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Abstract

As wildfire activity increases and fire-size distributions potentially shift in

many forested regions worldwide, anticipating the spatial patterns of burn

severity expected with future fire activity is critical for ecological understand-

ing and informing management and policy. Because spatial patterns of burn

severity are influenced by a complex mixture of drivers, they remain difficult

to predict for any given burned landscape. At broader extents, however, spatial

scaling relationships relating high-severity patch size and shape to overall fire

size, when combined with scenarios regarding regional area burned and

fire-size distributions, offer a means to anticipate the spatial configuration of

burn severity in future fires. Here, leveraging a satellite burn-severity dataset

for 1615 fire events occurring across the northwest United States between 1985

and 2020, we present an approach for simulating expected patch-level

burn-severity patterns at the scale of a region or fire regime of interest. We

demonstrate this approach in a historically climate-limited fire regime within

the Pacific Northwest, USA, where relatively infrequent but large and severe

fires shape biomass-rich forests, and where fire potential is projected to

increase as summer fire seasons become warmer and drier. We quantify how,

for a given total burned area, the range of cumulative burn-severity patterns is

expected to vary with the size distributions of fire events. Our results illustrate

how shifts in fire-size distributions toward larger fire events will lead to

increasingly large high-severity burn patches with interior areas that are

increasingly far from unburned seed sources following fire. In contrast, the

same total area burned in more numerous but smaller fire events will result in

qualitatively different cumulative patterns of burn severity, characterized by

smaller high-severity patches and closer proximity to postfire seed sources

across burned landscapes. These results have important implications in for-

ested regions, informing management actions ranging from prefire planning

(e.g., fire response preparedness) to real-time decision-making (e.g., fire sup-

pression vs. managed wildfire use) and postfire responses (e.g., replanting to
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restore tree cover and/or promoting early-seral habitat). The approach we

present is generalizable and can be applied across regions and fire regimes to

anticipate potential future fire effects.

KEYWORD S
climate-limited fire regimes, fire ecology, fire-size distributions, future fire effects,
high-severity burn patches, northwestern Cascadia, scaling relationships

INTRODUCTION

As climate warms worldwide, fire activity (i.e., area
burned, fire frequency, and the occurrence of large fire
events) is increasing in many forested ecosystems across
the globe (Collins et al., 2021; Duane et al., 2021; Parks &
Abatzoglou, 2020). Continued increases are projected for
the next quarter-to-half-century in many regions (Littell
et al., 2018), underscoring the importance of understand-
ing both the nature and ecological consequences of
changing fire regimes. While total area burned and fire
size projections are important indicators of future fire
activity and potential fire regime change, anticipating the
ecological effects of wildfire requires also understanding
the potential range of resulting burn-severity patterns.
Management actions, both before and after the occur-
rence of fire (e.g., vegetation management and
replanting), can promote climate-adapted landscapes and
reduce negative postfire impacts on ecosystem services
and forest function (Davis et al., 2023; Halofsky, Donato,
et al., 2018b; Prichard et al., 2021). However, preemp-
tively developing postfire response plans requires an
understanding of the high-severity patch structure of
individual fire events, as patches burned at high severity
(i.e., areas in which most or all vegetation is killed by
fire) are where postfire management intervention is often
of greatest priority.

Of particular interest as fire potential increases in
many fire-prone regions is understanding how, for a
given total burned area, cumulative burn-severity pat-
terns may differ depending on the size distribution of
individual fire events (e.g., if the same total burned area
is distributed as a few large fires vs. many smaller fires).
In many fire-prone regions across the globe, fire-size dis-
tributions are “heavy-tailed”; in other words, most fire
events are relatively small, yet most burned area comes
from a few very large fire events (Agee, 1998; Hantson
et al., 2016; Malamud et al., 2005; McKenzie & Kennedy,
2011). In the western United States, increasing tempera-
ture and aridity have been linked to increases in large,
extreme fire spread events in recent decades (Juang et al.,
2022), and shifts in fire-size distributions toward larger
events are expected in many regions across North

America with continued warming and drying climate
(Coop et al., 2022; Wang et al., 2020). Beyond their sub-
stantial contributions to total burned area, the largest fire
events tend to have the greatest cumulative ecological
effects on forest structure (Cova et al., 2023; Romme
et al., 2011). Thus, as fire-size distributions shift, a key
question arises: How will fire-induced changes in forest
structure (i.e., via large patches of severe fire with long
distances to surviving trees) differ if an area is burned in
few very large fires, compared with that same total area
burning solely in small-to-moderate fire events?
Understanding the cumulative ecological effects expected
from varying fire-size distributions will be critical for fire
management planning that seeks to maintain forest
resilience.

