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Abstract. The structure and composition of sagebrush-dominated ecosystems have been altered by
changes in fire regimes, land use, invasive species, and climate change. This often decreases resilience to
disturbance and degrades critical habitat for species of conservation concern. Basin big sagebrush (Artemi-
sia tridentata ssp. tridentata) ecosystems, in particular, are greatly reduced in distribution as land has been
converted to agriculture and other land uses. The fire regime, relative proportions of shrub and grassland
patches, and the effects of repeated burns in this ecosystem are poorly understood. We quantified postfire
patterns of vegetation accumulation and modeled potential fire behavior on sites that were burned and
first measured in the late 1980s at John Day Fossil Beds National Monument, Oregon, USA. The area par-
tially reburned 11 yr after the initial fire, allowing a comparison of one vs. two fires. Repeated burns
shifted composition from shrub-dominated to prolonged native herbaceous dominance. Fifteen years fol-
lowing one fire, the native-dominated herbaceous component was 44% and live shrubs were 39% of total
aboveground biomass. Aboveground biomass of twice-burned sites (2xB; burned 26 and 15 yr prior) was
71% herbaceous and 12% shrub. Twenty-six years after fire, total aboveground biomass was 113–209% of
preburn levels, suggesting a fire-return interval of 15–25 yr. Frequency and density of Pseudoroegneria spi-
cata and Festuca idahoensis were not modified by fire history, but Poa secunda was reduced by repeated fire,
occurring in 84% of plots burned 26 yr prior, 72% of plots burned 15 yr prior, and 49% in 2xB plots. Non-
native annual Bromus tectorum occurred at a frequency of 74%, but at low density with no differences due
to fire history. Altered vegetation structure modified fire behavior, with modeled rates of fire spread in
2xB sites double that of once-burned sites. This suggests that these systems likely were historically com-
posed of a mosaic of shrub and grassland. However, contemporary increases in fire frequency will likely
create positive feedbacks of more intense fire behavior and prolonged periods of early-successional vegeta-
tion in basin big sagebrush communities.
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INTRODUCTION

Historically, fire was a primary disturbance in
sagebrush-dominated ecosystems. Both naturally

ignited fires (Houston 1973) and anthropogenic
fires (McAdoo et al. 2013) influenced plant com-
munity succession (Houston 1973), increasing
the diversity and heterogeneity of the landscape
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(McAdoo et al. 2013) and creating a mosaic of
early-successional grassland intermixed with
later-successional shrub-dominated patches. Our
understanding of fire effects in these systems is
heavily weighted toward the early recovery per-
iod following a single fire (Miller et al. 2013). Fire
effects in the widespread Wyoming big sage-
brush (Artemisia tridentata ssp. wyomingensis) and
mountain big sagebrush (A. tridentata ssp.
vaseyana) ecosystems are well-documented, but
are complicated by a legacy of livestock grazing,
introduction and spread of invasive species, and
altered patterns of ignition (Miller et al. 1994,
2013, Brooks et al. 2004). It is estimated that fire
historically occurred in xeric Wyoming big sage-
brush communities every 50–100 yr or more
(Wright and Bailey 1982, Baker 2006, Mensing
et al. 2006), and in mesic, more productive moun-
tain big sagebrush as frequently as every 15–
25 yr (Burkhardt and Tisdale 1976, Miller and
Heyerdahl 2008). The role of fire in basin big
sagebrush (A. tridentata spp. tridentata) ecosys-
tems is less understood, the few existing studies
provide insight to only a short time period fol-
lowing fire (Sapsis and Kauffman 1991), and no
state and transition models that help us under-
stand successional dynamics exist for this sys-
tem, as they do for the more common types of
sagebrush (Hemstrom et al. 2002, Chambers
et al. 2014a).

Basin big sagebrush historically occupied the
most fertile and productive areas of the sage-
brush steppe (e.g., alluvial flood plains, areas of
deep well-drained soils; Shultz 2012). Its distri-
bution is from 600 to 2100 m in elevation where
precipitation is 200–400 mm (USDA 2019). Euro-
American colonizers converted many areas once
dominated by basin big sagebrush to agricultural
land uses by the early twentieth century (Lesica
and Cooper 1997, Shultz 2012). In many areas,
basin big sagebrush is now most often found in
pockets of fertile deep soil on mountain slopes
and along roadways and fencerows (Shultz
2009). It has been proposed that due to relatively
rapid primary productivity (Sapsis 1990) and
sagebrush canopy recovery, basin big sagebrush
may have historic fire-return intervals that are
intermediate (Sapsis 1990) between mountain big
sagebrush and Wyoming big sagebrush, or more
frequent than both other subspecies (Lesica et al.
2007). Long-term successional dynamics in basin

