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especially with >30% of the landscape in dispersed configuration. Fire exclu-
sion zones had minimal effects on regeneration of fire embracers (lodgepole
pine, Pinus contorta var. latifolia) and fire resisters (Douglas-fir, Pseudotsuga
mengziesii var. glauca). In the operational scenario, postfire regeneration of fire-
avoiding species was greater compared to the reference scenario, especially in
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INTRODUCTION

Stewardship of forests in fire-prone landscapes is chal-
lenged by climate-driven increases in fire size, severity,
and frequency (Abatzoglou & Williams, 2016; Overpeck
et al., 1990; Parks, Holsinger, Blankenship, et al., 2023),
especially where fires deviate from historical ranges of
variability (HRV; Clark-Wolf et al., 2023; Morgan et al.,
1994). Management is particularly challenging in the
extensive boreal and temperate conifer forests adapted to
infrequent, high-severity fires driven largely by climate
(Halofsky et al., 2018; Millspaugh et al., 2000; Stephens
et al., 2013) because, in contrast to dry forest types, reduc-
ing burn severity cannot sustain resilience (i.e., the ability
of the ecosystem to recover to pre-disturbance states;
Holling, 1973). The dominant tree species are adapted to
regenerate after stand-replacing fires, often from seed,
and resilience mechanisms depend on seed supply and
environmental conditions (Stevens-Rumann & Morgan,
2019). Changing fire regimes can erode forest resilience
by limiting seed supply (Gill et al., 2021; Harvey et al,,
2016; Keeley et al., 1999), and changing environmental
conditions can constrain germination and establishment
(Hoecker et al., 2020; Kemp et al., 2019). Although some
guidelines for sustaining resilience of these forest types
exist (Halofsky et al., 2018), whether management strate-
gies can operationalize these guidelines and foster adap-
tation to changing fire regimes is unknown (Stephens
et al., 2013).

The Resist, Accept, Direct (RAD) framework
(Schuurman et al., 2020, 2022) offers three options for
navigating transformational change. Managers can
resist change by preventing disturbance or actively restor-
ing an ecosystem to a reference state, accept change by
not intervening, or direct change by guiding the ecosys-
tem toward an alternative condition (Schuurman et al.,
2020, 2022). Effective science-management collabora-
tions are crucial for developing and testing plausible
place-based management strategies for each RAD option
and navigating the uncertainty inherent in management

hot climate scenarios. Although regeneration of fire avoiders declined in oper-
ational and reference scenarios throughout the 21st century, regeneration den-
sities were up to 10 times greater in the operational relative to the reference
scenario. Our results suggest that mimicking historical burn mosaics by
establishing fire exclusion zones could sustain seed sources and afford more
time for subalpine conifer forests to adapt to a warmer world with more fire.

climate change, disturbance, ecosystem change, forest ecology, Greater Yellowstone,
management, National Parks, resilience, resist-accept-direct, simulation modeling, wildfire

decisions (Kirchhoff et al., 2013). Before implementing
management strategies in real-world landscapes, simu-
lation experiments can explore alternative strategies
under a range of future scenarios. This can help to avoid
unintended future consequences (Lynch et al., 2021), as
ecosystems will continue to change over time with cli-
mate (Jackson, 2021). Lastly, vulnerability assessments
can further inform the choice of management strategy
by identifying ecosystem components most vulner-
able to changing climate (Jackson, 2021; Lecina-Diaz
et al., 2021).

Adaptations to fire vary among tree species across
conifer forests of the western United States (Agee, 1993;
Keeley, 2012). Thus, species differ in their vulnerability
to changing fire regimes and may be more or less respon-
sive to different management interventions. Fire avoiders
(e.g., subalpine fir, Abies lasiocarpa; Engelmann spruce,
Picea engelmannii; white spruce, Picea glauca; western
hemlock, Tsuga heterophylla) lack adaptations to fire and
rely on seed dispersal from live, mature forests. Fire
avoiders may be especially vulnerable to increased fire
size and frequency, as they often occur where historical
fire return intervals are longer than tree lifespans. Fire
resisters (e.g., Douglas-fir, Pseudotsuga mengziesii;
ponderosa pine, Pinus ponderosa) have traits such as
thick bark that allow individual trees to survive low-
intensity fire and retain seed sources within burned
areas. However, fire resisters could also be vulnerable if
greater fire intensity increases mortality and thus reduces
seed supply. In contrast, fire embracers do not survive
fire but are adapted to regenerate after fire from aerial
seedbanks of serotinous cones (e.g., lodgepole pine, Pinus
contorta var. latifolia; black spruce, Picea mariana) or by
resprouting from surviving roots (e.g., quaking aspen,
Populus tremuloides). Fire embracers may be less vulnera-
ble to increased fire, except where immaturity risk elimi-
nates the canopy seed bank (Keeley et al., 1999). Effective
management interventions may be needed to enhance
natural regeneration of vulnerable fire avoiders or resi-
sters as novel fire regimes emerge.
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Historical postfire mosaics offer a natural analog for a
“Resist” option that could enhance postfire resilience of
fire avoiders and resisters in subalpine forests. Islands
of unburned forest (i.e., patches of live forest within a fire
perimeter) and fire refugia (i.e., live forests that persist
through successive fires) enhance postfire tree regenera-
tion by retaining seed sources, regulating microclimate,
and buffering climatic changes (Blomdahl et al., 2019;
Coop et al., 2019; Downing et al., 2019). Yet, whether and
where such stands may persist after a fire is difficult to
predict under future climate (Mackey et al., 2021; Meigs
et al., 2020; Rodman et al., 2023). As climate and fire
regimes change, managers could mimic the effects of
unburned stands and fire refugia by establishing fire
exclusion (Fx) zones through strategic and targeted sup-
pression of fire in forests adapted to infrequent, stand-
replacing fire (i.e.,, “reasoned fire exclusion” sensu
Halofsky et al., 2018). Delineating Fx zones along fuel
breaks before fires occur and then preventing fire from
spreading into such zones could enhance postfire tree
regeneration in surrounding burned areas, mimicking
effects of historical burn mosaics. Whether such a strat-
egy is feasible and effective is uncertain, and many ques-
tions remain unanswered: What proportion of a
landscape would need to be managed as Fx zones? How
should such zones be arranged spatially to maximize seed
delivery to burned areas? If seeds disperse into burned
areas, do warming temperatures push tree species beyond
their physiological thresholds for germination and estab-
lishment (Davis et al.,, 2019; Stevens-Rumann et al.,
2022)? Assessing whether delineating Fx zones in con-
temporary landscapes could allow forests to adapt to
changing climate and whether ecological benefits would
warrant the investment could help guide management
choices.

