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Abstract. In subalpine forests of the western United States that historically experienced
infrequent, high-severity fire, whether fire management can shape 21st-century fire regimes
and forest dynamics to meet natural resource objectives is not known. Managed wildfire use
(i.e., allowing lightning-ignited fires to burn when risk is low instead of suppressing them) is
one approach for maintaining natural fire regimes and fostering mosaics of forest structure,
stand age, and tree-species composition, while protecting people and property. However, little
guidance exists for where and when this strategy may be effective with climate change. We sim-
ulated most of the contiguous forest in Grand Teton National Park, Wyoming, USA to ask:
(1) how would subalpine fires and forest structure be different if fires had not been suppressed
during the last three decades? And (2) what is the relative influence of climate change vs. fire
management strategy on future fire and forests? We contrasted fire and forests from 1989 to
2098 under two fire management scenarios (managed wildfire use and fire suppression), two
general circulation models (CNRM-CM5 and GFDL-ESM2M), and two representative con-
centration pathways (8.5 and 4.5). We found little difference between management scenarios in
the number, size, or severity of fires during the last three decades. With 21st-century warming,
fire activity increased rapidly, particularly after 2050, and followed nearly identical trajectories
in both management scenarios. Area burned per year between 2018 and 2099 was 1,700%
greater than in the last three decades (1989–2017). Large areas of forest were abruptly lost;
only 65% of the original 40,178 ha of forest remained by 2098. However, forests stayed con-
nected and fuels were abundant enough to support profound increases in burning through this
century. Our results indicate that strategies emphasizing managed wildfire use, rather than sup-
pression, will not alter climate-induced changes to fire and forests in subalpine landscapes of
western North America. This suggests that managers may continue to have flexibility to strate-
gically suppress subalpine fires without concern for long-term consequences, in distinct con-
trast with dry conifer forests of the Rocky Mountains and mixed conifer forest of California
where maintaining low fuel loads is essential for sustaining frequent, low-severity surface fire
regimes.

Key words: climate change; forest resilience; fuel limitations; Greater Yellowstone Ecosystem;
suppression; wildfire management.

INTRODUCTION

In subalpine forests of the western United States that
historically experienced infrequent, high-severity fire,
whether fire management can shape 21st-century fire
regimes and forest dynamics is not known. Wildfire
activity is rapidly increasing with warming, particularly in
subalpine forests (Westerling et al. 2006, Westerling 2016,

Littell et al. 2009, Abatzoglou and Williams 2016, Keyser
and Westerling 2019). These trends are expected to accel-
erate (Westerling et al. 2011, Abatzoglou and Williams
2016, Kitzberger et al. 2017), shifting the baselines associ-
ated with fire occurrence and management of fire on pub-
lic lands. Increasing fire activity is causing suppression
costs to rise (National Interagency Fire Center 2018) and
damages to mount (Thomas et al. 2017), making it diffi-
cult to balance the ecological benefits of fire with undesir-
able social consequences (Chapin et al. 2008, Calkin
et al. 2013, Stephens et al. 2013, Moritz et al. 2014, Steel-
man 2016, Bentley and Penman 2017, Ingalsbee 2017,
Schoennagel et al. 2017, Thompson et al. 2017). Thus,
there is an urgent need to evaluate the effectiveness of
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current fire management strategies for meeting important
social and ecological objectives within the context of pro-
jected changes.
Key objectives of federal fire management in the west-

ern United States include (1) ensuring people and prop-
erty are protected from wildfire and (2) maintaining
natural fire regimes and fostering mosaics of forest struc-
ture, stand age, and tree species composition (National
Wildfire Coordinating Group 2009, National Park Ser-
vice 2019). Given shifting baselines in recent decades,
federal agencies responsible for managing fire developed
the National Cohesive Wildland Fire Management strat-
egy to provide guidance on how these objectives might
be met in coming decades (National Strategic Commit-
tee 2014). One management option emphasized in the
strategy is managing wildfire for resource objectives
(hereafter; managed wildfire use), where lightning-
ignited fires are allowed to burn when risk is low, instead
of suppressing them. This approach is meant to ensure
that fire can continue to play its critical ecological role,
and potentially reduce fuel loads, which might lower the
probability of subsequent fires that exceed the historical
range of variability and threaten people (Jensen and
McPherson 2008, Prichard et al. 2017, Schoennagel
et al. 2017).
However, implementing managed wildfire use has pro-

ven difficult (Thompson et al. 2018). Most 20th-century
wildfires in the western United States were suppressed,
and those that escaped containment typically burned
under extreme drought and wind (Bessie and Johnson
1995, Keane et al. 2008, National Academy of Sciences,
Engineering, and Medicine 2017). Many fires are still
suppressed because of risk to people and property, even
in national parks and wilderness areas where policy has
long encouraged allowing lightning-ignited fires to burn
under moderate weather (i.e., when fuel moisture is rela-
tively high; Despain and Sellers 1977, Brown 1991). For
example, ~60% of lightning-caused fire starts were extin-
guished since 1988 in Grand Teton and Yellowstone
National Parks, the core of the largest intact wildland
area in the conterminous United States.
Little guidance also exists for where and when man-