big sage ecosystems are almost completely
unknown (Miller et al., 2013, Mata-Gonzalez
et al. 2018).
State and transition models are often used on

rangelands to characterize vegetation and sur-
face soils on an ecological site in order to identify
where management options are likely to facilitate
persistence of desirable vegetation as well as to
elucidate conditions that put the integrity of the
system at risk of transition to a degraded state
(Stringham et al. 2003, Bestelmeyer et al. 2009,
2010). There have been many state and transition
models that describe disturbance and succes-
sional dynamics in Wyoming big sagebrush and
mountain big sagebrush community types (i.e.,
Chambers et al. 2014a), but we are unaware of
any to date that describe the less-common basin
big sagebrush ecosystems.
The patterns of vegetation dominance and bio-

mass accumulation (i.e., fuels) on the landscape
through the successional trajectory are strong
determinants of the behavior of wildland fires.
Fuels are defined as the living and dead vegeta-
tion (biomass) that burns in a wildland fire (Pyne
1984) including organic horizons, grass, herba-
ceous plants, downed wood, shrubs, and trees
(Byram 1959). Early-successional communities
are usually dominated by herbaceous species
that are readily burned when dry. When those
fine herbaceous fuels are continuous, such as
occurs in invasive annual-dominated communi-
ties, a positive feedback loop between increased
fire and invasion often becomes established
(Brooks et al. 2004, Chambers et al. 2014b), result-
ing in increases in fire probability (Westoby et al.
1989, Miller et al., 2013). Where native herba-
ceous plants still dominate early succession
though, it is unknown whether fire risk is ele-
vated, or whether there is potential conversion to
a native grass-dominated alternative stable state
(Laycock 1991). The objectives of this study were
(1) to quantify patterns of postfire vegetation and
biomass accumulation and the resultant potential
future fire behavior in basin big sagebrush com-
munities, (2) to understand how repeated burns
affect this successional trajectory, and (3) to use
this information to develop a state and transition
model describing basin big sagebrush ecosys-
tems. To address these objectives, we quantified
long-term postfire vegetation composition and
biomass accumulation at the John Day Fossil
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Beds National Monument (JODA), on the
Columbia Plateau in North-Central Oregon. We
hypothesized that (1) due to the relatively rapid
recovery of basin big sagebrush, biomass at sites
>25 yr postfire will be similar to prefire biomass,
with woody plants composing the majority of
the total biomass; (2) repeated fires will alter
composition, such that sites that are twice-
burned will have less total biomass accumulation
but a greater dominance of herbaceous vegeta-
tion compared with sites that only burned once;
and (3) increased dominance by herbaceous veg-
etation in twice-burned plots will result in more
extreme potential fire behavior compared with
plots burned only once.

MATERIALS AND METHODS

Study area
This research was done at John Day Fossil

Beds National Monument (JODA), at sites where
prescribed fires preceded the collection of plant
composition and fuel data in the late 1980s in
basin big sagebrush communities (Sapsis 1990).
The study site was located within the Sheep Rock
Unit, ~12 km NW of Dayville, Oregon, USA
(44°310 N, 119°380 W). Domestic grazing has
been excluded from the Monument since 1973.
All plots were dominated by basin big sagebrush
prior to burns, with Idaho fescue (Festuca ida-
hoensis) and bluebunch wheat grass (Pseudoroeg-
neria spicata) dominating the understory. All
plots have a north-facing aspect with slopes
ranging from 20% to 65% and elevations ranging
from 700 to 869 m. The average annual precipita-
tion from 1989 to 2015 was 29 cm (Prism Climate
Group 2019). Soils are of the Simas–Tub associa-
tion of very stony clay loam soils (USDA SCS
1981). Plots (≥0.15 ha in size) were initially
burned in September 1987 (n = 4) and May 1988
(n = 5). Three additional (n = 3) plots were
established as unburned controls (Sapsis 1990).
Plots were previously sampled in 1987 and 1988
(prefire), in 1987 and 1988 (postfire; Sapsis 1990),
and remeasured for this study in May–June 2015
(25 yr postfire [YPF] for fall burns, and 26YPF
for spring burns, all referred to hereafter as
26YPF). The September 1999 700-ha Windy Point
prescribed fire reburned five previously burned
plots and all previously unburned controls. Plots
that only burned once in 1987 or 1988 are

referred to in this paper as 26YPF (n = 4), plots
that only burned once in 1999 are referred to as
15YPF (n = 3), and plots that burned in both
1987 or 1988 and 1999 are called twice-burned
(2xB; n = 5).