The objective of this study was to quantify the poten-
tial cumulative burn-severity patterns (and therefore eco-
logical effects) expected from differing fire-size
distributions at a regional scale. Because spatial patterns
of burn severity are influenced by a complex mixture of
drivers, they can be difficult to predict for any given land-
scape (Newman et al., 2019; Parks, Holsinger, Panunto,
et al., 2018a; Prichard et al., 2020). More broadly, how-
ever, high-severity patch structure is strongly related to
fire size and exhibits characteristic spatial scaling rela-
tionships (i.e., as fire size increases, so does the potential
for large high-severity patches within which burned areas
are very far from unburned seed sources; Cansler &
McKenzie, 2014; Collins et al., 2017; Harvey et al.,
2016b). In the northwestern United States, the
burn-severity patterns of wildfires occurring in recent
decades (1985–2020) exhibit scaling relationships that
vary by fire regime (i.e., infrequent, high-severity fire
regimes vs. frequent, low-severity fire regimes) but
appear otherwise stationary in both space and time
(Buonanduci et al., 2023). Thus, when combined with
projections for total area burned and fire-size distribu-
tions at regional scales, the consistency in these spatial
scaling relationships can be harnessed to anticipate
future fire effects.

To address this objective, we leverage a
satellite-derived burn-severity dataset of 1615 fire events
occurring across the northwestern United States between
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1985 and 2020. We present an approach that uses spatial
scaling relationships exhibited by contemporary wildfires
to characterize the range of future burn-severity patterns
that might be expected within a region or fire regime of
interest. We ask: How might the range of potential
burn-severity patch structure vary, depending on the size
distribution of future fire events? Using simple fire-size
distribution scenarios and a simulation-based approach,
we assess how the cumulative effects of a given total
burned area might vary, depending on whether the area
burns in a small number of very large fires versus more
numerous but smaller fire events.

The approach we present is generalizable across fire
regimes and ecoregions, and as we show here, it can be
used even in data-sparse regions with limited fire activity
in the empirical record. As climate and fire activity con-
tinue to change, some of the largest future increases in
area burned are expected to occur in historically cool,
wet regions where fire activity has been limited by cli-
mate and ignitions rather than fuel (Littell et al., 2018;
McColl-Gausden et al., 2022; Westerling et al., 2011).
Climate-limited fire regimes are typically characterized
by infrequent fires, with stand-level fire return intervals
commonly on the order of centuries. Such regions there-
fore tend to be data-sparse in the observational record
due to their limited fire activity. This paucity of empirical
data limits the understanding of fire and fire effects and
presents challenges for quantifying statistically robust

scaling relationships (i.e., relationships between fire size
and burn-severity patch metrics) using data solely from
such regions. Fortunately, the consistency of scaling rela-
tionships observed within fire regimes across the north-
western United States (Buonanduci et al., 2023) suggests
that the sparse empirical records of infrequent fire
regions could be supplemented with data from compara-
ble fire regimes, thus offering a means to quantify poten-
tial future burn-severity patterns in such regions. As an
illustrative example, we demonstrate this approach using
an archetypical infrequent fire region in the northwest-
ern United States, the region west of the Cascade Crest in
Washington and northern Oregon (hereafter “northwest-
ern Cascadia”; Figure 1). Climate projections for north-
western Cascadia suggest summer fire seasons will
become warmer and drier (Dalton et al., 2013; Mauger
et al., 2015), and therefore the potential for fire activity,
including very large fire events, is expected to increase
(Halofsky et al., 2020; Halofsky, Conklin, et al., 2018a).