aged wildfire use is likely to lower the risk of subsequent
catastrophic fires. Several retrospective studies do sug-
gest recent fires can limit subsequent fire occurrence
(Parks et al. 2014, 2018a), spread (Parks et al. 2015),
and severity (Parks et al. 2013, 2014, 2016, Harvey et al.
2016a). However, the feedbacks appear short lived
(~5–30 yr) and their strength varies with weather,
because fires can spread through forest landscapes with
little accumulated fuel when weather conditions are
extreme (i.e., low fuel moisture and high wind; Turner
and Romme 1994, Turner et al. 1994, Parks et al.
2018b).
The effectiveness of managed wildfire use for reducing

size or severity of future fires also may vary by forest
type. It appears well suited for dry forests where main-
taining small fuel loads is essential to sustain frequent,

low-severity, surface fire regimes (Allen et al. 2002, Sav-
age and Mast 2005, North et al. 2012, Krofcheck et al.
2018, Parks et al. 2018c, Walker et al. 2018). Whether
the strategy is as effective in subalpine forests, however,
is not clear. In this forest type, most burned area occurs
in a few events when weather conditions are extreme
(Turner and Romme 1994, Baker 2009, Marlon et al.
2012, Loehman et al. 2018). Historically, subalpine fires
were often not limited by fuels because fires were infre-
quent, tree species were well adapted to the historical fire
regime, and trees recovered rapidly (Turner et al. 1997,
2004, 2016), meaning that fuels accumulated quickly rel-
ative to the historical fire return interval (Harvey et al.
2016b, Nelson et al. 2016). Thus, widespread implemen-
tation of managed wildfire use in this forest type would
likely have had little influence on subsequent fire during
the 20th century (Schoennagel et al. 2004). However,
managed wildfire use might influence some characteris-
tics of future fires, perhaps by reducing their size or
severity. This is because projected changes in climate and
fire will likely compromise postfire tree regeneration or
even be incompatible with persistence of dominant tree
species in many places (Brown and Johnstone 2012,
Mart�ınez-Vilalta and Lloret 2016, Liang et al. 2017,
Hansen et al. 2018, Stevens-Rumann et al. 2018, Buotte
et al. 2019, Hansen and Turner 2019, Davis et al. 2019),
which could cause fuels in subalpine forests to become
increasingly limiting.
Determining whether and how widespread implemen-

tation of managed wildfire use would shape current and
future fire regimes and forest structure in western sub-
alpine landscapes could be exceptionally helpful for
managers who are tasked with stewarding these systems
during a time of profound environmental change. How-
ever, the fingerprint of past suppression in management
of subalpine fires makes it difficult to evaluate in the
field. Process-based simulation modeling is a promising
tool because it allows for a scenarios-based approach,
rather than an empirical one (Keane et al. 2019). We
conducted simulations of a large landscape in Grand
Teton National Park (GRTE), Wyoming, USA to ask:
(1) how would subalpine fires and forest structure be dif-
ferent if fires had not been suppressed during the last
three decades? And (2) what is the relative influence of
climate change vs. fire management strategy on future
fire and forests? We contrasted fire and forest dynamics
from 1989 to 2098 in GRTE under two scenarios: man-
aged wildfire use, and fire suppression. In both scenar-
ios, we assumed that wildfires could be suppressed or
allowed to burn under moderate weather but would
remain uncontrollable when weather conditions were
extreme. Consistent with historical observations (e.g.,
Schoennagel et al. 2004), we expected fire patterns and
forest structure not to differ between fire management
scenarios over the last three decades. However, we
expected that effects of managed wildfire use could
change during the latter half of the 21st century. Man-
aged wildfire use might begin to limit subsequent
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burning, relative to the suppression scenario, if changes
in future fire and climate begin to cause tree regenera-
tion failure and reduce fuels.

METHODS

Study area

We simulated most of the contiguous forest
(~40,000 ha) in GRTE (Fig. 1). GRTE is located in the
southern Greater Yellowstone Ecosystem on the border
of eastern Idaho and northwestern Wyoming. The park
was created in 1929 to protect the high peaks of the
Teton mountain range, and was expanded in 1950 to
include extensive portions of the surrounding Jackson
Hole Valley. The park encompasses approximately
1,200 km2, of which, 42% is forest. The remaining non-
forest includes alpine tundra, boulder fields, meadows,
grasslands, and shrublands (Knight et al. 2014). Eleva-
tion ranges from 1,600 to 3,400 m, with lower tree line
at 1,800 m and upper tree line above 3,000 m. Lower
treeline is warm and dry in the growing season with a
mean July temperature of 27°C and 540 mm of annual
precipitation (Western Regional Climate Center 2018).
Lower elevation forests are dominated by Douglas-fir
(Pseudotsuga menziesii var. glauca) and occasional
stands of aspen (Populus tremuloides). Historically, for-
ests at lower treeline burned frequently, at low severity
(Houston 1973, Arno and Gruell 1983, Jacobs and
Whitlock 2008). Temperatures are cooler and moisture
increases at higher elevations, as lower montane forests
transition to subalpine forests dominated by lodgepole
pine (Pinus contorta var. latifolia) or mixtures of Engel-
mann spruce (Picea engelmannii) and subalpine fir
(Abies lasiocarpa). Subalpine forests in Greater Yellow-
stone have burned in large stand-replacing fires at inter-
vals of 100 to 300 yr for millennia (Romme 1982,
Millspaugh et al. 2000, Power et al. 2011).
Following decades of universal fire suppression, the