Field sampling
Vegetation composition and structure.—To quan-

tify the impacts of fire on plant community com-
position and structure, we measured frequency
at the subplot level for each herbaceous and
woody species, density of each graminoid and
woody species, and canopy cover and height of
shrubs for each treatment plot (15YPF, 26YPF,
2xB). From these data, we calculated plant com-
munity diversity (Shannon 1948). The research-
ers who did the original 1987–1988 sampling
were on site during the 2015 resampling to
ensure continuity of methods. Nomenclature and
native distribution of all plants follow the USDA
Plants Database (USDA and NRCS 2019).
Frequency of herbaceous species was mea-

sured as present or absent in 10 evenly placed
0.18-m�2 quadrats along each of three 10-m par-
allel transects (30 subsamples per treatment plot).
Transects were oriented systematically, with the
first transect starting from a random origin in the
northeast quadrant of each plot. Each transect
was oriented upslope parallel to and offset 7 m
from the initial transect. Density of perennial
grasses was counted in the same 0.18 m�2 quad-
rats, and density of annual grasses was counted
in .0025 m�2 nested sub-quadrats.
To determine shrub cover, first shrub density

was determined in counts within five 15 9 1
meter permanent belt transects. Density per tran-
sect was then multiplied by the average crown
area for basin big sagebrush for each transect,
and data were then averaged across transects
and scaled to get a plot-level cover estimate.
Biomass.—Aboveground biomass was parti-

tioned into the following components: shrub,
downed wood (DWD), live herbaceous under-
story, standing dead herbaceous understory,
grass litter, and shrub litter. Species, crown area,
and height of each shrub were measured along
five 15 9 1 meter permanent belt transects per
treatment plot. These transects included and
extended 5 m upslope beyond the vegetation
composition transects (above), with two
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additional perpendicular transects oriented
above and below the three parallel transects.
Shrub biomass was determined using previously
developed allometric equations (Champlin 1982,
Kauffman and Cummings 1989) using in situ
crown area and height measurements. Downed
wood was measured along each permanent tran-
sect (15 m) following methods described in
Brown et al. (1982). Understory biomass was
clipped to bare mineral soil in ten 0.18-m�2 quad-
rats per plot. Clipped biomass was subdivided
into the following categories: (1) live and (2)
dead standing biomass, (3) detached grass and
forb litter, and (4) organic duff layer, composed
of detached shrub material, mosses, and lichens.
Samples were taken to a laboratory where they
were oven-dried at 70°C to a constant mass and
then weighed.

Fire behavior modeling
To quantify the impact that previous fire histo-

ries and successional stage had on potential
future fire behavior, we parameterized the fire
behavior modeling system fuel characteristic
classification system (FCCS) in the Fuel and Fire
Tool (FFT; USDA FS 2016) using in situ biomass
data collected on all 15YPF, 26YPF, and 2xB
plots. FCCS predicts surface fire behavior using
ecosystem-specific biomass data and localized
environmental scenarios (i.e., moisture content
through the typical fire season). For each site,
fuelbeds (the arrangement of biomass compo-
nents) were initialized using the standard
fuelbed 56: Sagebrush shrubland, and then, fuel
parameters were customized to represent the
quantity and arrangement of fuels collected
in situ. Environmental scenarios were chosen to
represent the range of moisture expected as vege-
tation phenology progresses from the active
growing season (fully green scenario; D2L4 sce-
nario in FFT), through partially curing stages (1/3
cured and 2/3 cured scenarios; D2L3 and D2L2,
respectively), to late in the summer, when bio-
mass is completely dry and risk of high-intensity
fire is greatest (fully cured scenario; D2L1). Inde-
pendent model runs were done for each plot at
each environmental scenario. Model outputs cho-
sen to characterize potential behavior included
rate of spread (ROS; m/sec), flame length (FL; m),
reaction intensity (RI; the rate of heat release per
unit area of the flaming front; kW�m�2�min�1),

and fireline intensity (FI; the rate of heat transfer
per unit length of the fire front; kW m�1; Byram
1959, Keeley 2009).

