was especially evi-
dent in the low tree cover plots (Burn 9 Tree:
P < 0.001; Table 3), where mean annual grami-
noid cover doubled at each measurement. Con-
trol plots recorded no more than trace amounts
of annual graminoid cover in all years. Bromus
tectorum was the only annual graminoid species.
There was a strong inverse relationship

between perennial forb cover and pre-burn tree
cover (Tree cover: P < 0.001; Table 3; Fig. 6c).
Perennial forb cover was positively affected by
burning, and the nature of the response varied
by pre-burn tree cover (Burn 9 Year 9 Tree:
P < 0.001; Table 3). Burned plots had similar (or
slightly lower) cover than the controls before
burning. After burning, perennial forb cover was
higher than in the controls (Fig. 6c). Immediate
post-fire response was most pronounced at low
tree cover, where perennial forb cover in burned
plots was double that of the controls two years
after fire.
Annual forb cover had a short-term positive

response to burning (Year 9 Burn: P < 0.001;
Table 3). Cover was low in all control plots,
increased dramatically for two years after

Table 3. Tree cover effect on understory cover by functional group.

Response

Perennial
graminoid

cover

Annual
graminoid

cover
Perennial
forb cover

Annual
forb cover

Non-sprouting
shrub cover

Sprouting
shrub cover Total cover

Predictor F (P)
Year 10.05 (<0.001) 9.72 (<0.001) 22.23 (<0.001) 63.48 (<0.001) 19.93 (<0.001) 0.44 (0.727) 17.89 (<0.001)
Burn 14.94 (<0.001) 50.63 (<0.001) 1.00 (0.322) 310.25 (<0.001) 63.63 (<0.001) 0.34 (0.566) 3.34 (0.075)
Tree cover 15.44 (<0.001) 8.70 (<0.001) 274.69 (<0.001) 3.74 (0.031) 65.17 (<0.001) 26.48 (<0.001) 173.40 (<0.001)
Year 9 Burn 3.31 (0.028) 12.93 (<0.001) 13.87 (<0.001) 43.44 (<0.001) 28.85 (<0.001) 0.17 (0.845) 13.46 (<0.001)
Year 9 Tree 1.05 (0.408) 1.29 (0.281) 10.11 (<0.001) 1.63 (0.159) 0.99 (0.445) 0.79 (0.581) 3.02 (0.015)
Burn 9 Tree 1.33 (0.275) 8.95 (<0.001) 14.98 (<0.001) 1.04 (0.360) 13.26 (<0.001) 0.16 (0.854) 3.28 (0.047)
Burn 9 Year

9 Tree
0.95 (0.466) 1.37 (0.248) 11.38 (<0.001) 1.85 (0.109) 0.98 (0.431) 0.27 (0.898) 5.30 (0.001)

Adjusted R2 0.5221 0.6740 0.9180 0.8999 0.8461 0.404 0.8814

Notes: Only mid-elevation plots were included in the analysis. F-value and P-value calculated from type 2 ANOVA for a lin-
ear model predicting percent cover (log) for each functional group. All predictors are factors. Bolded where P < 0.004 (based on
a Bonferroni correction for 14 tests at a desired significance value of 0.05). Burn = control (unburned) or burned.
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Fig. 6. Functional group cover for burned (red triangles) and control (black circles) plots along a gradient of
pre-burn tree cover. Only mid-elevation plots are shown. Data shown as mean � 1 SE. No shrub control data
were collected in 2006. Large triangle shows year of burn treatment.
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burning, and declined toward pre-burn levels
after four years (Fig. 6d).

Non-sprouting shrub cover was negatively
affected by burning (Year 9 Burn: P < 0.001;
Table 3) and was reduced to trace amounts after
burning at all levels of pre-burn tree cover
(Fig. 6e). At low and mid-tree cover plots, non-
sprouting shrubs had only begun to recover by
2006 (2% and 5% of pre-burn cover, respectively),
and no recovery was detected in high tree cover
plots. Among unburned plots, non-sprouting
shrub cover (i.e., Artemisia species) was inversely
related to pre-burn tree cover (Burn 9 Tree:
P < 0.001; Table 3) and ranged from nearly zero
for high tree cover to approximately 25% at low
tree cover (Fig. 6e).