Simulation models are ideal for exploring alternative
scenarios, especially when field experiments are not feasi-
ble, management goals depend on long-term outcomes,
and future climate and fire regimes are uncertain. Our
team of managers and scientists used the individual-
based forest landscape model iLand (Rammer et al., 2024;
Seidl et al., 2012) to explore the potential for Fx zones to
enhance natural postfire tree regeneration in Grand
Teton National Park (GRTE; Wyoming, USA). We first
asked (1) how do the amount and configuration of poten-
tial Fx zones influence postfire tree regeneration through-
out the 21st century under alternative climate scenarios?
To disentangle the effects of extent and configuration, we
used neutral landscape models (NLMs; Gardner et al.,
1987; With & King, 1997) to simulate spatial patterns of
Fx zones. Informed by the spatial arrangement that
enhanced postfire tree regeneration the most, we devel-
oped an “operational” scenario. We delineated

operational Fx zones in areas dominated by mature
stands of vulnerable species (fire-avoiding subalpine fir,
Engelmann spruce, and fire-resisting Douglas-fir) and
where fuel breaks and current methods of fire suppres-
sion could prevent fire spread into Fx zones. We then
asked (2) relative to reference simulations without Fx
zones, how do operational Fx zones affect postfire tree
regeneration within burned patches and across the land-
scape by the end of the 21st century? We expected that
greater amounts of dispersed Fx zones would increase
postfire regeneration of tree species that rely on ex situ
seed sources (Table 1). We also expected that these effects
would be greatest in hot and dry climate conditions likely
to limit establishment because a greater seed supply
would be needed to sustain at least some regeneration.
We further expected that the effects of operational Fx
zones would be limited to areas within species-specific
dispersal distances.

METHODS
Study area

Grand Teton National Park is located within the Greater
Yellowstone Ecosystem (GYE) in northwestern Wyo-
ming, USA. About 42% of the 130,000 ha encompassed by
GRTE is forested (Hansen et al., 2020), with lower tree
line around 1600 m above sea level (asl) and upper
tree line above 2900 m asl (Clark, 1981; Iglesias et al.,
2018). Our simulation landscape (Figure 1) follows the
same boundaries as prior studies (e.g., Hansen et al.,
2020; Turner et al., 2022) and encompasses 57,189 ha, of
which 53,665 ha are potentially forested (i.e., stockable).
The simulation landscape includes most forested areas of
GRTE as well as portions of southern Yellowstone
National Park, the Teton Wilderness on the Bridger-
Teton National Forest, and the Caribou-Targhee National
Forest. The average January temperature in GRTE is
—10.8°C with an average July temperature of 15.3°C (30-
year climate normals, 1991-2020, for Moran Junction;
NOAA, 2024). Precipitation occurs mainly in the winter
as snowfall. Regional climate has shifted considerably
since 1950, with warmer temperatures, drier summers
and winters, and wetter springs and falls (Hostetler
et al., 2021).

Forest composition in GRTE is shaped by climate,
topography, and fire. Fires typically occur in summer and
fall under hot, dry, and windy conditions (Loope &
Gruell, 1973; Romme & Despain, 1989; Whitlock, 1993).
Since 1972, fire in GRTE has been managed for resource
benefit, and some naturally ignited fires are allowed
to burn if they do not threaten lives or critical
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TABLE 1

Expectations for the effects of fire exclusion (Fx) zone amount and configuration on postfire tree regeneration in different

climate scenarios (Q1) and for the effects of the operational Fx zone scenario on tree regeneration in burn patches and across the

landscape (Q2).
Variable

Question 1—Potential Fx zones

Fire exclusion zone

Amount

Configuration

Warm climate (RCP 4.5)

Hot climate (RCP 8.5)

Time

Expectation

Postfire tree regeneration will be greater in Fx
scenarios, but species responses will differ

Postfire tree regeneration will increase with
greater amounts

Dispersed configurations will result in more
postfire tree regeneration compared to clumped
configurations

Postfire tree regeneration will increase weakly to
moderately in response to Fx zones in scenarios
with warm climate

Postfire tree regeneration will increase strongly in
response to Fx zones in scenarios with hot climate

Effects of Fx zones will become more apparent by
late century

Question 2—Operational versus reference scenario

Regeneration in burned patches

Regeneration across landscape

Postfire tree regeneration will be greater in the
operational scenario, but species responses will
differ

Postfire tree regeneration will be greater in the
operational scenario, particularly near Fx zones

Rationale

Species that depend on ex situ propagules
and are more likely to lose their climatic
niches for establishment will benefit most

More seed sources are maintained on the
landscape

Greater edge-to-area ratios and reduced
distances to seed sources will maximize
propagule supply to burned areas

Climate and fire activity will not change
enough to compromise seed supply or tree
establishment

Elevated fire activity will compromise seed
supply outside Fx zones, and drought will
further compromise establishment

Deviations from HRV in climate and fire
activity will be greater

More seed sources are maintained on the
landscape in the operational scenario

More seed sources are maintained on the
landscape in the operational scenario

Climate

scenarios

Hot, dry climate scenarios will result in greatest
differences between operational and reference

Increased fire activity will compromise seed
supply and drought will reduce germination
and establishment

Note: For Q1, we compare Fx scenarios to each other and to a reference scenario without Fx zones, and for Q2 we compare operational and reference scenarios.

infrastructure. Mixed-severity fire at intervals from 50 to
100 years (Loope & Gruell, 1973) is common in relatively
warm and dry low-elevation forests (Jacobs &
Whitlock, 2008), favoring interior Douglas-fir and quak-
ing aspen. High-severity, stand-replacing fires at intervals
from 100 to 300 years (Whitlock, 1993) are typical in
mid-elevation forests where lodgepole pine is dominant,
especially on relatively flat terrain (Loope & Gruell,
1973). Fire intervals can exceed 300 years at higher eleva-
tions where mixed stands of Engelmann spruce, subal-
pine fir, and whitebark pine (Pinus albicaulis) occur near
upper tree line (Loope & Gruell, 1973). Some spruce-fir
stands are also present at lower elevations in toe-slope
forests of the Teton Range.