Data analysis
Analysis of variance (ANOVA) was used to

test for differences between vegetation, biomass,
and potential fire behavior (dependent vari-
ables). Fire treatment (26YPF, 15YPF, 2xB) was
the independent variable. For fire behavior anal-
yses, environmental scenario was an additional
predictor variable. Significant differences
between groups were determined using Tukey-
Kramer honest significant difference (HSD) post
hoc analysis. To test proportional biomass (per-
cent of total biomass) by category, each category
of biomass was relativized by the total biomass
at the subplot level. Analyses were performed
with RStudio version 0.98.1091 (RStudio Team
2015) and IBM SPSS 24 (IBM 2016).

RESULTS

Vegetation composition and structure
Prior to burning in 1987 and 1988, the mean

cover of sagebrush was 7.5–15% (Sapsis 1990).
Fires initially shifted composition from shrub-
dominated (prefire) to native herbaceous-domi-
nated (1% mean shrub cover) in the first postfire
year (Sapsis 1990). At 26 yr postfire, shrub cover
was 18 � 2%, higher than prefire cover. In the
15YPF and 2xB plots, shrub cover was signifi-
cantly lower, at 4 � 2% and 0.9 � 0.6%, respec-
tively (P < 0.001). Similarly, mean density of
sagebrush in 26YPF sites was 3028 � 534 sage-
brush/ha, significantly higher than that of either
plot that burned 15 yr ago (P < 0.01). Density of
sagebrush at 15YPF plots was 1200 � 601 sage-
brush/ha, and in 2xB plots, it was further
reduced to 160 � 106/ha. Height of mature sage-
brush was 0.76 � 0.14 m across all fire histories
(P = 0.25).
The fire-adapted native deep-rooted perennial

bunchgrasses in this ecosystem showed stability
across burn histories, with Idaho fescue occur-
ring in every plot and 30–57% of all subplots
(P = 0.45) and bluebunch wheat grass occurring
in all plots and 60–63% of subplots (P = 0.99).
Frequency of Idaho fescue was consistent with
prefire (28–58%) and early post-first fire (23–
46%) levels (Sapsis 1990). Frequency of
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bluebunch wheat grass exceeded prefire (23–
31%) and immediate post-first fire (21–31%)
levels (Sapsis 1990). Density of Idaho fescue was
variable, ranging from 1.3 to 27.0 individuals per
m2, with no differences across fire histories
(P = 0.22), and density of bluebunch wheat grass
was 1.5–14.3/m2, with no treatment differences
(P = 0.74). Native, shallow-rooted Sandberg
bluegrass was the only bunchgrass reduced by
repeated fire, occurring in 84% of 26YPF sub-
plots, 72% of 15YPF subplots, and 49% of
2xB plots (P = 0.03). The only nonnative bunch-
grass in the plots was bulbous bluegrass (Poa bul-
bosa), which occurred in 25% of subplots, with no
treatment differences (P = 0.99).

Cheatgrass (Bromus tectorum) occurred in 73–
89% of subplots in the previous study (Sapsis
1990), with no change in abundance or distribu-
tion due to fire. We observed cheatgrass in 59–
89% of subplots, at a mean density of 602 per
square meter, with no differences between fire
histories (frequency, P = 0.35; density, P = 0.55).
Soft brome (Bromus hordeaceus) occurred in 0–
27% of subplots before fires, and persisted in the
same frequency (2–37%) 26 yr later, with no
treatment differences (P = 0.32). Medusahead
(Taeniatherum caput-medusae (L.) Nevski) did not
occur prior to fire, or in the early postfire years
(Sapsis 1990), but occurred in 6–13% of subplots
26 yr later at a mean density of 22/m2, with no
differences in frequency (P = 0.30) or density
(P = 0.35) across fire histories.

Frequently occurring native perennial forbs
included Nothocalais troximoides (A. Gray)
Greene, Calochortus macrocarpus Douglas, Ascle-
pias fascicularis Decne, and Achillea millefolium L.
The only commonly occurring native annual forb
was Epilobium minutum Lindl. ex Lehm. Draba
verna L., Holosteum umbellatum L., and Sisym-
brium altissimum L. were frequently occurring
nonnative annual forbs. There were no treatment
differences observed for any commonly occur-
ring native or invasive annual or perennial forbs
(P > 0.05). Plant community diversity (H’) ran-
ged from 1.50 to 2.25 and did not differ by fire
history (P = 0.27).