In our analysis, sprouting shrub cover was not
significantly affected by burning (Year 9 Burn:
P = 0.845; Table 3). However, our graph of cover
indicates an increase over time in burned plots
(Fig. 6f). Missing data for control plots in 2006
and high variability may have made the effect of
burning difficult to detect statistically. Sprouting
shrub cover varied by pre-burn tree cover (Tree
cover: P < 0.001; Table 3), and high tree cover
plots had substantially lower cover than low or
moderate tree cover plots.

DISCUSSION

The results of our study show that abiotic and
biotic gradients interact to influence short-term
plant community responses to fire and, under
some conditions, initiate alternate successional
trajectories. In particular, pre-fire vegetation struc-
ture had a pronounced effect on post-fire plant
responses, and sites with high tree cover had a
profoundly different community trajectory after
disturbance. Community composition was still
changing rapidly four years after fire, and it
remains unclear whether divergent trajectories
will result in the formation of alternate states, or
whether community composition will eventually
converge among site groupings. In dryland land-
scapes where successional processes are typically
slow (Pickett 1980), long-term studies are needed
to ascertain the existence of alternate stable states.

The widespread use of prescribed fire as a
management tool requires a thorough under-
standing of potential successional trajectories,
particularly where invasive species respond to

disturbance and can initiate nonlinear and diver-
gent pathways of plant community change
(Brooks et al. 2004, Gaertner et al. 2014). Rather
than examining vegetation responses to fire in
the context of specific functional groups or spe-
cies of interest (Young and Evans 1978, Lesica
et al. 2007, Pyke et al. 2014, Roundy et al. 2014a),
our multivariate approach considered all species
within the plant community simultaneously.
Post-fire compositional trajectories were similar
within specific ranges along biotic and abiotic
gradients (Fig. 7), suggesting that at the scale of
this study, plant community responses to fire are
more predictable than stochastic.

Post-fire community trajectories differ along
elevation gradient
Unburned sites in Underdown Canyon with

similar ecological conditions (i.e., tree cover) had
understory communities stratified along an eleva-
tional gradient, clustering into common ecological
site types. At the low elevation, the pinyon and
juniper understory community was typical of a
Wyoming big sagebrush site, characterized by
high cover of the non-sprouting shrub Artemisia
tridentata spp. wyomingensis and common peren-
nial native grass Poa secunda. The mid-elevation
understory community resembled a mountain big
sagebrush assemblage, dominated by the non-
sprouting shrub Artemisia tridentata spp. vaseyana
and common native perennial species. The high-
elevation community had a diverse mountain
brush understory, with high total cover domi-
nated by Artemisia tridentata spp. vaseyana and a
varied assemblage of sprouting shrubs, perennial
grasses, and perennial forbs.
After fire, sites at all elevations experienced

substantial change in species composition and
increased among-plot dissimilarity. Spatial hetero-
geneity of pre-fire vegetation and fire behavior
creates mosaics of surviving individuals, propag-
ules, and available resources (Pausas et al. 2004,
Johnstone and Chapin 2006, Hollingsworth et al.
2013), and stochastic processes largely determine
seed arrival (Egler 1954). All elevation groups lost
sagebrush, gained cover of perennial forbs and
sprouting shrubs, and experienced a pulse of
annual forbs. At the highest elevation, burning
led to the formation of a mountain shrub commu-
nity, with rapid recovery of sprouting shrubs and
a diverse collection of native perennial grasses
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and forbs. Burning resulted in convergent path-
ways of understory composition at low and mid-
elevations, where these sites transitioned first into
an early-seral community of perennial forbs and
grasses, then to an invaded community type with
clear increases in B. tectorum and sprouting shrub
cover. Sagebrush cover was eliminated in all plots
by burning and began to recover four years after
fire only in the high-elevation site. Post-fire sage-
brush establishment rates are often higher on
moister ecological sites with greater winter pre-
cipitation, where favorable weather for recruit-
ment is more likely to coincide with the
ephemeral period during which banked seeds are
still viable (Baker 2006, Ziegenhagen and Miller
2009, Nelson et al. 2014).

