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Abstract. Fire frequency has decreased in many shrub-steppe communities. Re-introducing fire may be needed to

increase spatial and temporal variability in vegetation, but is often hindered by concerns of undesired vegetation shifts.
These concerns arise, in part, because long-term effects of fire re-introduction in these communities after prolonged fire
exclusion and other departures from historical conditions are unknown. To better understand the effects of re-introducing

fire, we evaluated plant community response to re-introducing fire for 12 years post fire in six mountain big sagebrush
communities. Herbaceous biomass production was 1.7-fold greater in burned compared with unburned areas at the
conclusion of the study. Exotic annual grasses appeared to be problematic in the first 8 years post fire, but became
inconsequential (,1% cover) by the end of the study. Re-introducing fire promoted other shrubs (excluding sagebrush)

that were probably inhibited by competition from sagebrush. Sagebrush cover and density remained low in burned areas
for the duration of the study, because of limited recruitment in the years immediately post fire and competition from
herbaceous vegetation. Re-introducing fire appears to increase temporal and spatial heterogeneity in shrub-steppe

communities experiencing prolonged fire exclusion and, therefore, may be needed to maintain a diversity of plant
communities.
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Introduction

Historical disturbance regimes created a diversity of habitats
spatially and temporally and influenced the formation of major
land cover types (Turner 2010). These disturbance regimes shaped

plant communities and, subsequently, native fauna communities.
Humans have vastly altered disturbance regimes around theworld,
including the exclusion of historical disturbances (Turner 2010).

Re-introducing historical disturbances may be needed to maintain
specific native plant communities or, alternatively, may create
novel plant communities because invasive species, climate change
and elevated atmospheric CO2 concentrations have altered how

plant communities respond to disturbances (Williams and Jackson
2007; Davies et al. 2009; Archer et al. 2011). Managers of eco-
logical systems face uncertainties when re-introducing historical

disturbances in today’s environment.
Fire is one of the most common disturbances considered for

re-introduction. Historical fire regimes have been a key driver in

shaping plant community composition and dominance in many
arid and semiarid rangelands (Miller and Rose 1999; Davis et al.
2000; Fuhlendorf et al. 2002). Anthropogenic activity has

directly and indirectly altered many fire regimes around the
world.Where fire has been excluded, re-introducing fire is often
needed to conserve specific fire-dependent plant community
types and associated fauna, as well as create spatial and temporal

heterogeneity (Baker 1994; Brockett et al. 2001). Prolonged

exclusion of fire and deviations from historical conditions,
however, may have altered the response of plant communities
to fire (Varner et al. 2005; Davies et al. 2009; Thorpe and

Stanley 2011). Therefore, it is imperative to investigate effects,
especially over longer time frames, of re-introducing fire.

In sagebrush-steppe communities of North America, fire was

a periodic disturbance that shifted dominance from woody to
herbaceous vegetation (Wright and Bailey 1982; Miller and
Rose 1999). These periodic fires likely created spatial and
temporal heterogeneity in vegetation composition and structure.

Fire regimes have been substantially altered across the
sagebrush-steppe. In the lower elevations, typified byWyoming
big sagebrush (Artemisia tridentata Nutt. ssp. wyomingensis

Beetle & Young) communities, fire frequency often increased,
especially following exotic annual grass invasion (Balch et al.

2013). In higher-elevation sagebrush communities, commonly

mountain big sagebrush (A. tridentata Nutt. ssp. vaseyana

(Rydb.) Beetle) communities, fire frequency has often
decreased (Miller and Wigand 1994; Miller and Rose 1995,

1999). Prolonging the interval between fires in mountain big
sagebrush communities has resulted in increased dominance of
woody vegetation and decreases in herbaceous vegetation (West
1983; Miller and Rose 1999).
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Though periodic fires were common in mountain big sage-
brush communities in the Great Basin and Intermountain West,
there is a current aversion to re-introducing fire. In fact, fire

exclusion is actively promoted across the entire sagebrush
biome (e.g. US Fish and Wildlife Service (FWS) 2013). Wide-
spread loss of sagebrush habitat, especially for species such as

sage grouse, is one of the driving forces behind fire-averse
management policies. The rationale for fire exclusion is that
sagebrush is fire-intolerant and consequently, fire, at a mini-