Aboveground biomass
Prefire total aboveground biomass (TAGB)

ranged from 5.5 to 11.7 Mg/ha (Sapsis 1990). The
first prescribed fire consumed approximately

90% of all biomass (Sapsis and Kauffman 1991).
At 26YPF, TAGB averaged 8.2 � 1 Mg/ha,
higher than biomass in any of the plots that
burned 15 yr prior (P < 0.01; Fig. 1). The 15YPF
sites had TAGB at 4.4 � 0.5 Mg/ha, and in 2xB
sites averaged 4.6 � 0.8 Mg/ha (Fig. 1). Shrub
biomass at 26YPF exceeded that of more recently
burned plots (P < 0.01), at 3.8 � 1.5 Mg/ha and
43% of total biomass (Figs. 2–3). In the 15YPF
plots, shrub biomass was 1.7 � 0.3 Mg/ha, com-
prising 38% of biomass, and in the 2xB plots,
shrub biomass was 1.2 � 0.7 Mg/ha and 19% of
TAGB. Downed wood mass ranged from 0.1 to
0.6 Mg/ha across fire histories (P = 0.10) and
comprised 2–8% of the total biomass (P = 0.38;
Figs. 2–3).
Herbaceous biomass was higher in 2xB plots

(2.6 � 0.4 Mg/ha) than in 15YPF (2.0 � 0.3 Mg/
ha) or 26YPF (1.7 � 0.4 Mg/ha) plots (P < 0.01).
Similarly, herbaceous biomass made up the lar-
gest proportion of total mass in 2xB plots (64%).
15YPF plots had 45% of mass partitioned as
herbaceous vegetation, higher than that seen in
26YPF plots (24%; P < 0.01). Organic horizons
largely composed of sagebrush litter and mosses

Fig. 1. Biomass composition (Mg/ha) at John Day
Fossil Beds, Sheep Rock Unit, Oregon, USA, for plots
with various fire histories: twenty-six years since fire
(26YPF, n = 4), fifteen years postfire (15YPF, n = 3),
and twice-burned (both 15 and 26 yr ago; 2xB, n = 5).
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(Duff) were higher in 26YPF plots (2.1 � 0.9 Mg/
ha) than in either 2xB (0.7 � 0.2 Mg/ha) or
15YPF plots (0.6 � 0.03 Mg/ha; P = 0.04), and
relative duff mass ranged from 12% to 24% with
no differences between fire histories (P = 0.19;
Fig. 2–3).

Fire behavior
Changes in the plant community and

fuel structure following repeated fire in basin big
sagebrush communities created the potential for
higher intensity fire behavior in the 2xB plots
compared with once-burned plots. Predicted rate
of spread (ROS) in 26YPF plots ranged from
3.0 � 1.9 m/min under a fully green environ-
mental scenario to 6.0 � 4.3 m/min when vege-
tation was fully cured. In 15YPF plots, ROS
ranged from 3.6 � 2.6 m/min when fully green
to 6.8 � 3.6 m/min when fully cured. Domi-
nance of herbaceous biomass in 2xB plots led to
higher rates of spread, at 6.7 � 5.5 m/min to

Fig. 2. Biomass by category for all three fire histories
at John Day Fossil Beds, Sheep Rock Unit, Oregon,
USA. The same letters over bars signify no significant
difference.

Fig. 3. Relative biomass of herbaceous, downed
woody debris (dwd), duff (including detached shrub
leaves and bryophytic material), and shrub vegetation
in basin big sagebrush ecosystems at John Day Fossil
Beds, Oregon, USA, for plots with various fire histo-
ries: twenty-six years postfire (26YPF, n = 4), fifteen
years postfire (15YPF, n = 3), and twice-burned (2xB,
n = 5).
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9.5 � 7.3 m/min under the same environmental
conditions (Fig. 4). Similarly, flame lengths in
2xB plots averaged 1.4 m, which was higher than
the 0.9 m flame lengths in 26YPF plots
(P = 0.01), but not different from 15YPF plots
(P = 0.18), which averaged 1.1 m. There was no
significant increase in flame length over the
range of environmental conditions (P = 0.26).
Reaction intensity did not change over the range
of environmental conditions (P = 0.28). 2xB plots
had more variable and higher reaction intensity
(885 � 66 kW�m�2�min�1) than either 15YPF or
26YPF plots (P < 0.05). More recently burned
15YPF plots had marginally higher reaction
intensity (652 � 86 kW�m�2�min�1) than plots
burned 26 previous (430 � 74 kW/m2; P = 0.06;
Fig. 4). Fireline intensity did not change over the
range of environmental conditions (P = 0.52).
2xB plots had higher fireline intensity
(717 � 107 kW/m) than either 15YPF or 26YPF
plots (P < 0.05). There was no difference in fire-
line intensity between 15YPF plots
(340 � 138 kW/m) and 26YPF plots
(204 � 120 kW/m; P = 0.46; Fig. 4).