As predicted, low-elevation sites experienced
the greatest species turnover after burning,
which was driven by major changes in several
functional groups, including the increase in
B. tectorum. The presence of B. tectorum is

consistent with previous studies from the Inter-
mountain West, which have shown that resis-
tance to invasion is lower on warm, dry sites
where establishment, growth, and reproduction
are favored (Chambers et al. 2007, Condon et al.
2011, Leffler et al. 2013). Long-term trajectories
are often uncertain for sites with post-fire B. tec-
torum invasion (Chambers et al. 2014b, Morris
and Leger 2016). However, multiple studies
show that B. tectorum cover is negatively related
to native perennial grass cover (Anderson and
Inouye 2001, Reisner et al. 2013, 2015, Chambers
et al. 2014b). Although B. tectorum will likely
always be a component of these communities, its
relative abundance over time will likely depend
on the capacity to maintain or increase native
perennial herbaceous species (Reisner et al. 2013,
Chambers et al. 2014b).
Disturbances provide opportunities for com-

munity reorganization by removing species and
altering the availability of light, water, and

Fig. 7. Diagram of community trajectories resulting from burning. Distinct plant community types, identified
from cluster and indicator species analysis, are shown in dark gray boxes. Site types transitioning among com-
munity types are shown in light gray arrows.
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nutrients (Tilman 2004), but the underlying abi-
otic environmental context constrains the species
pool that is available for colonization (Pickett
et al. 2009). We saw distinct post-fire trajectories
at each elevation (i.e., no overlap of trajectory
arrows in Fig. 2), illustrating the importance of
the abiotic environment on successional trajecto-
ries in pinyon and juniper woodlands. However,
the existence of an invaded post-fire community
type at the lower elevations suggests that, where
resistance to invasion is limited, these ecosystems
are susceptible to crossing ecological thresholds
to alternative community states. Because the fine
fuels produced by B. tectorum promote fire
spread (Balch et al. 2013, Gaertner et al. 2014),
invasion may result in grass–fire cycles that pro-
mote its continued dominance (D’Antonio and
Vitousek 1992, Brooks et al. 2004).

Ecological memory of pre-burn tree cover affects
post-fire community trajectory

At middle elevations, unburned sites had vary-
ing levels of pinyon and juniper cover, and as
such contained a mosaic of understory plant
communities. Mid-elevation sites with low tree
cover belonged to the same community type as
high-elevation sites with moderate tree cover
(diverse mountain brush community). This is
likely due partly to overlap in climatic suitability
for dominant species but also demonstrates how
overstory vegetation structure interacts with
topoclimatic context to determine the resources
available to understory vegetation (Tilman 1994).
The understories of sites with moderate tree
cover were compositionally similar to those with
low tree cover, but had lower total cover and a
greater dominance of sagebrush. Sites with high
tree cover had understory communities with
little resemblance to other plots of the same
elevation group, and were characterized by
much lower vegetation cover, a negligible shrub
component, and a more prominent presence of
annual forbs (Miller et al. 2000).

After burning, the pre-fire effects of tree cover
on the understory species persisted, creating bio-
tic legacies that shaped post-fire trajectories of
community assembly (Padisak 1992). Sites with
low and moderate tree cover were composition-
ally similar before burning and converged into
the same community types after burning (Fig. 7).
These sites transitioned into a native early-seral

community of perennial forbs and grasses imme-
diately after burning, and within two years,
B. tectorum and sprouting shrub cover began to
increase. Low tree cover sites experienced a
stronger short-term pulse of perennial forbs, a
weaker pulse of annual forbs, and a greater
increase in B. tectorum cover than those with
moderate tree cover. Overall, burning largely
eliminated differences in understory vegetation
for sites with low-to-moderate tree cover, sug-
gesting that differences in the biotic legacies from
the pre-fire community were insufficient to result
in different successional trajectories.
Sites with high pre-fire tree cover, in contrast,

had divergent trajectories after fire, transitioning
into a community type dominated by annual
forbs with persistently sparse vegetation cover.
The delayed recovery of perennial species sug-
gests that the pre-fire reduction of common
understory species reduced the biotic legacy of
the native understory community. The decrease
in understory species, combined with the likeli-
hood of increased perennial mortality near heavy
fuels, indicates that propagule dispersal from
adjacent areas is important for establishment in
high tree cover sites (Bengtsson et al. 2003). Rela-
tively low perennial cover may reduce future
resistance to B. tectorum invasion in the high tree
cover sites as the lack of native perennial species
and a post-fire pulse of resources can create an
empty niche that facilitates establishment and
spread of invasive species (Shea and Chesson
2002, Schaefer 2011). However, four years after
the burn treatment, B. tectorum was nearly absent
in sites with higher pre-burn tree cover, perhaps
due to limited dispersal to these areas at the time
of sampling.
The combination of sharply diverging post-fire