U.S. National Park Service implemented a new manage-
ment policy in 1972 that allowed lightning-ignited fires
to burn in remote areas when risk was low (Despain and
Sellers 1977). In GRTE, the 1974 Waterfalls Canyon
Fire, which burned 1,414 ha along the western shores of
Jackson Lake, was one of the first wildfires managed
under this policy (Doyle et al. 1998). Such fires were
allowed to burn until 1988. That summer, nearly 250
fires consumed >500,000 ha of Greater Yellowstone
under conditions of extreme drought and high winds. In
GRTE, >6,000 ha burned, which was comparable to the
largest known previous fires in the region (late 1870s
Jackson Hole fires). The size and severity of the 1988
fires caused a reevaluation of natural fire policies in fed-
eral lands. Managed wildfire use was immediately sus-
pended in western U.S. national parks (Knight 1991)
and not reinstated until 1992 (Knight et al. 2014). Retro-
spective evaluation of the 1988 fires revealed that
weather was the dominant driver of fire size and severity

(Christensen et al. 1989). Fire management policy again
shifted away from universal suppression and, in align-
ment with NPS goals of minimizing consequences for
human well-being and maintaining a mosaic of forest
ages across the landscape, contemporary fire manage-
ment policies in GRTE allow lightning-caused fires to
burn with close monitoring when risk is low.

Model overview

iLand is a landscape-scale forest model that simulates
ecological processes at multiple spatial and temporal res-
olutions in a hierarchical framework. (Seidl et al. 2012,
2019). iLand simulates tree growth and mortality of indi-
vidual trees and the interactions among them in spatially
explicit landscapes as a function of canopy light intercep-
tion, radiation, temperature, soil water, and nutrients.
The model also explicitly simulates tree regeneration pro-
cesses, such as seed production (including serotiny), dis-
persal, and environmental controls (such as drought) on
seedling establishment and sapling growth (Hansen et al.
2018). Both sexual reproduction (i.e., by seed) and
resprouting are simulated for aspen. Thus, following fire,
tree regeneration is influenced by the age of the trees that
burned (determining the size of the canopy seed bank for
serotinous species), distance to the nearest unburned seed
source, soil moisture conditions in subsequent growing
seasons, and plant reproductive traits (Hansen et al.
2018). The model has been well tested in Greater Yellow-
stone (Braziunas et al. 2018, Hansen et al. 2018).
Climate and soil are assumed spatially homogeneous

within a 1-ha grid cell, but within-cell variation in light
and tree regeneration is simulated at 2 9 2 m resolution
based on forest structure. iLand is forced with daily tem-
perature, precipitation, vapor pressure deficit, and radia-
tion. For this application, we used gridded climate data
sets that were statistically downscaled (4-km resolution)
with the Multivariate Adaptive Constructed Analogs
approach (Abatzoglou and Brown 2012). These included
two general circulation models (GCMs), CNRM-CM5
(Voldoire et al. 2013) and GFDL-ESM2M (Dunne et al.
2012, 2013), that represent 20th-century climate well in
Greater Yellowstone (Westerling et al. 2011). For each
GCM, the first of the five runs from the Inter-Govern-
mental Panel on Climate Change AR5 experiment were
downscaled. We also included two representative con-
centration pathways (RCPs) 8.5 and 4.5, which assume
continued increases in radiative forcing to 8.5 W/m2 by
2100 and stabilization of radiative forcing at 4.5 W/m2

by 2100, respectively. Both GCMs show similar tempera-
ture trends with ~5°C of summer warming by 2099
under RCP 8.5.
iLand dynamically simulates wildfire at 20 m 9 20 m

resolution in a modeling framework designed initially
for the Northern Rocky Mountains (Keane et al. 2011)
and western Oregon (Seidl et al. 2014). For an exhaus-
tive description of the iLand fire module, see Seidl et al.
(2014) and Seidl and Rammer (2019). Briefly, fire is
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simulated based on statistical distributions of fire occur-
rence and size, fuel load (including surface litter and
downed coarse wood pools, excluding live fuels and dead
canopy fuels), and drought (using the Keetch Byram
drought index, KBDI; Keane et al. 2011, Seidl et al.
2014, Abatzoglou and Williams 2016). KBDI is a cumu-
lative daily metric of water balance for the fuel layer that
accounts for effects of both precipitation and tempera-
ture. In the fire module, daily KBDI is summed for each
simulation year, and compared to a reference KBDI
(1980–2016) to compute a KBDI anomaly.

Fire ignition in any given 20 9 20 m cell that has suf-
ficient available fuels (≥0.05 kg/m2 or 500 kg/ha; see
Appendices S1 and S2 for description of fuels in iLand)
is modeled based on the 20th-century fire return interval
and adjusted by the KBDI anomaly so that ignition is
more likely when conditions are hot and fuels are dry
and less likely when conditions are cool and fuels are
wet. Fire size is modeled by first drawing a maximum
potential fire size from a negative exponential distribu-
tion, fit to 20th-century fires, and then dynamically
spreading the fire across the landscape using a cellular