DISCUSSION

Repeated fire in basin big sagebrush altered
composition and structure, leading to a pro-
longed period of native herbaceous dominance
and reduced shrub recovery, consistent with our
hypotheses. While this is a pattern well-docu-
mented in areas where fire shifts composition
from native shrub to invasive annual grass
(D’Antonio and Vitousek 1992, Pilliod et al.
2017), the native deep-rooted perennial herba-
ceous response documented here is poorly
described for the sagebrush steppe. This area is
thought to have historically burned at fire-return
intervals between 10 and 50 yr (Sapsis 1990,
Lesica et al. 2007), but these estimates do not
always take into account frequent indigenous
burning for grassland management (Shinn 1980,
McAdoo et al. 2013), and the high end of this
range is inconsistent with the data collected in
this study. Sagebrush landscapes historically
were likely dominated by heterogeneous mosaics
of continuous areas of late-successional sage-
brush with earlier successional grasslands perfo-
rating the shrub cover (Laycock 1991, Bukowski
and Baker 2013, Pennington et al. 2019). The

Fig. 4. Fire behavior (from top to bottom: rate of
spread; flame length; reaction intensity; and fireline
intensity) of a potential fire in areas that previously
burned once 26 (26YPF) and 15 (15YPF) years ago, and
in fires that burned twice, both 15 and 26 yr ago (2xB)
in basin big sagebrush ecosystem at John Day Fossil
Beds, Sheep Rock Unit, Oregon, USA.
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favorable native recovery that we observed and
the presence of native bunchgrasses that are
adapted to survive and rapidly regrow following
periodic fire (Fellows et al. 2018) indicate that the
period between fires observed at these sites is
likely within the range of variability that main-
tains the system in a mosaic of native shrub and
grassland. In this study, native species domi-
nated all sites and the area did not appear to be
at risk of transition to an alternative stable state
of invasive grass dominance (Fig. 5), as is often
seen throughout the sagebrush steppe in areas
that were subject to intensive domestic grazing
or other anthropogenic disturbance (Daubenmire
1940, Seipel et al. 2018), that are dominated by
invasives before fire (Ellsworth and Kauffman
2017), that have crossed an ecological threshold
(Fig. 5; Davies et al. 2016), and/or that inherently
lack postfire resilience (Chambers et al. 2007) due
to site potential. It is likely, however, that addi-
tional fires at frequent intervals would increase
invasive cover and prolong herbaceous domi-
nance (Fig. 5; Mahood and Balch 2019).

Sagebrush individuals are killed by fire and
have short-range seed dispersal distances, thus
are dependent on a viable seed source and

favorable climatic conditions (Maier et al. 2001,
Nelson et al. 2013, Shinneman and McIlroy 2016)
to regenerate in the postfire environment (Hanna
and Fulgham 2015, Ellsworth et al. 2016). In
areas where there have been large, continuous
fires, seed source is often limited, slowing recov-
ery of the shrub component. Further, arid condi-
tions can limit germination and seedling survival
if precipitation is not well-timed with regenera-
tion (Nelson et al. 2013). However, when there
are unburned islands remaining within the fire
perimeter, shrub recovery is expedited, as these
islands act as nodes for regeneration (Ellsworth
and Kauffman 2017, Germino et al. 2018). The
fires in this study were small prescribed burns
that were done within a matrix of late-succession
sagebrush canopy, providing ample seed source.
Further, these fires were all located on north-fac-
ing slopes, which typically have increased resili-
ence to fire relative to hotter, drier south slopes
(Miller et al. 2013, Morris and Ledger 2016,
Mata-Gonzalez et al. 2018). While seed source is
often a limiting factor in sagebrush recovery
(Longland and Bateman 2002), there is some evi-
dence that this may not be the case for basin big
sagebrush (Owens and Norton 1992), which