mum, temporarily removes sagebrush from the community.
Another significant driving force for fire exclusion is the
concern that fire promotes exotic annual grasses (D’Antonio
and Vitousek 1992; Chambers et al. 2007). Exotic annual

grasses frequently increase after fire and other disturbances,
particularly in hotter and drier sagebrush communities (Stewart
andHull 1949; Davies et al. 2009; Chambers et al. 2014). Exotic

annual grasses, however, are also a risk in cooler, wetter
mountain big sagebrush communities (Bates et al. 2005; Bates
et al. 2014; Davies et al. 2019). Exotic annual grass dominance

would homogenise vegetation and decrease diversity (Davies
2011). Understandably, ecosystem managers are hesitant to
embrace fire reintroduction in these communities because of a

heightened risk of substantial increases in exotic annual grasses.
Short-term studies may not be adequate to determine exotic

annual grass response to fire in intact mountain big sagebrush
communities. Exotic annual grass response to disturbances in

these communities may not be readily apparent in the first few
years post disturbance. In juniper-encroached big sagebrush
communities, exotic annual grasses were not a substantial

component of the plant community for the first three growing
seasons after disturbance (juniper treatment), then co-
dominated the understorey by the sixth year after disturbance,

but then declined to a minor component of the understorey in
subsequent years (Bates et al. 2005). In contrast, exotic annual
grasses did not respond to disturbance (fire) in a before-and-after
comparison in Utah (Riginos et al. 2019). Exotic annual grass

response varies by severity of fire, whether or not perennial
grasses recover (Bates et al. 2014), and the abundance of
perennial grasses pre-fire (Ellsworth and Kauffman 2017).

Clearly a long-term investigation of fire effects on exotic annual
grasses in mountain big sagebrush communities with untreated
controls and without conifer encroachment is needed.

Fire alters plant competition dynamics in sagebrush commu-
nities. However, significant knowledge gaps exist, particularly
regarding fire effects in intact mountain big sagebrush commu-

nities. High sagebrush cover can competitively suppress herba-
ceous vegetation; thus, burning sagebrush communities often
results in a 2- to 3-fold increase in herbaceous vegetation
(Harniss and Murray 1973; Davies et al. 2012; Riginos et al.

2019). Perennial grass production and cover generally increase
with reductions in big sagebrush cover (Davies et al. 2007, 2012;
Riginos et al. 2019). However, other functional groups

responses are less clear. Perennial forb response has frequently
been grouped with the annual forb response (e.g. Mueggler and
Blaisdell 1958; Dahlgren et al. 2006), making it difficult to tease

out fire effects on perennial forbs. The few studies assessing
perennial forb response to fire in mountain big sagebrush
communities have contrasting results. Some studies found
perennial forbs increased (Pyle and Crawford 1996; Riginos

et al. 2019) and others found they decreased with burning
(Davies et al. 2012). Limited information also exists for evalu-
ating fire reintroduction effects on shrubs other than sagebrush.

Determining the long-term response of different plant groups to
fire in mountain big sagebrush communities is needed to guide
management, especially with current efforts to limit fire in these

communities. Better long-term data on vegetation responses
will allow managers to assess potential consequences and
benefits of re-introducing fire in mountain big sagebrush

communities.
The purpose of the present project was to determine the long-

term effects of fire reintroduction in mountain big sagebrush
communities experiencing prolonged fire exclusion. We specu-

lated that: (1) perennial herbaceous functional groups would
increase with burning for the duration of the study; (2) exotic
annual grasses would initially increase with burning but

decrease as other vegetation increased; and (3) sagebrush would
be removed with burning, but would be recovering within a
decade. Therefore, we expected that burned areas would be

dissimilar from unburned areas for the duration of the study,
creating spatial heterogeneity, and that vegetation community
characteristics would vary over time in burned areas (post-

disturbance succession), creating temporal heterogeneity.