METHODS

Study region

Our study includes burn-severity data from the forested
ecoregions of the northwestern United States (Wyoming,
Montana, Idaho, Washington, Oregon, and northern

F I GURE 1 (a) Northwestern United States study area (dark gray) with fire events categorized by historical fire regime based on the

most prevalent LANDFIRE fire regime group (frequent and low severity, moderately frequent and mixed severity, or infrequent and high

severity) within each fire’s perimeter. (b) Inset showing northwestern Cascadia region (light blue) and fire events (dark blue). Patch metrics

for all northwestern Cascadia fire events were calculated only for the portion of each fire that burned west of Cascade Crest.
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California), delineated using EPA Level III Ecoregions
(Commission for Environmental Cooperation, 1997)
(Figure 1). Climate, topography, and forest types vary
widely across the northwestern United States (Hood
et al., 2021; Reilly et al., 2021). Historical fire regimes
range from frequent and predominantly low-severity fire
in warmer and drier parts of the region to infrequent and
predominantly high-severity fire in cooler and wetter
parts of the region (Agee, 1993; Baker, 2009; Hood et al.,
2021; Reilly et al., 2021).

Within the northwestern United States, the focal
region that we use for our illustrative example is north-
western Cascadia (USA), the 6.1 million-ha forested region
west of the Cascade Crest in Washington and northern
Oregon (Figure 1). This region has a Mediterranean cli-
mate, with most precipitation falling during the winter
(i.e., between October and April) and summers that are
typically warm and dry (Donato et al., 2020; Reilly et al.,
2022). Northwestern Cascadia is dominated by the
high-elevation, topographically complex Olympic
Mountains, Western Cascades, and Coast Range. The
Puget Lowlands and Willamette Valley, which transect
this region and are characterized by lower elevations and
simpler topography, are not considered part of our study
scope (Figure 1).

Forests in northwestern Cascadia are some of the most
productive, biomass-rich ecosystems in the world (Donato
et al., 2020; Reilly et al., 2021; Spies et al., 2018; Waring &
Franklin, 1979). The primary vegetation zone in north-
western Cascadia is the moist Douglas-fir/western hem-
lock zone, dominated by Douglas-fir (Pseudotsuga
menziesii) successional to western hemlock (Tsuga
heterophylla), with Pacific silver fir (Abies amabilis) and
mountain hemlock (Tsuga mertensiana) vegetation zones
occurring at the highest elevations (Reilly et al., 2021).
These forests have historically been characterized by long
intervals (i.e., >150 years) between large and severe
wildfires (Agee, 1993; Hemstrom & Franklin, 1982;
Reilly et al., 2021), with non-stand-replacing fire events
also occurring between large fire events (Tepley et al.,
2013). Due to the infrequent nature of wildfire in this
region, few wildfires (n = 31) have occurred in northwest-
ern Cascadia since the beginning of the Landsat satellite
record (1985–2020). Though infrequent, large fire events
in northwestern Cascadia have historically burned exten-
sive areas (i.e., 105–106 ha), with the largest fire events typ-
ically occurring when prolonged summer drought, an
ignition, and a strong, synoptic east wind event coincide
(Donato et al., 2020; Reilly et al., 2021). This was the case
for the 2020 “Labor Day” fires in western Washington and
Oregon, which collectively burned >300,000 ha over the
course of just two weeks in September (Reilly et al., 2022).
The southern boundary for northwestern Cascadia is

drawn at 44�440 N (ca. 20 km south of Salem, OR), as
mixed- and low-severity fire regimes become more
common at lower latitudes in western Oregon.

Burn-severity data

We used a satellite-derived burn-severity dataset first
described by Buonanduci et al. (2023), consisting of all
fire events ≥400 ha in size occurring within the north-
western United States between 1985 and 2020. Fire
perimeters were obtained from the Monitoring Trends in
Burn Severity database (https://mtbs.gov/), with pre-
scribed fires and fire events occurring in primarily
nonforest areas (<50% forested based on LANDFIRE
Environmental Site Potential [ESP]) excluded (Rollins,
2009). Fire events were designated northwestern
Cascadia fires if they intersected the
northwestern Cascadia region and burned ≥400 ha west
of the Cascade Crest. Each fire event falling outside of
northwestern Cascadia was classified into one of three
historical fire regimes based on the most prevalent
LANDFIRE fire regime group (FRG) mapped within that
fire’s perimeter (Figure 1): frequent and predominantly
low-severity fire (FRG I), moderately frequent and
mixed-severity fire (FRG III), or infrequent and predomi-
nantly high-severity fire (FRG IV and FRG V; Rollins,
2009). In total, our dataset consisted of 1615 individual
fire events, with 31 northwestern Cascadia fires and
751, 361, and 472 northwestern United States fires
assigned to the frequent/low-severity, moderately fre-
quent/mixed-severity, and infrequent/high-severity
FRGs, respectively.