FIG. 1. (A) The study landscape is located in Grand Teton National Park in the Greater Yellowstone Ecosystem, the largest
intact wildland area in the contiguous United States. The ecosystem sits at the corners of Montana, Idaho, and Wyoming. (B) We
simulated ~40,000 ha of subalpine forest in Grand Teton National Park (80% of forested area in the park and 33% of total area of
the park). (C) The landscape sits to the west of the Teton mountain range, centered on Jackson Lake and is representative of sub-
alpine forests across the western United States.
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automaton approach. Because fire size in subalpine for-
ests is strongly driven by aridity, we modified the distri-
butions that determine maximum fire size so that only
fires >400 ha are chosen when KBDI anomaly is >1.7
(hot-dry conditions), and only fires <10 ha are chosen
when KBDI anomaly is <1 (cool-wet conditions). A
KBDI anomaly cutoff of 1.7 delineated the 5% driest
years in the contemporary climate record (1980–2016)
for the study landscape, and the minimum fire size
selected when KBDI anomaly exceeded this threshold
was determined based on historical fire records for the
region from 1970 to 2016 (Appendix S1). However,
many other factors (e.g., winds, flash droughts) can
cause fires to become large when our metric of aridity
(KBDI anomaly) are at intermediate values. So, when
the KBDI anomaly values are between 1 and 1.7, simu-
lated fire size is drawn from a negative exponential dis-
tribution with a mean size of 75 ha and a maximum size
of 20,000 ha. Thus, large fires can occur at intermediate
KBDI anomaly values (between 1 and 1.7), but large
fires have a lower probability of occurrence.
Once a maximum fire size is selected, fire spreads

dynamically through the landscape, with probability of
spread to adjacent cells contingent on fuel load, wind,
and slope. Fuel constraints were set so that a fire can
only spread if ≥0.05 kg/m2 (500 kg/ha) of fuel is present
in neighboring cells, the same threshold for fire ignition
(Keane et al. 2011, Seidl et al. 2014). Wind is simulated
with a given speed and direction per fire event (both ran-
domly selected for each event from user-defined ranges).
Spread rates differ if fires burn upslope or downslope
and vary with slope angle. In the burned cells, fire sever-
ity is modeled as percent crown kill based on fuels,
KBDI anomaly, tree size, and bark thickness (Seidl et al.
2014). To ensure iLand could re-create 20th-century fire
activity with reasonable skill, we parameterized the
model and compared the simulated fire regime to histor-
ical fire records (1970–2016) from the study area
(Appendix S1).

Simulation experiment

To ensure the initial simulation landscape corre-
sponded with the tree-species composition, forest struc-
ture, and stand age distributions in the actual landscape,
while also creating conditions consistent with the inter-
nal model logic, we conducted a 300-yr spin-up under
historical climate (CNRM-CM5 period: 1950–2005, cli-
mate years randomly chosen with replacement) and fire
(Seidl et al. 2019). This procedure generated a simula-
tion landscape similar to the actual landscape in 1989
(Appendix S2). Using the dynamic fire module, we then
simulated the resulting landscape from 1989 to 2098
while varying climate conditions (two GCMs and RCPs,
as described in Model overview) and fire management
(two scenarios).
The two fire-management scenarios were designed to

be generally consistent with how fire management

operates in western subalpine forests, but they were
not meant to precisely replicate past management
actions in GRTE, nor predict what will occur in this
landscape, as that is not feasible. The two management
scenarios were (1) a managed wildfire use scenario
where all fires were allowed to burn naturally and (2)
a fire suppression scenario in which fires that ignited
when drought was moderate (KBDI anomaly ≤1.7)
were suppressed and never grew larger than 0.04 ha,
but fires that ignited when drought was extreme
(KBDI anomaly >1.7) burned unhindered. Thus, we
represented effective suppression of fires when condi-
tions are cool and wet, as was typical of many years in
the historical record, and the inability to suppress fires
when conditions are hot and dry. We assumed that
drought was the dominant factor influencing fire sup-
pression for the purpose of this analysis; other vari-
ables (topography, wind speed, proximity to roads,
distance to structures) that might influence suppression
effectiveness (Coen et al. 2018) were not represented.
Because climate projections do not vary within a given
GCM and RCP but fire is stochastic in iLand (proba-
bility and location of fire ignitions and the fire sizes
and severities that result), we simulated 20 replicates
for each combination of GCM 9 RCP 9 suppression
scenario (n = 160).

Model outputs

To determine the relative importance of fire manage-
ment vs. climate change in the simulations, we ana-
lyzed the spatial and temporal patterns of fire (number
of fires, area burned, area-weighted mean fire size, and
proportion of stand-replacing fire (>90% of mature
trees killed in 1-ha grid cells) and forests (forested
area, fuel loads, stand age, and dominant tree species
in 1-ha grid cells) in the different scenarios. Annual
number of fires was tallied within four size classes
(<10 ha, 10–100 ha, 100–225 ha, and >225 ha). Fire
severity was calculated as the proportion of area in
stand-replacing fire (>90% crown kill) within each fire
perimeter. Forested area was defined as areas with
≥50 trees/ha (Hansen et al. 2018). We also calculated
the median fuel load (coarse and fine downed wood)
in forested areas. Stand age was tallied within four
classes (<40 yr, 40–150 yr, 151–250 yr, and >250 yr).
Species dominance in each 1-ha cell was quantified by
using species importance values (IV). Importance val-
ues sum the relative abundance (number of individuals
of a species divided by number of individuals of all
species in a grid cell) and relative basal area (basal
area attributed to that species divided by total basal
area in a grid cell) for each species on a plot. Thus,
species IV ranges from zero (species is not present) to
two (pure stand of the species). We then tallied the
forested cells in the simulated landscape that were
dominated (i.e., IV > 1) by lodgepole pine, Douglas-fir,
spruce–fir, or aspen.
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Analysis