Methods

Study area

Our studywas conducted in south-easternOregon on the 112 503-
ha Hart Mountain National Antelope Refuge (4282101600N
11982205400W). Study sites ranged in elevation from 2013 to
2166 m above sea level. Slopes were from 0 to 78 with aspects
ranging from north to south. Long-term average annual precipi-

tation was 401 mm (PRISM 2020). Most precipitation occurs in
the winter and early spring and summers are hot and dry. Annual
precipitation the year of the burn (2007) was 68% of the long-
term average and then was 68 and 94% of the long-term average

the 2 years following burning (PRISM 2020; Fig. 1). The study
area was classified as having high ecosystem resilience to dis-
turbance and resistance to cheatgrass (Bromus tectorum L.), an

exotic annual grass, invasion (Sage Grouse Initiative 2020).
Mountain big sagebrush communities in this region historically
experienced fire-return intervals between 10 and 25 years (Miller

and Rose 1995, 1999; Miller et al. 2000). Our study area had no
record of fire since the formation of the Hart Mountain National
Antelope Refuge in 1936, but we speculated that fire exclusion

had occurred for.100 years because wildfires became rare with
European settlement across the region (Miller and Rose 1995,
1999). Prior to burning, the study site was intact mountain big
sagebrush steppe (Davies and Bates 2010). The understorey was

dominated by perennial grasses and perennial forbs. Prior to
treatment, mountain big sagebrush, native perennial grasses
(excluding Sandberg bluegrass (Poa secunda J. Presl)) and native

perennial forb cover averaged 30, 20 and 12% respectively
(Davies et al. 2014). Common perennial grasses included
Columbia needlegrass (Achnatherum nelsonii (Scribn.)

Barkworth), bottlebrush squirreltail (Elymus elymoides (Raf.)
Swezey), prairie Junegrass (Koeleria macrantha (Ledeb.)
Schult.), Idaho fescue (Festuca idahoensis Elmer), bluebunch
wheatgrass (Pseduoroegneria spicata (Pursh) A. Löve),
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mountain brome (Bromus marginatusNees ex Steud.), Thurber’s

needlegrass (Achnatherum thurberianum (Piper) Barkworth),
Sandberg bluegrass and other bluegrass species (Poa L.). Com-
mon perennial forbs included lupines (Lupinus L.), milkvetches

(Astragalus L.), yarrow (Achillea millefolium L.), paintbrushes
(Castilleja Mutis ex L. f.), hawksbeard (Crepis L.), biscuitroots
(Lomatium Raf.), ragwort (Senecio integerrimus Nutt.) and

fleabanes (Erigeron L.). Wildlife were allowed full access to our
study sites, but low ungulate numbers in the area and limited
observations of wildlife (other than sage grouse) suggest that

wildlife use was quite low. Domestic livestock were removed
from the Refuge in the mid-1990s.

Experimental design

A randomised complete block design was used to evaluate the

response of mountain big sagebrush communities to re-
introducing fire. Blocks were selected that were large enough
for both treatments, were accessible with fire equipment, and did

not interfere with other research ormanagement objectives on the
refuge. Six blocks (sites) with varying site (elevation, topogra-
phy, soil) and vegetation characteristics were included in this
experiment. Treatmentswere randomly assigned to two60� 90-m

plots within each block. Treatment plots within a block had
similar vegetation and site characteristics and were adjacent to
one another with a 5-m buffer between them. Treatments were a

fall (autumn) prescribed burn and an unburned control. Burned
treatments were applied between mid-October and early
November 2007 as strip head fires ignited with drip-torches.

Fine fuel loads ranged from 327 to 977 kg ha�1 and shrub cover
averaged.30%. During the burns, wind speed varied from 2 to
10 km h�1, air temperatures ranged from 6 to 118C, and relative
humidity was between 33 and 43%. Burns were complete across

the plots assigned the burn treatment.

Measurements

Response variables were measured in late June or early July

2008, 2009, 2010, 2013, 2015, 2017 and 2019. Vegetation cover

and density measurements were along four parallel 50-m

transects spaced at 10-m intervals in each treatment plot. Her-
baceous vegetation, bare ground, litter and biological soil crust
cover was visually estimated in sixty 0.2-m2 quadrats spaced at

3-m intervals along the 50-m transects (starting at 3 m and
ending at 45 m). Shrub cover was estimated using the line-
intercept method along the 50-m transects. Herbaceous vege-

tation density was also measured in the 0.2-m2 quadrats by
counting all plants rooted inside the quadrat. Shrub density was
measured by counting all shrubs rooted inside 2 � 50-m belt

transects, positioned on each of the 50-m transects. Above-
ground herbaceous biomass was measured by clipping by plant
group 15 randomly located 1-m2 quadrats per treatment plot.
Harvested biomass was oven-dried for 72 h at 508C, separated
into current and prior years’ growth and weighed.