Burn-severity maps were generated for each fire event
using 30-m resolution Landsat satellite data, following
methods outlined by Parks, Holsinger, Voss, et al.
(2018b). To quantify burn severity, we used the relativ-
ized differenced normalized burn ratio (RdNBR), a metric
that compares prefire and postfire indices corresponding
to vegetation and fire-caused change (Miller & Thode,
2007). Our calculation of RdNBR included an offset term
to account for phenological differences between pre- and
postfire imagery and to facilitate comparison of RdNBR
between fire events (Parks, Holsinger, Voss, et al., 2018b).
Following Harvey et al. (2023), we used statistical models
calibrated to northwestern United States field plots
(Saberi & Harvey, 2023) to identify a threshold of RdNBR
(RdNBR ≥ 542) corresponding to ≥75% tree basal area
mortality. We then used this threshold to categorize each
burn-severity map into high (RdNBR ≥ 542) and
low-to-moderate (RdNBR < 542) burn-severity classes.
Satellite index thresholds have been shown to provide
reliable approximations of high-severity burned areas

4 of 18 BUONANDUCI ET AL.
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(Lydersen et al., 2016) and have been used in many
regional-scale burn-severity studies (Parks, Holsinger,
Panunto, et al., 2018a; Reilly et al., 2017; Singleton et al.,
2019; Stevens et al., 2017).

Landscape metrics

We quantified high-severity patch size and structure
using landscape metrics described by Buonanduci et al.
(2023). First, we delineated high-severity patches using
an eight-neighbor rule after applying a majority smooth-
ing filter to each categorized burn-severity map. Second,
for pixels within each high-severity patch that were
potentially forested (based on LANDFIRE ESP) prior to
burning, we quantified the distance to seed source by cal-
culating the distance to the nearest potentially forested
pixel that did not burn at high severity. Finally, we calcu-
lated five landscape metrics for each fire event (Table 1),
with landscape metrics for northwestern Cascadia fires
calculated using only the portion of each fire that burned
west of the Cascade Crest.

We quantified the size distribution of high-severity
patches within each fire event using two approaches
(Table 1). First, we calculated the area-weighted mean
patch size. Second, following the approach proposed by
Buonanduci et al. (2023), we fit a truncated lognormal
probability density function (Hantson et al., 2016)

characterized by two shape parameters (β and ψ) to each
patch-size distribution. The probability density function,
p(x), takes the following form:

lnp xð Þ¼ lnC− βln xð Þ−ψ ln xð Þ½ �2, ð1Þ

where C is a normalization constant, ensuring the area
under p(x) sums to 1. Within the lower and upper trunca-
tion limits (set equal to 1 ha and the size of each fire
event, respectively), the parameters β and ψ determine
the shape of each probability distribution. Fitted values
of β and ψ are highly correlated, with β strongly decreas-
ing as ψ increases (Buonanduci et al., 2023; Hantson
et al., 2016). When ψ is equal to 0, the distribution
reduces to a power law function, and the shape of the dis-
tribution is a straight line in log–log space, with β deter-
mining the slope. When ψ is negative, patch-size
distributions curve upward in log–log space and are typi-
cally characterized by one or more very large patches.
When ψ is positive, patch-size distributions curve down-
ward in log–log space and are typically characterized by
many small patches.

We also quantified the structure of high-severity
patches within each fire event using two approaches
(Table 1). First, we calculated the total core area, which
includes all previously forested pixels within the interior
of high-severity patches that are >150 m from potential
seed source following fire. The 150-m distance-to-seed

TAB L E 1 Description of landscape metrics for high-severity patches used in the analysis.

Metric Units Description

Patch size metrics

Area-weighted mean
patch size

ha The expected patch size that would be encountered at an average location within the burned
landscape (Harvey et al., 2016b).

β and ψ unitless Parameters characterizing the shape of each patch-size frequency distribution. When ψ is
equal to 0, the distribution resembles a power law function, and the shape of the
distribution is a straight line in log–log space. When ψ is negative, patch-size distributions
curve upward in log–log space and are typically dominated by one or more very large
patches. When ψ is positive, patch-size distributions curve downward in log–log space and
are typically characterized by many small patches (Buonanduci et al., 2023;
Hantson et al., 2016).