We quantified differences in response variables among
scenarios from 1989 to 2017 (Q1; effect of fire suppres-
sion on contemporary landscapes) and 2018 to 2098
(Q2: relative influence of warming and fire suppression
on future fire and forest). We evaluated differences
among scenarios by comparing means and bootstrapped
95% confidence intervals (CIs). However, in interpreting
model results, we emphasize ecologically meaningful dif-
ferences rather than statistical ones. To aid in the inter-
pretation of our complex dataset, we first address Q1
and Q2 using the GCM (CNRM-CM5) and RCP (8.5)
where most area burned in the simulations. Then, we
contrast key differences between this scenario and the
other GCMs and RCPs.

RESULTS

Initial conditions

Following a spin-up period, iLand represented
the contemporary GRTE forest landscape well
(Appendix S2). In 1989, 40,178 ha of the simulated sub-
alpine landscape was forested (≥50 stems/ha; Fig. 2A).
Approximately 50% of the forested area was of interme-
diate age (40 to 150 yr old), 19% was young (<40 yr
old), 18% was mature (150–250 yr old), and 8% was old
growth (>250 yr old; Fig. 2B). Simulated forest area was
dominated by lodgepole pine (74%), followed by Dou-
glas-fir (16%), spruce–fir (9%), and aspen (1%; Fig. 2C).

Q1. Effect of fire suppression on contemporary landscapes
(GCM CNRM-CM5, RCP 8.5)

From 1989 to 2017, mean annual KBDI across the
landscape ranged from 74 to 238 (Fig. 2D) and a total
of 93 fires (CI 88–98), or 3.3 fires/yr (CI 2.6–4.1) ignited
regardless of whether fires were suppressed under mod-
erate conditions or not. Fire occurred in all years in both
scenarios, with the average annual number of fires rang-
ing from one to six. In the fire suppression scenario,
nearly all fires were <10 ha in size, as expected given the
suppression algorithm, but large fires (>225 ha) occa-
sionally occurred when KBDI values were high
(Fig. 3A). Fire sizes were mixed in the managed wildfire
scenario, with more fires in the intermediate and large
size classes than in the suppression scenario (Fig. 3A).
Annual area burned was generally low but varied
between the scenarios. On average, 92 ha/yr (CI 53–162)
burned in the suppression scenario and 259 ha/yr
(CI 171–390) burned in the managed wildfire use sce-
nario (Fig. 3B). However, the proportion of total burned
area that was stand replacing did not differ between the
two scenarios (Fig. 3B), and averaged 42% (CI 30–54).
The area-weighted mean fire size also did not differ
between scenarios and averaged 97 ha (CI 71–138;
Fig. 3C), indicating that most of the area burned was in

larger patches. Modest differences in fire activity
between scenarios had little effect on forest extent,
stand-age distribution, or tree species dominance by
2017. Forests still occupied the same area within GRTE,
and remained dominated by lodgepole pine, with most
forests in the intermediate (40–150 yr old) age class.

Q2. Projected future fire and forests (GCM CNRM-CM5,
RCP 8.5)

During the 2018–2098 simulation period, KBDI
increased, particularly after 2030 (Fig. 2D). In the mid-
to late-21st century, mean annual KBDI exceeded 200 in
most years and often exceeded 300, particularly after
2050. Similar to the historical period, the suppression
scenario was dominated by small fires through 2050,
with occasional years when fires burned >225 ha. The
managed wildfire use scenario had fires in the intermedi-
ate size class during this window, again similar to the his-
torical period. However, consistent with increasing mean
annual KBDI values, large fires became increasingly
common in both scenarios after 2050. A total of 460
fires (CI 451–471), or 5.6 fires/yr (CI 4.6–6.6) ignited
between 2018 and 2098 in both the suppression and
managed wildfire use scenarios. The annual number of
fires, area burned, and area-weighted mean size sharply
increased in the second half of the 21st century (Fig. 3).
After 2050, annual area burned exceeded 15,000 ha dur-
ing many years in both scenarios (Fig. 3B). The area
and proportion of stand replacing fire steadily increased
during the latter half of the century, again in both fire
management scenarios (Fig. 3B). Neither burned area
nor area-weighted fire size differed meaningfully
between suppression and managed wildfire use scenarios
in most years (Fig. 3B,C).
Simulated forest area remained relatively stable at