Statistical analyses

Repeated-measures analysis of variance (ANOVA) using the
mixed-models procedure (Proc Mixed) in SAS ver.9.4 (SAS

Institute Inc., Cary, NC) was used to determine the influence of
re-introducing fire on response variables across years. Fixed
variables were treatment and time since treatment (year) and
their interactions. Random variables were blocks (sites) and

block by treatment interactions. Covariance structures were
selected using the Akaike’s Information Criterion (Littell et al.
1996). Data that violated assumptions of ANOVA were square-

root-transformed. All figures present original data (i.e. non-
transformed). Response variable means were reported with
standard errors. Differences between means were considered

significant at P# 0.05. For analyses, herbaceous cover, density
and biomass were separated into plant groups: perennial grass
excluding Sandberg bluegrass, Sandberg bluegrass, exotic

annual grass, perennial forb and annual forb. Sandberg bluegrass
was treated as a separate functional group from the other
perennial grasses because it is smaller in stature, develops
phenologically earlier, and responds differently to management

and disturbances than other perennial grasses (Robertson 1971;
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line indicates when prescribed burns were applied to the burn treatment plots.
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Davies et al. 2007; James et al. 2008). The exotic annual grass
group primary consisted of cheatgrass. For analyses, shrubs
were separated into sagebrush and other shrubs. The other

shrubs group consisted of wax currant (Ribes cereum Dougl.),
Wood’s rose (Rosa woodsia Lindl.), horsebrush species
(Tetradymia DC.), snowberry (Symphoricarpos oreophilus

Gray), green rabbitbrush (Chrysothamnus viscidiflorus (Hook)
Nutt.), grey rabbitbrush (Ericameria nauseosa (Pall. ex Pursh)
G.L. Nesom & Baird) and bitterbrush (Purshia tridentata

(Pursh) DC.).

Results

Cover

Perennial grass cover response to treatment variedwith year (i.e.

treatment by year interaction) (Fig. 2a; P , 0.001). Perennial
grass cover in the burned treatment was less than the untreated
control in the first year after fire, then became almost 2 times

greater by the sixth year post treatment. By 10 years post
treatment, the difference in perennial grass cover had decreased
to ,1.5 times. Sandberg bluegrass cover did not differ among
treatments (data not shown; P ¼ 0.168), but varied by year

(P , 0.001). Perennial forb cover response to treatment varied
by year (Fig. 2b; P ¼ 0.003), with it generally being greater in
the control than the burn after 2010. Exotic annual grass cover

response to treatment varied by year (Fig. 2c;P¼ 0.013). Exotic
annual grass cover was generally greater in the burned than
untreated control, except for the first 2 years post fire, but by a

decade post treatment, exotic annual grass cover was ,1% or
less in the burn treatment. Annual forb and total herbaceous
cover responses to treatment varied with year (data not shown;

P, 0.001) and both followed a pattern similar to perennial grass
cover. Sagebrush and other shrub cover responses to treatment
varied by year (P, 0.001). Sagebrush cover was less in the burn
than the control, but the difference became smaller over time

(Fig. 3a). Other shrub cover was initially less in the burn, but
became 4.5 and 10.2 times greater in the burn compared with the
control in the 10th and 12th year post fire (Fig. 3b). Bare ground

and litter responses to treatment varied with year (P¼ 0.001 and
,0.001). Bare ground was generally greater in the burn com-
pared with the control early in the study, but converged by the

eighth year post fire (Fig. 3c). Litter response (data not shown)
was the inverse of bare ground early in the study, but similarly
converged between treatments in later years. Biological soil

crust cover was low in both treatments (burn 0.14 � 0.04% and
control 0.47 � 0.11%), but was less in the burn compared with
the control (P ¼ 0.023) and varied by year (P ¼ 0.026).