Fig. 5. State and transition model describing disturbance and succession dynamics in basin big sagebrush
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ecosystems. Basin Big Sagebrush Reference (Historic) State. This state represents the reference state that existed prior
to the introduction of nonnative annuals that now dominate much of the western United States. The resistance of
this state to nonnative annuals is/was relatively low; however, its existence on more north-facing slopes allows
this site to be much more resilient to disturbance than similar sites on south-facing slopes. The dynamics and spe-
cies composition would be similar to those described in the Basin Big Sagebrush Invaded State, without the pres-
ence of nonnative annuals. Transition T1.—This transition occurred due to the introduction of nonnative annual
species to the site. Droughts, fires, wildlife grazing, and human settlement and recreation in the area all played a
role in this introduction. Once the nonnative annuals become a consistent part of the herbaceous layer of this site,
it has crossed an ecological threshold where these nonnative annuals begin to capitalize on some of the resources
of the site, changing the overall ecological integrity in ways that facilitate the consistent presence of these species.
Basin Big Sagebrush Invaded State. This state represents the long-term data collected on the plant communities for
a north-facing basin big sagebrush ecosystem within John Day Fossil Beds National Park, suggesting a fire-return
interval between 15 and 20 yr. Despite the presence of nonnative annuals, resistance to disturbance pressures is
moderate and resilience is relatively high due to its existence on more north-facing soils. While in some similar
sites, one large fire can transition this state across a threshold into an annual-dominated state, this north-facing
site has higher resilience to this disturbance and is capable of recovering without crossing a threshold. All com-
munity phases are at risk of crossing a threshold, however, if the fire frequency becomes too frequent or there are
additional pressures on the site such as livestock grazing, long-term drought, or pests/disease that an additional
stress to the ecological integrity. Community Phase 2.1.—Compositionally, this community is similar to the historic
reference conditions prior to invasion by nonnatives. While the dominant structural components remain, there is
now a sparse, but consistent component of nonnative species in the understory. Ecological processes (infiltration,
nutrient cycling, energy capture) have not been significantly compromised at this time; however, ecological resili-
ence is reduced by the presence of nonnatives. Basin big sagebrush is a consistent part of the canopy composition
and structure through reestablishment by seed and relatively rapid growth and productivity. Bluebunch wheat
grass and Idaho fescue dominate the herbaceous layer, comprising the bulk of the canopy cover and biomass.
Nonnative annual grasses contribute to fine fuel loading and will increase the risk of recurrent wildfires.
Repeated fires (more than one fire within 15–20 yr) will send this community to CP 2.2 and potentially maintain
the CP in 2.2 for an extended period of time, while also reducing the amount of acreage of this community phase
and altering the natural fire regime and increasing the extent of CP 2.2. 2.1a.—Wildfire between 15 and 20 yr, hot
enough to burn out most of the woody species. 2.1b.—Fire intervals longer than 20 yr that allow time for basin
big sagebrush to dominate a greater amount of the site’s resources and begin to shade out the herbaceous under-
story. Community Phase 2.2.—This community is characteristic of an early seral plant community shortly after fire,
dominated by native perennial bunchgrasses and forbs. Early-successional, postfire plant communities in the
invaded state will still have a significant portion of native bunchgrasses dominating the composition; however,
nonnative annual grasses will also be a significant component. Native perennial bunchgrasses respond favorably
to fire and experience an increase in cover and vigor. Nonnative annual grasses contribute to fine fuel loading
and will increase the risk of recurrent wildfires. Repeated fires will extend the length of time and acreage of this
community phase, by removing more basin big sagebrush seedlings and seeds from the site, limiting their ability
to naturally reestablish into the community. 2.2a.—Absence from natural disturbance (fire, insect attack, disease)
and natural regeneration over time. In general, 15–20 yr is required for basin big sagebrush to reach prefire con-
ditions. Length of time for sagebrush communities to fully recover is dependent on ecological variables such as
springtime precipitation, proximity of nearest, seed source. Community Phase 2.3.—This community is character-
ized by a decadent basin big sagebrush overstory (18 + % canopy cover) and a reduction in the perennial herba-
ceous understory. In the absence of the natural fire disturbance, this sagebrush community turns into a more
monotypic stands of late-successional shrubs and native bunchgrasses. This results in reduced quantity and
diversity of plant species, reduced sagebrush vigor, and seed production. Overmature sagebrush plants are com-
petitive for light, water, and nutrients, preventing recruitment and establishment of other vegetation, and
increasing the amount of bare ground. Nonnative annuals persist in the understory and may increase following
decrease or loss of other functional and structural groups. Loss of deep-rooted perennial bunchgrasses results in

(Fig. 5. Continued)
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produces seed in its second year and can gener-
ate 50 million seeds/ha annually (Young et al.
1989). Collectively, these factors likely con-
tributed to rapid postfire recovery and native
dominance and caution is advised in extrapolat-
ing our results to drier, less productive, or highly
disturbed sites. Further, some historic basin big
sagebrush stands occurred along mesic flood-
plain channels and had individual shrubs reach-
ing heights of 3 m (USDA 2019). Our upland site
was far less productive, with smaller individuals,
thus may have fire regimes and successional pat-
terns that differ from those expected in lowland
areas.