~43,000 ha until the mid-21st century (Fig. 4A). In con-
cert with increases in large, high-severity fires during the
mid-century, forest extent decreased abruptly to
~34,000 ha in less than a decade. The extent of forest
again declined abruptly near the end of the century with
a second rise in fire number and size. By 2098, only 65%,
or 27,365 ha (CI 26,53 ̶ 28,084), of the original forested
area remained forest in both suppression and managed
wildfire use scenarios. During the 21st century, average
fuel loads in the landscape remained high and steadily
increased through the early- to mid-21st century, to
67,320 kg/ha (CI = 66,966 – 67,735) and 68,467 kg/ha
(CI = 68,154 – 68,844) in the suppression and managed
wildfire use scenarios. Fuel loads declined slightly in the
last three decades of simulation and converged to
62,984 kg/ha (CI 62,577 – 63,368) in both scenarios.
Forest age distributions varied through time, but
changes were similar in the suppression and managed
wildfire use scenarios. Stand-age remained relatively
steady through 2050, after which, the extent of interme-
diate aged stands declined. Young forests expanded late
in the 21st century and accounted for 22% of remaining
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forest by 2099 in both scenarios (Fig. 4B). Similarly,
dominant forest types changed over time but differed lit-
tle between fire management scenarios. The area

dominated by lodgepole pine and spruce-fir forests
declined after mid-century, and Douglas-fir increased,
eventually replacing lodgepole pine as the dominant

FIG. 2. (A) Forested area, (B) stand age distribution, and (C) tree-species dominance in the initial landscape (1989) used in the
simulation experiments. The nonforested area (<50 trees/ha) in the upper right corner is a result of the 1988 wildfire that burned in
this landscape. (D) The Keetch-Byram drought index (KBDI) in the simulated landscape between 1989 and 2098 when forced with
the general circulation models (GCMs) CNRM-CM5 and GFDL-EM2M, broken out by representative concentration pathway
(RCP; 4.5 and 8.5). KBDI is a measure of aridity that integrates daily temperature and precipitation effects on water balance. It
scales between 0 (no drought) to 800 (severe drought). Contemp., contemporary.
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forest type in both scenarios (Fig. 4C). In 2098, Dou-
glas-fir dominated 63%, or 17,240 ha (CI 16,780 ̶
17,680), of remaining forest area, while lodgepole pine
accounted for only 28%, or 7,633 ha (CI 7,117̶ 8,168).

Variation among GCMs and RCPs

Consistent with the CNRM-CM5 RCP 8.5 scenario,
fire activity increased during the 21st century when simu-
lations were forced with the other GCM climate projec-
tions, and differences between fire management scenarios
remained minimal. In general, mean number of fires, area
burned, and area-weighted mean fire size did not differ
between CNRM-CM5 and GFDL-EM2M GCMs when
forced with RCP 8.5. However, the timing of big fire years
and maximum values for each variable differed
(Appendix S3). Between 1989 and 2017, KBDI averaged
162 and ranged between 50 and 360 in the GFDL-
EM2M RCP 8.5 scenario (Fig. 2D). The maximum
annual number of large fires, area burned, and area-

weighted mean fire size were larger in the GFDL-EM2M
RCP 8.5 scenario than in the CNRM-CM5 RCP 8.5 sce-
nario (Appendix S3). On average, 4 fires/yr (CI 3.2 ̶ 4.8)
and 767 ha/yr (CI 584 ̶ 1,077) burned between 1989 and
2017. From 2018 to 2098, KBDI increased, averaging 223
and exceeding 300 in many years. Maximum annual area
burned was smaller during the projected future under the
GFDL-EM2M RCP 8.5 scenario, compared with the
CNRM-CM5 RCP 8.5 scenario (Appendix S3). However,
large fires (>225 ha) occurred more consistently during
the mid- to late-21st century under GFDL-EM2M RCP
8.5. This translated into forest extent beginning to decline
earlier and more linearly compared with the CNRM-
CM5 RCP 8.5 scenario (Fig. 5). When the CNRM-CM5
and GFDL-EM2M GCMs were forced with RCP 4.5,
instead of RCP 8.5, KBDI from 1989 to 2017 did not dif-
fer from the RCP 8.5 scenarios (Fig. 2D), but more large
fires occurred (Appendix S3). Between 2018 and 2098,
KBDI increased more gradually in the RCP 4.5 scenarios
(Fig. 2D), resulting in smaller increases in the number of

FIG. 3. (A) The number of fires between 1989 and 2098 that burned <10 ha, 10–100 ha, 100–225 ha, and >225 ha in suppres-
sion and managed wildfire use scenarios. (B) The annual area (ha) that burned as stand replacing and non-stand replacing between
1989 and 2098 in suppression and managed wildfire use scenarios. (C) Area-weighted mean fire size (ha) between 1989 and 2017.
Area weighted mean is a geometric mean, which is more representative of the patch size one would encounter walking around a
landscape. All values are means across the 20 replicate simulations of the GCM CNRM-CM5 under the RCP 8.5 scenario.
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fires, area burned, and area weighted mean fire size
(Appendix S3). Differences in projected future fire activ-
ity between RCP scenarios translated into more forest
remaining under RCP 4.5 vs. 8.5 for both GCMs (Fig. 5).

DISCUSSION

Results of this study suggest that strategies emphasiz-
ing suppression vs. managed wildfire use will do little to
alter fire and forest trajectories if climate change (i.e.,
increasingly severe drought) is the dominant driver of
21st-century fire activity in subalpine forests of the west-
ern United States. Under contemporary conditions, fire
sizes varied much more in the managed wildfire use sce-
nario than the suppression scenario, fostering landscape
heterogeneity. However, hot-dry conditions projected for
the middle to end of this century caused simulated fires
in GRTE to grow large in all climate and management
scenarios. Corresponding with warming and increased
fire activity, large forested areas were lost, and tree-

species dominance shifted where forest remained. Simu-
lation experiments, such as this one, cannot predict
where and when future climate and fire management will
affect a particular location. However, our simulations
yield useful insights about how complex interactions
among climate, fire, forests, and management may
emerge in subalpine landscapes. These results quantita-
tively inform efforts to evaluate fire management strate-
gies in light of expected changes.