Density

Perennial grass and Sandberg bluegrass density did not vary by
treatment (Fig. 4a and 4b;P¼ 0.241 and 0.175 respectively), but
differed among years (P , 0.001). Perennial forb density

response to treatment was influenced by year (Fig. 4c;
P , 0.001). Perennial forb density was initially similar or
greater in the burn compared with the unburned control, but

approximately half way through the study, it became greater in
the control. The response of exotic annual grass density to
burning varied with time (Fig. 5a; P ¼ 0.002). The first 2 years
post fire, annual grass density was generally greater in the

control than the burn. For the next 10 years, exotic annual grass

density was greater in the burn compared with the control. The
response of annual forb density to treatment varied by year
(Fig. 5b; P¼ 0.003). The first year post fire, annual forb density

was greater in the control than burn treatment, but after that, it
was generally greater in the burn than the control except in the
final year of the study where the treatments appear to have

converged. Sagebrush density was greater in the control than the
burn, but the magnitude of difference decreased with time
(Fig. 5c; P, 0.001). Other shrub density was greater in the burn
compared with the control and varied among years (Fig. 5d;
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P ¼ 0.033 and , 0.001, respectively). By the end of the study,

other shrub density was.5 times greater in the burn compared
with the control.

Production

The response of perennial grass production to treatment varied
with year (Fig. 6a; P¼ 0.004). The first-year post-fire perennial

grass production was similar between treatments, but after that,
it was 2 to 4 times greater in the burn compared with the control
treatment. Sandberg bluegrass production was greater in the
burn compared with the control treatment (data not shown;

P ¼ 0.029) and varied among years (P ¼ 0.025). At the end of

the study, Sandberg bluegrass production was 19.4 � 10.7 and
47.8 � 13.1 kg ha�1 in control and burned treatments respec-
tively. Perennial forb production was similar between treat-

ments (data not shown; P ¼ 0.959), but varied among years
(P ¼ 0.003). Exotic annual grass production response to treat-
ment varied with year (Fig. 6b; P ¼ 0.016). The first year post-

fire, annual grass productionwas less in the burn than the control
treatment. In the second year, annual grass production was
similar between treatments, and then it was greater in the burn
compared with the control treatment for the rest of the study, but
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had substantially declined in the burn treatment after the eighth
year post fire. Annual forb productionwas generally greater in the
burn compared with the control treatment, but by the end of the

study, it was similar between treatments (Fig. 6c; P ¼ 0.034).

Total herbaceous production response to treatment varied by year
(data not shown; P ¼ 0.039) and followed a similar pattern to

perennial grass production. At the end of the study, total herba-
ceous production was 765.8� 74.6 and 1287.6� 167.5 kg ha�1

in control and burned treatment respectively.

Discussion

Re-introducing fire in shrub-steppe communities experiencing
decreased fire frequency can increase vegetation heterogeneity
without promoting long-term undesirable shifts in vegetation
composition. Burning in mountain big sagebrush communities

had substantial effects on vegetation that were still evident
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12 years post fire. Total herbaceous and perennial grass produc-
tion was consistently greater in the burned compared with
the unburned control. However, not all plant groups responded

to burning and those that responded to burning had varying
responses. Some responses also varied across time, creating
temporal heterogeneity, and others were more consistent.

Re-introducing fire in mountain big sagebrush and other
shrub-steppe communities to create amosaic of burns of different
ages and unburned areas can increase spatial and temporal

heterogeneity. Similarly, prescribed burning increased hetero-
geneity in savannas in South Africa (VanWilgen et al. 2004) and
Australia (Price et al. 2005).

Anthropogenic activities, such as fire exclusion, have

resulted in plant communities becoming homogeneous, result-
ing in decreased biodiversity and reduced ecosystem function
(Derner et al. 2009; Fuhlendorf et al. 2009). Re-introducing fire

within large unburned mountain big sagebrush landscapes
increased heterogeneity and similar results would be expected
in other ecosystems experiencing prolonged fire exclusion, but

that have adequate ecological memory for recovery. These
results are important, because increased heterogeneity promotes
greater diversity in higher trophic levels (Adler et al. 2001;

Hovick et al. 2015). Greater spatiotemporal heterogeneity also
provides a wider breadth of habitats, increased ecosystem
services and greater community stability (Fuhlendorf et al.