Patch structure metrics

Total core area ha Sum of all forested areas within the interior of high-severity patches that are >150 m from
potential seed source following fire. This distance-to-seed threshold exceeds the likely seed
dispersal distance for many conifer species in the northwestern United States (Greene &
Johnson, 1989; Harvey et al., 2016a; Kemp et al., 2016).

Stand-replacing decay
coefficient (SDC)

unitless Parameter characterizing the rate at which the interior forested area of high-severity patches
shrinks with an increasing distance-to-seed threshold. Larger values indicate a rapidly
decaying interior area (i.e., most forested areas that burned at high severity are relatively
close to potential seed sources), whereas smaller values indicate a more slowly decaying
interior area (i.e., more forested areas that burned at high severity are far from potential
seed sources) (Collins et al., 2017).

ECOSPHERE 5 of 18
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threshold exceeds the likely seed dispersal distance for
many wind-dispersed conifers in the northwestern
United States (Greene & Johnson, 1989; Harvey et al.,
2016a; Kemp et al., 2016). Second, we fit a parameter (the
stand-replacing decay coefficient [SDC]) characterizing
the rate at which the forested area within the interior of
high-severity patches shrinks with increasing distance to
potential seed source. Following the approach proposed
by Collins et al. (2017), we used a modified logistic func-
tion to model the proportion of total high-severity or
“stand-replacing” forested area, Pdts, exceeding a given
distance to potential seed, dts, as follows:

Pdts � 1

10SDC×dts : ð2Þ

Larger values of the SDC parameter indicate a rapidly
decaying interior area, whereas smaller values of
SDC indicate a more slowly decaying interior area
(Collins et al., 2017).

We calculated area-weighted mean patch size and
total core area using the sf and raster packages in R
(Hijmans et al., 2022; Pebesma, 2018). For each fire event
with ≥10 patches exceeding 1 ha in size, we fit patch-size
distribution shape parameters (β and ψ) using the maxi-
mum likelihood algorithm proposed by Pueyo (2014).
Finally, we summarized inverse cumulative
distance-to-seed distributions for each fire event using
30-m bins of pixel-level distance-to-seed and fit SDC
parameters using nonlinear least squares, following
Collins et al. (2017).

Scaling relationships

Following the approach used by Buonanduci et al.
(2023), we used nonparametric quantile regression to
quantify spatial scaling relationships. Rather than esti-
mating the conditional mean of a response variable distri-
bution, quantile regression estimates the conditional
quantiles, providing a fuller picture of the response distri-
bution (Cade & Noon, 2003; Koenker & Bassett, 1978).
Within each northwestern United States FRG (frequent/
low severity, moderately frequent/mixed severity, infre-
quent/high severity), we fit smooth curves to multiple
conditional quantiles of each patch metric across the
range of observed fire sizes. We constrained quantile
curves to be monotonically increasing for area-weighted
mean patch size and total core area and monotonically
decreasing for the distance-to-seed parameter (SDC). No
monotonicity constraints were imposed for the patch-size
distribution parameters (β and ψ). Area-weighted mean
patch size, total core area, and SDC were

log10-transformed prior to model fitting, and in cases
where total core area was zero, we added 0.01 ha to
enable log10-transformation. All quantile curves were fit
via additive basis splines using the quantregGrowth pack-
age in R (Muggeo, 2021).

After quantifying fire-regime-specific scaling relation-
ships, we compared northwestern Cascadia with the
three broad FRGs in the northwestern United States and
determined that high-severity patch metrics in north-
western Cascadia exhibited scaling behavior comparable
to other infrequent, high-severity fire regimes in this
broader region (Figure 2; Appendix S1). Given the rela-
tive paucity of data for northwestern Cascadia (n = 31
wildfires) and the consistency observed between north-
western Cascadia and the broader northwestern United
States infrequent/high-severity FRG (Figure 2), we
decided to pool the sparse data for northwestern
Cascadia together with the data from this comparable fire
regime. After supplementing the northwestern Cascadia
data in this way, we fit quantile regression models to the
pooled dataset for each spatial metric, and these scaling
relationships formed the basis of the simulation study
described below.