21st-century fire and forest trajectories

Fire activity in 21st-century forests of the western Uni-
ted States may exceed the historical range of variability
observed over centuries, and possibly millennia (Wester-
ling et al. 2011, Kelly et al. 2013, Kitzberger et al. 2017).
Intensifying drought conditions during this century will
almost certainly produce many more summers where cli-
mate thresholds associated with large high-severity fires
are crossed (Westerling et al. 2011, Abatzoglou and

FIG. 4. (A) Forested area (ha) between 2018 and 2098 in suppression and managed wildfire use scenarios. (B) Forested area (ha)
that is <40, 40 – 100, 100 – 250, or >250 yr old in suppression and managed wildfire use scenarios. (C) Forested area (ha) dominated
by lodgepole pine, Douglas-fir, spruce–fir, or aspen between 2018 and 2098 in suppression and managed wildfire use scenarios.
Values in panel A are means and 95% confidence intervals for the 20 replicate simulations of the GCM CNRM-CM5 RCP 8.5 sce-
nario. Values in panels B and C are means for the 20 replicate simulations of the GCM CNRM-CM5 RCP 8.5 scenario.
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Williams 2016). Consistent with expectations (Sommer-
feld et al. 2018), we found that future climate was a domi-
nant driver of fire activity, relative to fuels and fire
management. Warming-drying trends caused burned area
to increase sharply in all climate and fire management sce-
narios. Average area burned per year was 1,700% greater
during the projected future (2018–2098) relative to the
contemporary period (1989–2017) in the CNRM-CM5
RCP 8.5 climate scenario. However, key climate forcings
(i.e., temperature, precipitation, and vapor pressure defi-
cit) all have their own dynamic patterns of inter-annual
and inter-decadal variability layered upon 21st-century
trends, and this variability produced distinct patterns of
burning (Westerling et al. 2006, Westerling 2016, Keyser
and Westerling 2017, Littell et al. 2018) among scenarios.
For example, in the CNRM-CM5 RCP 8.5 scenario, a
strong multi-decade ocean circulation event in the late
2050s and early 2060s led to drier conditions in the north-
ern Rockies than would be expected from anthropogenic
climate change alone (Fig. 2D). This mid-21st century dry
excursion caused many fires to escape suppression and
grow large (Fig. 3). In the following decades, moisture
increased, and fire activity declined, as conditions again
became more conducive to suppression. This highlights
how managers should plan for effects of future climate
variability on fire, in addition to mean climate trends.
It appears that 21st-century conditions may be suffi-

cient to erode subalpine forest resilience, or the capacity
of a system to recover from disturbance while retaining
structure, functions, and feedbacks (Walker et al. 2006).
Forest structure and extent changed profoundly in all
simulations with 21st-century climate and fire. By 2098
in the CNRM-CM5 RCP 8.5 climate scenario, for exam-
ple, 35% of forested area abruptly converted to non-

forest (Fig. 4A), which was initiated by increased fire
activity during the mid-21st-century dry excursion. Spe-
cies dominance and stand-age distributions shifted in
remaining forests with drought-tolerant Douglas-fir
replacing lodgepole pine, and young forests also expand-
ing. Studies have demonstrated that fire and climate,
consistent with 21st-century projections, can be powerful
forces for change in forests that experience large severe
fires (Enright et al. 2014, 2015, Harvey et al. 2016c,
Johnstone et al. 2016, Hansen et al. 2018, Keane et al.
2018, Serra-Diaz et al. 2018, Stevens-Rumann et al.
2018, Buotte et al. 2019). For example, conversion to
nonforest can occur following unusually large or short-
interval burns that reduce seed supply and constrain
postfire tree regeneration (Brown and Johnstone 2012,
Kemp et al. 2016, Hansen et al. 2018, Turner et al.
2019). Even if sufficient seed is available, drought in the
first few growing seasons following fire can kill tree seed-
lings (Walck et al. 2011, Clark et al. 2016, Harvey et al.
2016b, Hansen and Turner 2019, Kemp et al. 2019,
Davis et al. 2019).

Managed wildfire use in current and future subalpine
forests

Whether managed wildland fire use can reduce subse-
quent fire occurrence, size, and severity hinges on the
premise that fire is self-limiting (Hurteau et al. 2019). In
other words, recently burned areas have insufficient fuel
to carry another fire (Parks et al. 2015, Riley et al.
2018). In some locations, retrospective studies provide
compelling evidence for fire’s self-limiting nature. Fire
occurrence, size, and severity were reduced by previous
burns across numerous analyses of recent fires in the