2006; Engle et al. 2008; Hovick et al. 2015). Re-introducing

disturbances that promote vegetation heterogeneity undoubt-
edly provides ecological value and should be considered by
ecosystem managers.

Fire removed sagebrush and generally favoured herbaceous
vegetation, most evident in the doubling to quadrupling of
perennial grass production. This is reflective of how wildfires

historically shifted dominance from sagebrush to herbaceous
vegetation, primarily perennial grasses (Wright and Bailey
1982; Miller and Rose 1999). Shorter-term studies have also
found that burning mountain big sagebrush communities

increases herbaceous vegetation (Davies et al. 2012; Riginos
et al. 2019). In general, decreases in woody vegetation result in
increases in herbaceous vegetation (Archer et al. 2011). Total

herbaceous vegetation and perennial grasses show limited evi-
dence of converging between unburned and burned areas. The
lack of substantial increases in mountain big sagebrush cover in

the 12 years post fire was likely the reason herbaceous vegeta-
tion was generally not converging between treatments. Sage-
brush and herbaceous vegetation, in particular perennial grasses,

compete for resources in sagebrush communities (Robertson
1947; Cook and Lewis 1963; Rittenhouse and Sneva 1976).
Increases in mountain big sagebrush cover result in decreases in
herbaceous vegetation (Davies and Bates 2019). Differences in

herbaceous vegetation between burned and unburned areas will
likely continue until sagebrush cover returns to pre-burn levels.

Perennial forbs did not increase with re-introduction of fire in

mountain big sagebrush communities in our study. In contrast
with our results, other authors have reported increases in peren-
nial forbs after fire in sagebrush communities (Pyle andCrawford

1996; Riginos et al. 2019) or increased reproductive efforts that
they speculated would result in increased perennial forb abun-
dance (Wrobleski and Kauffman 2003). A few years after
burning, perennial forb density was less in burned than unburned

areas in our study. We speculate the limited negative impact of
fire in our study on perennial grasses probably precluded any
increase in perennial forbs and as grasses increased, perennial

forbs experienced more competition. Though burning appeared
to slightly negatively impact perennial forbs, year appeared to be
the primary factor determining perennial forb abundance, cover

and production. Similarly, other authors have reported annual
weather conditions were the main determinant of perennial forbs
response in sagebrush ecosystems (Sneva 1982; Bates et al. 2005;

Bates and Davies 2019).
Sagebrush recovery was slow, in part owing to low estab-

lishment the first couple of years post fire and competition from
herbaceous vegetation. Mountain big sagebrush establishment

after fire is often limited if precipitation is below average in the
year following the fire (Nelson et al. 2014). Precipitation at our
study sites was lower than average before and the year after

burning. If mountain big sagebrush does not establish well in the
first couple of years after fire, sagebrush recovery is slow
(Ziegenhagen and Miller 2009). Sagebrush also establishes

better in microsites that are largely devoid of herbaceous
vegetation (Davies and Bates 2019; Davies et al. 2020). In our
study, limited-to-no fire-induced mortality of perennial grasses

resulted in few open spaces for establishment of sagebrush
seedlings. This limited mortality of perennial grasses and
subsequent rapid increase in herbaceous vegetation were likely
the result of wet and cool conditions during prescribed fires.

Competition from herbaceous vegetation has been repeatedly
shown to limit sagebrush and other shrub recovery (Schuman
et al. 1998; Hall et al. 1999; Rinella et al. 2015, 2016). The slow

recovery of sagebrush in our study sites was expected consider-
ing annual precipitation was low following burning and fire
effects on perennial herbaceous vegetationwere limited because

of cool, wet conditions during burns.
The removal of sagebrush presumably allowed increases in

other shrubs that were subdominant. Similarly, fire increased
subdominant shrubs in subtropical shrublands in Florida (Horn