Model overview

We used iland, an individual-based forest landscape
and disturbance model (Rammer et al., 2024; Seidl et al., 2012)

that has been parameterized, well-tested, and applied
in the GYE (e.g., Braziunas et al., 2018; Hansen
et al., 2020; Turner et al., 2022). Abiotic environmen-
tal conditions, including soil type, nutrients, and
water availability, are defined at 100 m X 100 m reso-
lution while light availability is calculated at 2 m X 2
m resolution in the simulations. iLand simulates
growth, competition, and mortality of individual trees
(>4 m in height) in response to abiotic drivers and
based on first principles of ecology. Ecosystem
processes are simulated hierarchically at multiple
scales across spatially explicit landscapes (Rammer
et al., 2024; Seidl et al., 2012). All regionally dominant
conifer species are modeled using species-specific
parameters (Thom et al., 2024), with serotinous and
non-serotinous variants of lodgepole pine represented
separately. In this study, we analyzed regeneration of
wind-dispersed conifers (subalpine fir, Engelmann
spruce, Douglas-fir, and lodgepole pine variants),
but quaking aspen and whitebark pine were also
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Dominant forest type (2020)
D Lodgepole pine D Aspen
B Spruceffir [ ] Mixed
[ ] Douglas-fir B Nonforest
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10 km

NLM scenarios
Dispe(sed

FIGURE 1 Dominant forest types in the iLand simulation landscape centered on Grand Teton National Park at the end of the model
spin-up (representing the year 2020; left) and the fire exclusion zone scenarios based on neutral landscape models (NLMs) with varying

amounts and configurations (right). Upper inset panel shows the operational fire exclusion zone scenario delineated based on the presence

of species vulnerable to novel fire regimes (subalpine fir, Engelmann spruce, and Douglas-fir) and the potential for fire control through

reasoned fire exclusion. Spatial patterns of the fire exclusion zones were imposed on the model landscape and simulated until 2100 under

four climate scenarios.

simulated. For further details on iLand, see the model
website (iLand, 2025).

Seed production by mature trees is modeled per m* of
crown area and modified based on species-specific fecun-
dity parameters, such as age of maturity and masting fre-
quency. Seed dispersal is represented at 20 m X 20 m
resolution using species-specific probabilistic dispersal
kernels around mature trees such that seed availability
declines as distance from seed source increases. Focal
cells receive seeds aggregated from surrounding kernels,
and tree establishment then depends on environmental
factors such as temperature, water, and light availability.
Once established, regeneration cohorts are modeled at

2 m X 2 m resolution until a cohort reaches 4 m in
height and graduates into the individual-based model.
If cohorts of multiple species establish within a cell,
the species that first reaches the 4-m height threshold
wins the cell. We aggregated all model outputs to the
scale of 100 m x 100 m grid cells for our analysis.

Climate scenarios

We selected two general circulation models (GCMs) with
daily climate projections that differ in their expe-
cted future summer precipitation. While mean annual
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precipitation increases throughout the century in both
GCMs, they project a wetter (CanESM2, Chylek et al.,
2011) and a drier (HadGEM2-ES, Collins et al., 2011)
growing and fire season climate for our region. By the
end of the 21st century, summer precipitation would
increase by 1.5-3.3 cm in the wet GCM while it would
decrease by 1.8-2.4 cm in the dry GCM. For each GCM,
we included two relative concentration pathways
(RCPs) that illustrate moderate warming (+4.1 to 4.2°C)
with a stabilization in greenhouse gas concentrations by
midcentury and radiative forcing increasing to
4.5 W m™2 (RCP 4.5, warm), or hotter temperatures
(+6.6 to 6.8°C) with unabated emissions and radiative
forcing increasing to 8.5 W m™> (RCP 8.5, hot). We
obtained downscaled climate projections at 4 km X 4 km
resolution from Multivariate Adapted Constructed
Analogs (MACA) datasets (Abatzoglou & Brown, 2012)
and further downscaled these data to 100 m X 100 m
resolution using relationships between climatic vari-
ables and lapse rates along elevational gradients
(Dollinger et al., 2024).

Fire modeling

We imposed ignitions and maximum sizes of large fires
(=400 ha) based on statistical models of large fires in the
GYE developed for the selected GCMs and adapted for
iLand (Turner et al., 2022). Small fires (<400 ha) were
simulated based on random ignitions. Fire spread was
simulated dynamically at 20 m X 20 m resolution based
on a cellular automaton approach with spread probabili-
ties dependent on wind speed and direction, slope, as
well as fuel amount and type (Hansen et al., 2020; Seidl
et al., 2014). Fire effects are modeled for individual trees
based on fuel amounts, average tree size, and bark
thickness.

Model initialization

Forest composition and stand structure were initialized
with a 310-year spin-up. The spin-up was initialized with
seedling cohorts matching contemporary forest composi-
tion and simulated for 310 years using climate years ran-
domly drawn with replacement from CanESM2 RCP 4.5
for the 1950-2005 period. Starting at 1950 (spin-up year
240), the actual climate year was used, and historical fire
perimeters from the Monitoring Trends in Burn Severity
(MTBS, Eidenshink et al., 2007) record (1984-2020) were
imposed to reflect current stand ages in the model initial-
ization. At the end of the spin-up process (2020), the sim-
ulated landscape represented forest composition and

structure in GRTE well (Dollinger et al., 2024; Hansen
et al., 2020).