Simulation study

To quantify how the future range of burn-severity patch
structure might vary depending on the sizes of future fire
events, we implemented a simulation study (Figure 3)
that harnessed the range of variation in spatial scaling
relationships expected for our focal region. Using north-
western Cascadia as our illustrative example, we asked:
Assuming a total area of 1,000,000 ha were to burn, what
would the potential range of ecological effects be if this
area were to burn as (A) 10 very large fires (each
100,000 ha), (B) 100 moderately large fires (each
10,000 ha), or (C) 1000 smaller fires (each 1000 ha)? A
total burned area of 1,000,000 ha would constitute 16% of
the northwestern Cascadia region and corresponds with
the upper end of size estimates for historical fire episodes
in this region (Donato et al., 2020). As a simple case
study, we considered hypothetical fire sizes spanning
three orders of magnitude (1000–100,000 ha) (Figure 3a).
For context, recent notable fire events in northwestern
Cascadia have spanned these same three orders of magni-
tude (e.g., the 2015 Paradise fire in Washington
[1140 ha], the 2020 big Hollow fire in
Washington [9811 ha], and the 2020 Beachie Creek fire
in Oregon [78,761 ha]).

To conduct this simulation study, we used the spatial
scaling relationships for northwestern Cascadia (in the
form of quantile regression models; see previous
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section and Figure 2) to simulate a core area,
distance-to-seed distribution, and patch-size distribution
for each hypothetical fire event based on its size

(simulation workflow described in Figure 3b–d and
below). We aggregated the simulated metrics across fire
events in each scenario (e.g., for total core area in
Scenario A, we summed together the individual core
areas simulated for each of the 10 hypothetical fires) to
quantify cumulative effects across the hypothetical
1,000,000 ha burned. Each scenario was simulated
100 times. Following Kennedy (2019), who used princi-
ples of experimental design to determine the number of
replicates necessary to detect a given effect size for a sto-
chastic model, we determined 100 replicates would be
sufficient to detect aggregate core area effect sizes up to
9000 ha.

The number of steps required to simulate each spatial
metric varied, with total core area being the most
straightforward, as it is an aggregate metric for each fire
in units (hectares) that can simply be summed across fire
events. To simulate the total core area (Figure 3b), we fit
smooth curves to 99 conditional quantiles (0.01 through
0.99) of the total core area distribution across the range
of observed fire sizes. Then, to simulate the total core
area for a fire of any given size, we extracted the 99 condi-
tional quantile predictions at that fire size and randomly
drew one value. This sampling approach is a coarse and
empirical adaptation of inverse transform sampling, a
method that is frequently used to generate random sam-
ples from known probability distributions (Devroye,
1986). In our analysis, we defined core area using a
150-m distance-to-seed threshold; however, the distance
at which tree regeneration becomes limited varies by
region and dominant tree species. Therefore, to evaluate
the sensitivity of our findings to the distance-to-seed
threshold used to define core area, we replicated our sim-
ulation study for core areas calculated using a 300-m dis-
tance threshold.

For the distance-to-seed and patch-size distributions,
additional assumptions and simulation steps were
required. From the SDC parameter, we can calculate
(using Equation 2) a proportional distance-to-seed distri-
bution for each fire event. Aggregating distance-to-seed
distributions across fire events, however, requires calcu-
lating each distance-to-seed distribution in terms of areas
(i.e., in hectares); doing so requires knowing the total
area within each fire that was both forested and burned
at high severity. Similarly, from the β and ψ parameters,
we can randomly draw (using Equation 1) some number
of patch sizes for each fire event from a truncated lognor-
mal distribution. Aggregating patch-size distributions
across fire events, however, requires constraining the
random sample of high-severity patches drawn for each
fire, such that the total area of all high-severity patches is
equal to the total high-severity burned area for that fire.
Thus, for the distance-to-seed distributions, we needed to

F I GURE 2 Northwestern Cascadia patch metrics (black open

circles) overlaid on patch metrics from fires occurring within other

infrequent, high-severity regimes in the northwestern United States

(gray dots). Lines and shading represent scaling relationships

quantified for the pooled dataset; solid line is quantile 0.5, dark

shaded region is the interval between quantiles 0.25 and 0.75, and

light shaded region is the interval between quantiles 0.05 and 0.95.