Biomass in sagebrush-dominated ecosystems
has been described to accumulate along a sig-
moidal pathway (Watts and Wambolt 1996) with
mass of herbaceous and woody plant compo-
nents having an inverse proportional relation-
ship due to limited space and resources (Fig. 6;
Miller et al., 2013, Pennington et al. 2019). In the
initial postfire landscape, biomass is often lim-
ited, as much of the biomass is consumed by fire.
Immediately after the first fire at our site, resid-
ual fine fuel biomass was 0.23 Mg/ha (Sapsis
1990), too sparse to sustain a repeat fire. In sage-
brush ecosystems, threshold fuel loads for sus-
tained ignition and spread of fire have been
reported to range from 0.7 to 0.8 Mg/ha of herba-
ceous fuel (Beardall and Sylvester 1976) or a min-
imum of 20% sagebrush canopy cover (Pechanec
et al. 1954). Britton and Clark (1985) similarly

Fig. 6. Conceptual diagram showing recovery fol-
lowing fire in basin big sagebrush ecosystems based
on data collected at John Day Fossil Beds National
Monument, Oregon, USA. Dark lines show herbaceous
vegetation recovery in once-burned (solid) and twice-
burned (dashed) sites. Lighter gray is woody vegeta-
tion succession in once-burned (solid) and twice-
burned (dashed) sites. The gray shading in from years
15 to 25 shows the resultant proposed fire-return inter-
val for basin big sagebrush.

reduced infiltration, water holding, nutrient cycling, and energy capture. Contributing to the overall reduced
ecological resilience of this community phase. 2.3a.—Wildfire hot enough to remove most or all of the woody spe-
cies. 2.3b.—Patchy, low-intensity fire that does not remove most or all of the woody species and reopens the
canopy. Transition T2 (dashed—not seen at this site). This transition occurs due to fires that occur too frequently
(<10 yr between fires) that deplete the soil seedbank of most of, if not all, the native species typical of this site
and all that is left are opportunistic annuals and invasive species. While this basin big sagebrush site has proven
to be resilient to fire disturbance, it can cross an ecological threshold when the fire cycle becomes too frequent to
allow the site time to repair itself naturally. Soil and ecological processes are changed, reducing water infiltration
rates into the soil, organic matter turnover is reduced in the topsoil, and biotic integrity and diversity are lost.
While we did not see this type conversion in the study plots, similar areas near our sites have seen this type con-
version; thus, we believe that repeated fires with little recovery time would start to favor invasives. Annual-Domi-
nated State (dashed—not seen at this site). This state represents the variation in nonnative annuals that now
dominate this site. The resistance and resilience of this annual-dominated state and the community phases that
may be present are very high, withstanding repeated fires and adapting yearly to climatic variations such as
short- and long-term droughts. While we did not see this state in our study area, there is a risk of type conversion
to this state with increased fire and invasion.

(Fig. 5. Continued)
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found that a minimum of 20% sagebrush canopy
cover but only 0.30 Mg/ha herbaceous fuel
would carry fire under moderate weather condi-
tions. In all cases, by 15YPF our plots were well
over these biomass thresholds for sustained sur-
face fire spread through herbaceous fuels, and
similar mesic sagebrush systems have shown
adequate postfire herbaceous biomass accumula-
tion for repeat fire spread within 5 yr postfire
(Fellows et al. 2018).

This study provides evidence that burning
twice within 26 yr arrested succession and modi-
fied rates and types of biomass accumulation
(Fig. 6). When we compare biomass composition
and sagebrush cover in the 26YPF treatment
plots and prefire data collected by Sapsis (1990),
it appears that the 26YPF plots now are
advanced in succession compared with preburn
(i.e., had a higher sagebrush cover and biomass,
and lower herbaceous biomass), though climate
and precipitation variability could affect inter-
year herbaceous biomass (Sala et al. 2015). This
suggests that the fire-return interval of basin big
sagebrush is considerably lower than that of
Wyoming big sagebrush and even more frequent
than that of many mountain big sagebrush com-
munities. This knowledge is critical for our
understanding of succession, fuel accumulation,
and resultant potential fire behavior in a little-de-
scribed but imperiled subspecies of sagebrush
and its associated plant communities.
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