Simulation experiments

We conducted two simulation experiments. To determine
the effect of the amount and configuration of Fx zones on
postfire tree regeneration (Q1), we varied the spatial con-
figurations of forest delineated as Fx zones in a factorial
simulation experiment using a NLM approach (Braziunas
et al., 2021; Gardner et al., 1987; Gardner & Urban, 2007;
Turner et al., 1989). To answer how Fx zones that priori-
tize operational firefighting considerations may affect
tree regeneration within burned patches and across the
landscape (Q2), we used insights on the spatial configura-
tion of potential Fx zones from the NLM approach to
delineate operational Fx zones along fuel breaks. We
compared the results of each simulation experiment to a
reference scenario without Fx zones under the respective
climate scenario. For data processing and analyses, we
used R Statistical Software (v4.3.2, R Core Team, 2023)
with the NLMR and landscapetools (Sciaini et al., 2018),
terra (Hijmans, 2023a), raster (Hijmans, 2023b), plotrix
(Lemon, 2006), RSQLite (Miiller et al., 2024), and
Tidyverse (Wickham et al., 2019) packages.

Experiment 1: Amount and configuration of
potential Fx zones

The factorial experiment varied the amount (10%, 30%,
50% of forested area) and configuration (dispersed or
clumped) of potential Fx zones. This 3 X 2 factorial plus a
reference scenario without Fx zones (seven scenarios)
was simulated for 80 years (2021-2100) under all four cli-
mate scenarios and replicated within each combination
to account for variation in fire histories (n = 20 repli-
cates, for a total of 560 simulations). We generated NLMs
of dispersed configurations by randomly selecting 1-ha
grid cells with probabilities corresponding to the three
amounts (Figure 1). Clumped configurations were gener-
ated from fractional Brownian motion NLMs with a frac-
tal dimension of 0.9 (i.e., strong spatial autocorrelation)
that were then converted to a binary map corresponding
to 10%, 30%, or 50% of potential Fx zones. The resulting
six NLMs were clipped to the extent of the simulation
landscape, and forest that overlapped with the NLMs was
classified as Fx zones in each scenario (Figure 1).

The three amounts were selected because 10% aligns
with the mean proportion of unburned patches within
fire perimeters in the Northern Rockies from 1984 to
2014 (Figure 4 in Meddens et al., 2018) while 30% and
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50% approximate connectivity (percolation) thresholds
associated with 8-neighbor (i.e., adjacent and diagonal
neighbors of the same habitat are connected to a focal
cell) and 4-neighbor (i.e., only adjacent neighbors are
connected to a focal cell) rules on random maps. As the
occupied percent of the landscape increases, patch size
increases, perimeter-to-area ratios decline, and cells
become highly connected above the percolation thresh-
old. Further, the 30% threshold also aligns with the pro-
portion of unburned forests within perimeters of the 1988
Yellowstone fires (Turner et al., 1994).

In all potential Fx zone scenarios, we placed Fx zones
in mature forests and excluded areas that had burned
since 1984 (> 50% canopy mortality) to emphasize protec-
tion of live tree seed sources from burning. To model Fx
zones in iLand, we adjusted fire spread probability so that
fire could spread around but not in 100-m X 100-m grid
cells designated as Fx zones. This 1-ha minimum size of
Fx zones corresponds with the mean size of unburned
forest patches in fires of the Northern Rockies between
1984 and 2014 (Meddens et al., 2018).

To confirm that using a single NLM per amount X
configuration scenario did not bias the results, we
conducted a separate set of simulations with 10 unique
NLMs of 30% Fx zones for both configurations and
10 unique fire histories in the hot-dry climate scenario
for a total of 200 additional simulations. These simula-
tions showed minimal differences among unique NLM
scenarios but some differences among unique fire histo-
ries (Appendix S1: Table S1, Figures S3 and S4).

We analyzed fire patterns and postfire tree regenera-
tion across Fx scenarios for simulated fires that occurred
early (2021-2045) and late (2071-2095) in the century.
These time periods were analyzed separately because cli-
mate projections differ most from historical climate by
late century. To verify the modeling of Fx zones and
ensure Fx scenarios reduced fire, we computed mean
area burned per year for both time periods per replicate
as well as the mean and standard error (SE) across repli-
cates for each climate scenario and time period (n = 20).

To answer our questions, we first recorded postfire
tree regeneration by species within fire patches 5 years
after a fire (including all burn severities). We then calcu-
lated the mean and SE of postfire tree regeneration per
hectare early (2026-2050) and late (2076-2100) in the
century. We chose the 5-year postfire mark to account for
interannual variation in weather and seed production
and because pathways of postfire stand development in
forests of the GYE lock in shortly after fire (Kashian
et al., 2005; Turner et al., 1999). To confirm this choice
did not bias our results, we separately analyzed regenera-
tion at 15 years postfire, and trends were consistent at
both times postfire (Appendix S1: Figures S5-S9). Our

analysis included all burn severities because high-severity
fire, as defined by percent canopy mortality, becomes
uncommon in some simulations during the late 21st cen-
tury due to feedbacks of fires on forest structure. For
more details on fire patterns in iLand simulations of 21st-
century forest and fire dynamics in the GYE, see Turner
et al. (2022).

We used two statistical approaches to disentangle the
effects of Fx zone amount and configuration and climate
on postfire tree regeneration. First, we fit two-way
ANOVAs to mean postfire tree regeneration densities by
species early (2026-2050) and late (2076-2100) in the
century to assess the effects of the amount and configura-
tion of Fx zones, excluding the reference scenario.
Because future climate is uncertain, we conducted this
analysis across all climate scenarios to detect the overall
effect of amount and configuration. Second, we fit linear
regression models (LR) with Fx scenario (amount
+ configuration) as a predictor of postfire tree regenera-
tion by species and for each climate scenario early and
late in the century to assess the effects of Fx zones in dif-
ferent climate scenarios. Postfire regeneration densities
were transformed (log;, (density + 1)) prior to analysis to
meet statistical model assumptions of linearity, normality
of residual variance, and equal variance (Appendix S2:
Figures S1-S6). Rather than relying on p values for the
statistical significance of simulation results (White
et al.,, 2014), we used model fit (adjusted R?), F values
(ANOVA), and ¢ values (LR) to interpret the relative
importance of Fx zones in explaining the variance of
postfire tree regeneration at the two time periods.