FIG. 5. Forested area (ha) between 1989 and 2098 in suppression and managed wildfire use scenarios when forced with the
GCMs CNRM-CM5 and GFDL-EM2M and the RCPs 4.5 and 8.5. Values are means for the 20 replicate simulations of each
climate scenario.
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western United States (Parks et al. 2013, 2015, 2018a,
Harvey et al. 2016a). For example, in three large north-
ern Rocky Mountain wilderness landscapes, the proba-
bility of reburning was low for 15 to 33 yr following the
first fire (Parks et al. 2018b). However, the length and
strength of negative feedbacks varies with weather and
forest type. For example, under unusually hot-dry condi-
tions, the length of fire’s self-limiting effect was reduced
by as much as 46% (from 28 to 15 yr) in the same three
wilderness landscapes (Parks et al. 2018b). In subalpine
forests of the northern Rockies, severity of reburns was
actually higher than long-interval fires when more than
12 yr had passed between sequential fires (Harvey et al.
2016a).
In our simulations, we found no evidence that man-

aged wildfire use meaningfully affected subsequent fire
in a subalpine landscape under contemporary or future
conditions. Simulated increases in burned area did alter
forest structure and extent, but remaining forests accu-
mulated fuel quickly after fire and stayed sufficiently
connected for fires to spread, even without spotting
(burning material that travels long distances in the wind
and causes new ignitions), a process that is not repre-
sented in the model. These results are consistent with
recent empirical analyses, which show young postfire
forests that burned in 1988 near GRTE rapidly accumu-
lated sufficient fuels to burn again as active crown fire,
even under moderate weather (Nelson et al. 2016, 2017).
It is also well in line with recently observed fire behavior.
In 2016, the Berry and Maple fires in and around GRTE
burned almost 18,000 ha of early postfire subalpine for-
est (16 and 28 yr old; Turner et al. 2019); some stands as
young as 7 yr old also burned during the 1988 Yellow-
stone fires.
While managed wildfire use had little effect on broad-

scale patterns of burning during the contemporary or
future projected periods, it could still be an important
strategy. Fires of intermediate size were more common
when simulated aridity was moderate, particularly dur-
ing the contemporary period when fire activity was gen-
erally low. Allowing fires to burn during the
contemporary period fostered landscape heterogeneity
and created early postfire environments within otherwise
contiguous mature forest, which dampens the risk for
other disturbances such as bark beetles (Seidl et al.
2016) and provides critical habitat for a variety of spe-
cies, including cavity nesting bird species (Taylor 1973,
Hutto 1995), granivores (e.g., Frock and Turner 2018),
and ungulates (e.g., Mao et al. 2005). Further, managed
wildfire use may influence fire behavior (e.g., reducing
fire intensity), which was not considered in this study,
and could have important ecological consequences. For
example, reduced fire intensity could foster greater tree
regeneration under a managed wildfire use strategy.
Our approach was limited in a few ways. Large fire

occurrence and suppression effectiveness were both
linked to deterministic climate thresholds. Thus, warm-
ing climate and increased drought inherently led to

larger fires and lower suppression effectiveness. During
the contemporary period, our approach reasonably rep-
resented current fire and management patterns
(Appendix S1). However, in the future, it assumes that
the relationships between climate, fire activity, and sup-
pression effectiveness do not change. This is consistent
with other studies that model future fire (e.g., Wester-
ling et al. 2011), but adds uncertainty to the simulated
trajectories. First, under future climate, controls on fire
spread could diverge from empirical relationships that
are based on past observation. The physical multi-scale
processes that shape fire spread and size are notoriously
complex, and forest landscape models cannot yet ade-
quately capture these emergent dynamics (Finney et al.
2015, Coen et al. 2018). This is an area of active current
research. Second, fire management strategies, such as
suppression, could become more effective in the future
if technology advances or more resources are invested
in firefighting. However, dynamically modeling techno-
logical innovation and government resource allocation
was well beyond our scope. Finally, our simulations do
not account for increases in atmospheric CO2 concen-
trations, which could cause tree biomass to recover
more quickly after fire, if tree seedlings can establish
and survive, and if water and nitrogen do not limit pri-
mary production (Dusenge et al. 2019). Within the con-
text of these assumptions, our simulations provide
valuable insights into how fire management strategies
may influence 21st-century climate-fire trajectories in
subalpine forests of the western United States.

MANAGEMENT IMPLICATIONS

Key objectives of federal fire management in the west-
ern United States include (1) ensuring people and prop-
erty are protected from wildfire, and (2) maintaining
natural fire regimes and fostering mosaics of forest struc-
ture, stand age, and tree species composition. The key
finding of this paper is that managed wildfire use may
foster landscape heterogeneity, particularly under cur-
rent conditions. However, the strategy will likely not
maintain fire within its historical range of variability by
ameliorating profound future increases in burned area,
driven by climate change. Future changes in the fire
regime will almost certainly interact with climate to
transform subalpine forests. This is in distinct contrast
to low-elevation dry conifer forests across the Rocky
Mountains and mixed conifer forests of California,
where managed wildfire use will remain a critically
important strategy for maintaining frequent, low-
severity, surface fire regimes.
While managed wildfire use may still help to meet

some resource management objectives in subalpine for-
ests during the next few years to decades, our results also
suggest that as climate and fire baselines shift, managers
will continue to have substantial flexibility to use sup-
pression (when weather allows) without altering forest
dynamics over the long term (Noss et al. 2006, Halofsky
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et al. 2018). Strategic use of suppression in subalpine
forests might be particularly valuable for protecting
high-value assets (e.g., buildings and infrastructure) or
maintaining essential ecosystem processes and attributes
(e.g., old growth forest, wildlife habitat). Exploring the
effectiveness of fuels treatments around these social and
ecological resources to enhance fire fighter safety and
reduce resistance of fires to suppression efforts is also
warranted.
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