2018). Removal of dominant species allows species that were
suppressed by the dominant species to increase, often increas-
ing diversity (Kunte 2008; McCain et al. 2010). Our results

were similar to other studies that found burning sagebrush
communities resulted in increases in other shrubs (Harniss and
Murray 1973; Beck et al. 2009; Bates et al. 2014). In contrast,

other shrubs did not increase when mountain big sagebrush
communities were burned in eastern Idaho (Seefeldt et al.
2007). This may have been because other shrubs were not

abundant at these sites or because their response was measured
for only 2 to 3 years post fire (Seefeldt et al. 2007). In our study,
there was a distinct increase in the density of other shrubs
between the third and sixth sampling year that may have been

missed if we had employed a short-term study. Increases in
other shrub species may increase biodiversity, especially if
burned areas are intermixed within an unburned landscape as

this creates a mosaic of different habitats. In a manner similar
to our results, we expect that removing dominant woody
vegetation in other ecosystems would favour subdominant

woody species. In agreement with this expectation, subdomi-
nant plant functional groups were found to be able to exploit
lower levels of competition after fire in woodlands in south-
western Australia (Gosper et al. 2013).
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The steady increase in exotic annual grasses in the burn
treatment for 8 years post fire was an alarming trajectory.
Increases in exotic grasses can result in a permanent shift in

plant communities as they can induce a grass–fire cycle that
prevents reestablishment of native species (D’Antonio and
Vitousek 1992; Rossiter et al. 2003). Exotic annual grasses in

the burn treatment, however, peaked in 2015 and subsequently
became a much more minor component of the plant community
for the last 4 years of the study. This corresponds to a substantial

increase in perennial grass production and other shrub cover
after 2015. We speculate that the increase in perennial grass
production and other shrub cover caused the decrease in annual
grasses because competition from established perennial vegeta-

tion, especially perennial grasses, greatly limits exotic annual
grasses (Chambers et al. 2007; Davies 2008; Davies and
Johnson 2017). Annual grasses are also less competitive with

native perennials in cooler and wetter sagebrush habitats com-
pared with hotter and drier sagebrush communities where exotic
annual grasses are more problematic (Chambers et al. 2007,

2014). Therefore, sagebrush communities with lower resilience
to disturbance and resistance to exotic annual grass invasion
may not respond favourably to burning. At the conclusion of the

study, exotic annual grasses were not a concern in the burn
treatment as they had decreased to the point of being largely
innocuous (,1% cover).

Our study highlights the importance of long-term research. If

we had only sampled the first 8 years post fire, we would have
incorrectly presumed that burning had resulted in a substantial
and increasing exotic annual grass problem. This may have led

to an incorrect assumption that re-introducing the historical
disturbance regime in these communities creates a novel and
undesirable plant community. Similarly, short-term research

would not have identified the substantial increases in abundance
and cover of other shrubs with the re-introduction of fire. Our
results provide another example demonstrating that short-term
results need to be verified with long-term research and caution

against making land or wildlife management decisions based on
short-term research.

Conclusions

Re-introducing fire in shrub-steppe communities experiencing

elongated fire-free periods can increase spatial and temporal
heterogeneity. Subdominant shrubs benefited from re-
introducing fire, with their cover increasing to more than

10-fold that of unburned areas by the end of the study. This
likely promotes diversity in higher trophic levels when burns are
applied within large unburned landscapes because of increased
variability in vegetation structure and composition. Burning

mountain big sagebrush communities also substantially
increased herbaceous vegetation, resulting in more forage for
herbivores. These effects were still evident 12 years post fire and

will likely remain until sagebrush returns to pre-burn cover
levels. There was a temporary increase in exotic annual grasses,
but, unlike lower-elevation sagebrush communities, this was a

transient response. This response does caution against applying
treatments that substantially reduce the abundance of perennial
grasses or in areas with less resistance to annual grass invasion
as recoverymay be slower or not as successful. The results of our

study suggest that excluding fire from communities that evolved
with periodic fire may not be warranted. This policy may lead to
declines in fire-adapted species and plant groups that are

important contributors to biodiversity in shrub-steppe ecosys-
tems and a general homogenisation of vegetation characteristics
across landscapes. Re-introducing fire in intact mountain big

sagebrush communities will likely be challenging with the
current emphasis on maintaining sagebrush-dominated land-
scapes for sagebrush-associated wildlife. This highlights the

need to reverse the decline of mountain big sagebrush com-
munities from conifer encroachment to allowmore use of fire in
these communities. This research highlights that re-introducing
fire to create spatial and temporal variability could be valuable

in mountain big sagebrush and other shrub-steppe communities
experiencing prolonged fire absence.
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