Experiment 2: Operational Fx zones

Whereas experiment 1 explored the effects of the amount
and configuration of Fx zones on postfire tree regenera-
tion under future climate, many of those scenarios are
not operationalizable. For example, it would not be possi-
ble for firefighters to defend a checkerboard of 50% dis-
persed Fx zones. Thus, we developed an “operational” Fx
scenario that prioritized operational firefighting consider-
ations (i.e., locations where reasoned fire exclusion may
be possible) but incorporated ideal spatial configurations
for postfire tree regeneration from experiment 1 wherever
possible. We delineated operational Fx zones following
fuel breaks around mature stands of vulnerable tree spe-
cies in “as dispersed as possible” configurations targeting
up to 30% of the landscape. Using the iLand spin-up for
2020, we mapped areas with >50 trees ha™' of species
vulnerable to future loss of seed sources (subalpine fir,
Engelmann spruce, and Douglas-fir). We then delineated
polygons of mature forest with at least a 20% likelihood
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of fire containment based on potential control locations
(O’Connor et al., 2017) that could reasonably be
protected from fire using fuel breaks and fire suppression
tactics. The 20% threshold for potential control locations
was selected because higher values (and thus a higher
likelihood of successful fire exclusion by firefighters dur-
ing a fire) are scarce in our landscape. We also included
three developed areas designated for protection from
wildfire by the park. These Fire Management Units are
managed to limit 90% of unwanted fires to less than 4 ha
in size (Grand Teton National Park, 2021). The resulting
operational scenario consisted of 35 forest patches rang-
ing from 55 to 972 ha (mean 275 ha) that accounted for
18% of the landscape (Figure 1).

We assessed the effects of the operational scenario
on 2lst-century tree regeneration of subalpine fir,
Engelmann spruce, and Douglas-fir by two response vari-
ables. First, we calculated the mean and SE of postfire
tree regeneration per hectare by species 5 years postfire
within fire patches early and late in the century, as in
question 1, and compared these densities to the reference
scenario. Second, we calculated the mean regeneration
density per hectare by species across the landscape, but
outside of operational Fx zones, at the end of the simula-
tion (2100) to assess landscape patterns of tree regenera-
tion. We then computed the difference in mean tree
regeneration by species in 2100 between the operational
and reference scenarios for every 1-ha cell in each cli-
mate scenario and mapped the log;, transformed differ-
ence across the landscape. We considered +100 seedlings
ha™' as an ecologically meaningful difference because
this corresponds to the mean postfire tree regeneration of
subalpine fir, Engelmann spruce, and Douglas-fir 5 years
postfire across the GYE (Harvey et al., 2016). For cells
with a negative difference (i.e., more regeneration in the
reference scenario), the absolute value of the log,, differ-
ence was multiplied by —1 for mapping. Importantly,
these maps depict the difference in regeneration between
operational and reference scenarios by 2100 and not
change over time. We then calculated the distance to
protected seed sources (i.e., mean Euclidean distance to
the operational Fx zones) of cells that had more, less, or
no difference in regeneration in the operational relative
to the reference scenario.

RESULTS

The 560 simulations under four climate scenarios and dif-
ferent amounts and configurations of Fx zones generated
a wide range of area burned (48-3343 ha year ') and
postfire tree regeneration densities (21-7274 seedlings
ha™"). Introduction of Fx zones in the GRTE landscape

reduced area burned. In the reference scenario, mean
area burned per year increased substantially late in the
century with both hot (RCP 8.5) climate scenarios,
peaking at an average of 3343 hayear ' (+ SE
280 ha year™!) in the hot-dry scenario (Figure 2). In
contrast, area burned was stable or even slightly
declined through the century with both warm (RCP 4.5)
climate scenarios, averaging 991 hayear™' (+181ha
year ') in wet (CanESM2) and 1990 ha year™" (+257 ha
year ') in dry (HadGEM2-ES) scenarios (Figure 2).
Across climate scenarios, area burned declined with
increasing amounts of Fx zones, and differences between
configurations emerged with amounts >30%. For exam-
ple, area burned with 50% Fx zones was six times lower
in dispersed (195 + 26 ha year™') versus clumped (1182
+ 109 ha year™") configuration in hot-dry climate by late
century (Figure 2).

Question 1. Neutral landscape models

Amount and configuration of potential
Fx zones

Across all climate scenarios, potential Fx zones increased
postfire tree regeneration relative to reference scenarios
for fire avoiders (subalpine fir, Engelmann spruce) and
non-serotinous lodgepole pine but decreased postfire tree
regeneration for fire resisters (Douglas-fir) and fire
embracers (serotinous lodgepole pine; Figure 3). Postfire
tree regeneration in Fx scenarios increased with amounts
up to 30% of the landscape, with minimal differences
between 30% and 50% of the landscape (Figure 3). When
regeneration density increased in scenarios with Fx zones,
regeneration was greater with dispersed versus clumped
configurations (Figure 3, Appendix S2: Table S1). On aver-
age, regeneration densities of subalpine fir and Engelmann
spruce were 46% and 25% higher (respectively) in dis-
persed relative to clumped configurations late in the cen-
tury. Conversely, the amount of Fx zones mattered more
than configuration for Douglas-fir and serotinous
lodgepole pine (Appendix S2: Table S1). Although the
regeneration of both species increased over time, each
20% increase in the amount of Fx zones reduced the
regeneration of Douglas-fir and serotinous lodgepole pine
by an average of 13% and 14%, respectively.

Postfire tree regeneration in Fx zone scenarios
under alternative climate scenarios

The effects of Fx zones on postfire tree regeneration
varied among climate scenarios and by species
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FIGURE 2 Mean annual area burned early and late in the 21st century for four climate scenarios in the reference and fire exclusion

zone scenarios that vary in amount and configuration. Error bars represent +2 SEs.