trajectories and persistently low perennial vege-
tation cover suggests that a recovery threshold
may have been crossed for sites with high pre-
fire tree cover (Beisner et al. 2003). Nonetheless,
the possible threshold that we observed between
pre-fire tree covers of 38% and 74% should be
interpreted with caution and within the specific
context of our study area. In our study, the effects
of pre-fire tree cover were only tested for
mid-elevation sites, and it is logical to assume an
interaction between tree cover and elevation
effects. We would expect that the recovery
threshold would occur at higher levels of tree
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cover as elevation increases, resources become
more abundant, and the species pool contains
more species adapted to fire (Johnson and Miller
2006). Additionally, it is possible that the rela-
tionship between tree cover and post-fire recov-
ery does not exhibit a distinct threshold (Roundy
et al. 2014a) and that a more continuous effect
was missed by the discrete tree cover categories
in our study design. Although the results of our
study show that high tree cover sites can remain
in an unproductive state with low vegetation
cover for at least four years after burning, vegeta-
tion recovery in dryland ecosystems is a slow
process (Koniak 1985, Baker 2006, Morris and
Leger 2016). Long-term observations of plant
community trajectories, gathered from continued
monitoring efforts within controlled experi-
ments, are necessary for fully understanding the
effects of prescribed fire in dryland landscapes.

Management implications
The prescribed burning treatment resulted in a

mixture of desired and undesired outcomes.
Post-fire recovery varied by functional group,
suggesting that the outcomes of prescribed fire
interventions are highly dependent on the abiotic
environment and pre-fire biotic legacies, specifi-
cally the residual vegetation and seed sources. In
our study area, burning generally resulted in
increased perennial forb cover, but did not have
a strong effect on perennial grass cover. Burning
also reduced shrub cover, especially non-sprout-
ing sagebrush species. As post-fire reductions in
sagebrush cover can persist for years to decades
(Nelson et al. 2014), mechanical treatments may
be a preferred management alternative where
tree reduction objectives coincide with preserv-
ing sagebrush habitat (Arkle et al. 2014).

Importantly, the effects of burning were not
homogenous across the landscape. Consistent
with previous research (Chambers et al. 2007,
2014b, Davies et al. 2012), warm and dry low-
elevation sites were less resistant to B. tectorum
invasion after fire. To reduce the risk of invasion,
the use of prescribed fire should be avoided in the
drier portions of the landscape, and only more
resilient higher-elevation sites with sufficient
perennial herbaceous species to promote recovery
should be considered for prescribed fire treat-
ments (Chambers et al. 2014a, Miller et al. 2014).
The increase in B. tectorum cover following

prescribed fire or mechanical treatment is nega-
tively related to native perennial grass cover, indi-
cating that pre-treatment cover of perennial grass
is a strong predictor of site resistance to invasion
(Chambers et al. 2014b).
Post-fire plant community responses were also

greatly dependent on pre-fire tree cover, and
sites with high tree cover followed a post-fire tra-
jectory that was independent of the other sites.
Although high tree cover sites at mid-elevation
did not show increased rates of B. tectorum inva-
sion within four years of fire, the delayed recov-
ery of perennial cover suggests prolonged
exposure to erosional processes and an increased
risk of future invasion, especially in a warming
environment. High tree cover sites are generally
low priority for meeting tree reduction objectives
(Miller et al. 2013, 2014). If the decision is made
to treat these sites, mechanical treatments are
preferred over burning and biomass removal
and seeding may be required to meet manage-
ment objectives.
These results indicate that careful evaluation

of site characteristics, including temperature and
moisture regimes and pre-treatment vegetation
composition, and potential treatment severity, as
indicated by pinyon and juniper cover, can be
used to predict treatment outcomes (Miller et al.
2014). Post-treatment monitoring can be used to
evaluate successional trajectories and adapt man-
agement over time to maintain or increase land-
scape resilience.
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