(Figure 4; Appendix S2: Tables S2 and S3). Among fire
avoiders, subalpine fir regeneration was always
greater in Fx relative to reference scenarios (Figure 3),
but Fx zones were most important (i.e., explained
most variation in regeneration between scenarios) with
dry climates late in the century (warm-dry adj. R* 0.59;
hot-dry adj. R? 0.76; Figure 4). Similarly, the
importance of Fx zones for Engelmann spruce reg-
eneration was strongest with hot climates late in the
century (hot-wet adj. R*> 0.24; hot-dry adj. R* 0.48)
but minimal under warm climates and early in the cen-
tury (Figure 4). Conversely, Fx zones explained more
variation in non-serotinous lodgepole pine regenera-
tion early in the century in all climate scenarios except
the hot-dry scenario, when Fx zones were more impor-
tant late in the century (early adj. R? 0.35, late adj. R*
0.60; Figure 4). Regeneration of serotinous variants
was always unaffected early in the century but
responded negatively to Fx zones by late century. Fx
zones were less important for regeneration of seroti-
nous lodgepole pine and Douglas-fir, relative to the
other conifers (all adj. R®*<0.40 and most <0.20;
Figure 4).

Experiment 2: Operational Fx zones
Postfire tree regeneration within fire patches

Within fire patches, differences between operational and
reference scenarios only emerged late in the century
and with a hot-dry climate (Figure 5). Subalpine fir
declined over time in both scenarios, but late-century
regeneration was nearly three times greater in the opera-
tional versus reference scenario (1135 vs. 428 seedlings
ha™'). Engelmann spruce regeneration also declined over
time but was nearly 10 times greater by late century in
the operational versus reference scenario (211 vs. 21 seed-
lings ha™'; Figure 5). In contrast, postfire regeneration of
Douglas-fir increased over time and did not differ
between operational and reference scenarios (Figure 5).

Landscape effects of operational Fx zones on
postfire tree regeneration by 2100

The end-of-century difference between operational and
reference scenarios identified areas where operational Fx
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FIGURE 4 Variance (adjusted R?) in postfire tree regeneration density explained by fire exclusion zones in the four climate scenarios
early (2026-2050) and late (2076-2100) in the century. Filled dots represent an increase in postfire tree regeneration due to fire exclusion

zones, and open dots represent a decrease (model p < 0.05).

zones enhanced or diminished tree seedling densities.
Differences between scenarios were most pronounced
in hot-dry climate (Figure 6; Appendix S2: Figures S7
and S8), and increased tree seedling densities were
clustered within ~1000 m from the edges of operational
Fx zones (Figure 6). Subalpine fir and Engelmann
spruce seedling densities generally increased near
operational Fx zones in areas where mature trees were
abundant initially (e.g., the northwest portion of the
landscape; Figure 6). For example, Engelmann spruce
regeneration was greater in the operational scenario in
dry climate scenarios where spruce is currently more
common (e.g., western portions of the landscape).
There was little difference in regeneration densities
between operational and reference scenarios as the dis-
tance from Fx zones increased (Figure 6).

DISCUSSION

Our simulation experiments demonstrated that Fx zones
influence postfire tree regeneration, especially later in
the century and under dry, hot climate conditions that
increasingly diverged from the past (Figures 3 and 5). Fx
zones did not alter directional trends in postfire regenera-
tion over time, but they lessened the declines of fire
avoiders and the advances of fire resisters. Further, Fx
scenarios reduced fire size and distance from burned
areas to live tree seed sources, and these factors likely
interacted to enhance regeneration of wind-dispersed
obligate seeders (Harvey et al., 2016; Niziolek et al.,
2024). Our first experiment found that postfire tree regen-
eration was greatest with 30% of the landscape in dis-
persed rather than clumped configurations of Fx zones,

FIGURE 3 Mean postfire regeneration density in fire patches in response to different amounts and configuration of fire exclusion
zones across all climate scenarios early (2026-2050) and late (2076-2100) in the century. Hashed bars represent dispersed
configurations, and solid bars represent clumped configurations. Error bars represent +2 SEs. Dashed line represents mean postfire
regeneration of the reference scenario without fire exclusion zones, and dotted lines are +2 SEs. Note that the range of Y-axis differs for

each species.
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consistent with findings from theoretical models of
species dispersal in random and structured land-
scapes (King & With, 2002; Lavorel et al., 1994; With

et al.,, 1997). In our second experiment, operational Fx
zones enhanced regeneration of fire avoiders relative to
the reference scenario in hot-dry climate, and these
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fewer tree seedlings in the operational relative to the reference scenario in that cell across 20 replicates, while green areas contain more

seedlings in the operational relative to the reference scenario. Beige shows no difference between the two scenarios (defined here as +100

seedlings/ha), and gray is where the species was absent from both operational and reference scenarios. Black areas are operational fire

exclusion zones. Absolute values of difference in regeneration densities were log;o transformed before mapping. Bar graph insets show mean

distance to operational fire exclusion zones for cells with more, less, and no difference in regeneration densities.

benefits extended up to 1000 m from the edges of Fx
zones. Thus, our study suggests that Fx zones have the
potential to promote natural regeneration of vulnerable
tree species (subalpine fir, Engelmann spruce) as climate
and fire change throughout the 21st century.

Amount and configuration of Fx zones

We expected greater postfire regeneration in scenarios
with versus without Fx zones (Table 1), and this was
supported for subalpine fir and Engelmann spruce. Both
species are fire avoiders and particularly sensitive to loss
of seed sources. Potential Fx zones had limited effects on
lodgepole pine, which is fire sensitive but has capacity for
both in situ and ex situ seed dispersal (Tinker et al.,
1994). Douglas-fir regeneration was largely unaffected by
Fx zones but increased less during the 21st century in Fx
relative to reference scenarios. Differential responses
among species highlight the benefits of Fx zones for spe-
cies more vulnerable to decline or loss. This finding is of
management importance because it could guide interven-
tions aimed at sustaining natural regeneration of at-risk,
fire-avoiding species.

Our expectation that postfire tree regeneration would
increase with greater amounts of Fx zones (Table 1) was
partially supported, as benefits did not accrue beyond
30% of the landscape. In iLand, seeds disperse in all
directions from a source cell, and the 30% reported here
aligns closely with the percolation threshold associated
with an 8-neighbor rule on random maps (i.e., when
spread is allowed to adjacent and diagonal neighbors of a
focal cell; Gardner et al., 1987). Notably, this value is also
close to the percentage of unburned forests (~28%) that
remained within perimeters of the 1988 Yellowstone fires
(Turner et al., 1994). Greater postfire regeneration associ-
ated with dispersed versus clumped configurations was
consistent with our expectations (Table 1), because the
greater perimeter-to-area ratios of small patches provide
more opportunities for seeds to disperse from Fx zones
into burned areas (Gustafson & Parker, 1992). Field stud-
ies have shown that numerous small live forest patches
or individual trees enhance tree establishment in sur-
rounding burned areas if seed source area is sufficient
(Blomdahl et al., 2019; Coop et al., 2019). Larger high-
severity fire patches are projected with ongoing climate
change (Parks & Abatzoglou, 2020), and establishing Fx
zones could retain some of the heterogeneous mosaics of
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burn severity typical of crown-fire systems that histori-
cally sustained postfire tree regeneration (Chappell &
Agee, 1996; Turner et al., 1997).

The effects of Fx zones were stronger in hot climates
(RCP 8.5) and later in the century for the two fire-
avoiding species, which followed our expectations
(Table 1). Engelmann spruce historically regenerated
well following fire (Doyle et al., 1998), but spruce regen-
eration is highly sensitive to temperature, particularly if
moisture is also limiting (Hill et al., 2019; Knapp &
Smith, 1982; Kueppers et al., 2017). The greater regenera-
tion of spruce in Fx scenarios relative to reference scenar-
ios suggests that Fx zones could maintain at least some
spruce presence throughout the century. Declines in sub-
alpine fir regeneration over time were less pronounced,
and Fx zones further reduced those declines. Subalpine
fir is less sensitive to warming temperatures than
Engelmann spruce (Hart & Laroque, 2013; Peterson &
Peterson, 1994) but disperses over shorter distances; thus,
regeneration benefits from seed sources in close proxim-
ity to burned areas (Coop et al, 2010; McCaughey
et al., 1986). The effects of Fx zones on subalpine fir
regeneration were strongest in the dry climate scenarios,
likely because Fx zones offset the loss of seed sources
associated with greater area burned. This suggests that
subalpine fir regeneration is more sensitive to changing
disturbance than to changing climate (Perret et al., 2025).
If spatial patterns of live forests that resemble historical
postfire mosaics are retained on the landscape, regenera-
tion of subalpine fir is likely to remain viable in future
climates.

Lower Douglas-fir regeneration in Fx scenarios was
surprising, as other studies have demonstrated a clear
influence of proximity to mature live seed sources
(Donato et al., 2009; Harvey et al., 2016; Kemp et al.,
2016). Although postfire Douglas-fir regeneration is sen-
sitive to high temperatures and drought (Hankin
et al.,, 2019; Hoecker et al., 2020), it increased through
time in our simulations. Cold temperatures historically
limited the range of Douglas-fir in GRTE, and our results
suggest that future climate may be more suitable for
Douglas-fir (Turner et al., 2022). The range of Douglas-fir
in the GYE contracted over the past 500 years, likely due
to decreases in precipitation (Iglesias et al., 2018;
Whitlock et al., 2012). The increase in mean annual pre-
cipitation projected by both GCMs through the end of the
century, despite differences in projected growing season
precipitation, may favor Douglas-fir expansion. Addi-
tional factors may have contributed to the slowing of
Douglas-fir expansion in our simulations with Fx zones.
The reduction in area burned in Fx scenarios may have
provided fewer opportunities for range expansions facili-
tated by fire (Hill & Field, 2021), and the current

localized distribution of Douglas-fir on the study land-
scape (Figure 1) could have further limited its ability to
expand. Overall, we consider effects of Fx zones to be
neutral for Douglas-fir in this particular landscape, given
the net increase in simulated regeneration of the species
throughout the century.

Operational Fx zones

The operational scenario did not halt or reverse trends in
postfire regeneration densities by the end of the 21st cen-
tury relative to the reference scenario, but it buffered the
magnitude of ecological change in hot-dry climate
beyond species-specific seed dispersal distances. Opera-
tional Fx zones had no substantial negative effects on
regeneration of fire resisters and embracers, but ecologi-
cally meaningful benefits for fire avoiders. Although
postfire regeneration densities of subalpine fir and
Engelmann spruce always declined throughout the cen-
tury, densities were three to tenfold greater by late
century in operational scenarios with dry climate. This
suggests the potential for a Fx management strategy to
mitigate some climate-driven losses in regeneration of
fire-avoiding species. On the landscape overall, opera-
tional Fx zones had pronounced effects on tree regenera-
tion within a ~1000 m “zone of influence” around Fx
zones. Notably, and counter to our expectations, the zone
of influence extended beyond species-specific seed dis-
persal distances (Braziunas et al., 2018; Thom et al.,
2024). This could be due to Fx zones altering fire patterns
in the surrounding landscape, or it may suggest that
nucleation effects are at play over longer time periods.
Overall, our expectations for the operational scenario
(Table 1) were largely supported. Variation in effects of
operational Fx zones across the landscape suggests not
only that current species distributions influence future
distributions but also that the relative dominance of tree
species will likely shift in the future, indicating forest
reorganization (Seidl & Turner, 2022). Where to establish
operational Fx zones should therefore be guided by cur-
rent species composition and the likelihood that sur-
rounding areas will remain suitable for regeneration
(Larson et al.,, 2022). For example, locating Fx zones
along elevational gradients could enhance upslope range
expansions (Stueve et al., 2009) and help compensate for
forest losses at lower elevations (Conlisk et al., 2017
Parks et al., 2019). Regeneration near tree line is particu-
larly sensitive to climatic changes (Kueppers et al., 2017;
Lazarus et al., 2018), and mature forests likely supported
elevational shifts of tree species in GRTE throughout the
Holocene (Iglesias et al., 2018). Although we did not
account for microclimatic effects, climatic buffering of
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mature trees (Braziunas et al., 2025; Frey et al., 2016;
Lutz et al., 2018) could facilitate upslope range expan-
sions. Strategic delineation of Fx zones can retain vulner-
able tree species (e.g., subalpine fir, Engelmann spruce)
on the landscape without compromising regeneration of
species better adapted to future climate and fire regimes
(e.g., Douglas-fir).

We also note that retaining mature forest patches in
the landscape would support resource objectives beyond
postfire tree regeneration (Downing et al, 2019;
Sommers & Flannigan, 2022), including ecosystem ser-
vices such as carbon storage (Kashian et al., 2013;
Smithwick et al., 2009), recreation (Tanner et al., 2022),
and wildlife habitat (Berry et al., 2015; Durkin et al.,
2024; Steenvoorden et al., 2019). Fx zones may enhance
future forest connectivity and facilitate species’ ability to
track suitable climatic niches (Balantic et al.,, 2021;
Littlefield et al., 2019), which may be especially impor-
tant given the limited ability of protected areas to facili-
tate species movement in response to climate change
(Parks, Holsinger, Abatzoglou, et al., 2023). Further, Fx
zones could also preserve niches for numerous shade-
tolerant, temperature-sensitive understory plants and
lichens associated with older forests (Hylander &
Johnson, 2010; Kiel et al., 2023; Tucker & Kashian, 2018).
If emissions are reduced and climate change significantly
decreases during the 21st century, mature forest stands
that persisted could initiate forest recovery as seeds dis-
perse, new trees establish, and colonize over longer
periods of time (i.e., nucleation, Corbin & Holl, 2012).
Substantial management intervention will be required to
retain mature subalpine forest stands on GYE landscapes
throughout the 21st century, and managing high-priority
stands that sustain a variety of functions as Fx zones
could maximize benefits.

Management implications

Our study shows that resisting some change can affect
pathways of forests adapted to infrequent, stand-
replacing fire relative to accepting all change associated
with a warmer world with more fire. Our NLM approach
(Q1 and experiment 1) showed that the most effective
strategy was the one that most closely resembled histori-
cal postfire mosaics (30% live forest with an average
patch size of 1 ha). This highlights that resist strategies
can be effective if they are tailored to a system, address
its unique vulnerabilities, and aim to replicate mecha-
nisms that sustain resilience. Notably, establishing Fx
zones through reasoned fire exclusion is distinct from a
blanket resist approach, such as full fire suppression
(Halofsky et al., 2018). Our approach accepts that fire

regimes outside of Fx zones will change, but it may help
avoid some state shifts to non-forest.

Simultaneously, our operational scenario illustrates
challenges with implementing management approaches
that would be most beneficial to the ecosystem. Con-
straints in delineating defensible forest patches based on
fuel breaks and topography resulted in an operational
scenario that deviated from the optimal spatial pattern
determined in experiment 1. Furthermore, establishing
and maintaining operational Fx zones may be resource
prohibitive given the cost and logistical challenges of
wildland firefighting, and may not be a priority in a
future with more fire and more people living in the
wildland-urban interface (Radeloff et al., 2018). Whether
intensive management is appropriate in protected areas,
like national parks, is also subject to debate. Here, land-
scapes with multiple jurisdictions, like the GYE, may be
advantageous because novel management strategies
could be first implemented and experimentally tested on
National Forest lands (Jackson, 2021).

Management plans that incorporate Fx zones could
provide critical decision support to firefighting opera-
tions. Land management agencies prioritize critical
values to protect during a fire, which can include valu-
able forest stands, and the Operations section of the Inci-
dent Management Team then develops strategies to
protect those assets. For example, during the 2024 Pack
Trail fire on the Bridger-Teton National Forest adjacent
to GRTE, fire was excluded from stands of whitebark
pine (a threatened species under the Endangered Species
Act) through point protection. Identification of these
stands as high-value assets before fire occurred enabled
firefighters to reduce fuels ahead of the fire. Here, man-
agers used reasoned fire exclusion to achieve manage-
ment objectives, which suggests that implementation of
Fx zones is possible.

Caveats

Our study assessed postfire regeneration at five years
postfire, and although this window of time is critical for
recovery following high-severity fire (Turner et al., 1997,
2004), it may not fully project the pathway of postfire
cohorts as stands develop. We also assumed complete fire
exclusion in Fx zones, but this could be difficult to
achieve under extreme fire conditions; thus, managing
static Fx zones may not be sustainable over the long
term. Other management strategies, such as monitoring
versus suppressing lightning-caused fires when climatic
conditions are not extreme (e.g., North et al., 2024), may
also promote heterogeneity and complement a strategy of
reasoned fire exclusion. Further, we only considered
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forests that are currently mature as Fx zones, yet
protecting some young postfire forests that have the
potential to mature and become a refuge could be valu-
able. And of course, any real-world implementation of Fx
zones must consider trade-offs between the optimal spa-
tial configuration to enhance postfire tree regeneration
and the feasibility and costs of protecting these areas
from fire. Before incorporating Fx zones in forest and fire
management plans, managers must ask whether the eco-
logical benefits warrant the investment in their system.

CONCLUSIONS

Stewardship of national parks facing novel climatic con-
ditions and fire regimes will not be easy (Gonzalez
et al., 2018). Management already occurs in national
parks (e.g., some fire suppression, hazard tree removal,
invasive species control), but it remains unclear whether
management to slow rates or patterns of forest change
would be appropriate or effective. Yet, understanding the
implications of 21st-century climate change and
the potential efficacy of management options is a critical
first step toward decision-making in an uncertain future
(National Park Service, 2023). The National Cohesive
Wildland Fire Management Strategy calls for managing
wildfire for resilient landscapes (US Department of Inte-
rior and US Department of Agriculture, 2014), which
requires clearly defined resource objectives prior to inter-
vention. Here, we defined the resource objective as
sustained tree regeneration and tested whether a resist
management strategy in parts of the landscape could
enhance forest resilience to fire using simulation model-
ing. Our approach of combining managerial and scien-
tific expertise to first conduct a factorial experiment that
laid out the cornerstones for an operational scenario
could be a useful strategy for scenario planning in other
systems. Fx zones preserved seed sources, suggesting that
they could enhance natural regeneration of the fire-
sensitive obligate seeders most at risk of decline during
the 21st century. Establishing and maintaining Fx zones
early in the 21st century would maximize ecological ben-
efits later in the century. Although Fx zones did not
reverse directional trends in postfire tree regeneration
over time, they demonstrated clear potential for gradual
transitions to future forest states.
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