SDC, stand-replacing decay coefficient; wtd, weighted.
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simulate the forested and high-severity proportion (PFHS)
of each fire (in addition to simulating SDC), and for the
patch-size distributions, we needed to simulate
the high-severity proportion (PHS) of each fire
(in addition to simulating β and ψ).

Across fire events, landscape metrics describing spa-
tial patterns of burn severity naturally tend to be corre-
lated with one another (Neel et al., 2004). In our dataset,

we observed that fire size, SDC, and PFHS were correlated
with one another, as were fire size, β, ψ, and PHS. This
correlation enabled us to sequentially simulate sets of
parameters jointly falling within the range of variation
observed in our dataset. For example, once fire size is
fixed, the conditional range of variation in SDC
is reduced and we can sample from its conditional distri-
bution given fire size; then, once fire size and SDC are

F I GURE 3 (a) Conceptual illustration of simulation scenarios, along with schematics of simulation study workflows for (b) core areas

based on a 150-m seed distance, (c) distance-to-seed (DTS) distributions, and (d) patch-size distributions. For more detailed information

regarding simulation study methods, see Appendix S2. gam, generalized additive model; qr, quantile regression; tlnorm, truncated

lognormal; SDC, stand-replacing decay coefficient.
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fixed, the conditional range of variation in PFHS is
reduced and we can sample from its conditional distribu-
tion given fire size and SDC. We followed this logic for
the simulation of both distance-to-seed and patch-size
distributions, as described below.

To simulate distance-to-seed distributions (Figure 3c),
we first fixed fire size and simulated a value for SDC
using the quantile regression approach described above
for the total core area. After simulating the SDC parame-
ter, we simulated PFHS for each fire using a generalized
additive model (GAM) fit to PFHS as a function of SDC
and fire size. Finally, we used the simulated SDC param-
eter to calculate an area-based distance-to-seed distribu-
tion, where the cumulative area (in hectares) exceeding
each distance-to-seed threshold (Adts) is calculated as a
function of fire size, PFHS, and SDC as follows:

Adts ¼ fire size × PFHS

10SDC×dts : ð3Þ

Equation (3) is a modified version of Equation (2),
where fire size and PFHS are included as additional
parameters to calculate an area-based rather than a pro-
portional distance-to-seed distribution.

To simulate patch-size distributions (Figure 3d), we
first fixed fire size and simulated a value for ψ using the
quantile regression approach described above for total
core area and SDC. We then simulated a value for β,
which is highly correlated with ψ, using a GAM fit to β

as a function of ψ. After simulating the ψ and β parame-
ters, we simulated PHS for each fire using a GAM fit to
PHS as a function of ψ, β, and fire size. Finally, we used
the simulated ψ and β to parameterize a truncated log-
normal distribution, from which we sampled patches
until the total area of patches equaled the simulated
high-severity area (AHS; calculated as fire size multiplied
by PHS). GAMs were fit using the mgcv package in R
(Wood, 2022). For a more detailed description and addi-
tional information regarding simulation study methods,
see Appendix S2.

RESULTS

Across simulation scenarios, as the sizes of fire events
composing the hypothetical total 1,000,000 ha burned area
increased (i.e., as burned area came from fewer but larger
fire events), aggregate core areas increased and aggregate
distance-to-seed distributions shifted to the right
(i.e., greater amounts of forested area that burned at high
severity were farther from potential live seed sources)
(Table 2, Figure 4). Aggregate core area increased substan-
tially between the smallest (i.e., 1000 ha) fire-size scenario
(mean simulated core area = 88,775 ha, or 8.9% of the
total burned area) and each of the larger fire-size scenar-
ios, although it did not differ between the moderately large
(i.e., 10,000 ha) and very large (i.e., 100,000 ha) fire-size
scenarios (mean simulated core areas = 154,720 and

TAB L E 2 Descriptive statistics for simulated aggregate core areas and distance-to-seed distributions, summarized over 100 iterations of

each simulation scenario.

Distance-to-seed threshold No. and size of fire events

Area exceeding distance-to-seed threshold (ha)

Mean SD Min Max

Core area approach

150 m 10 × 100,000 ha 154,557 18,489 113,390 198,879

100 × 10,000 ha 154,720 10,848 126,371 181,922

1000 × 1000 ha 88,775 2991 83,359 97,209

Distance-to-seed distribution approach

150 m 10 × 100,000 ha 187,575 31,002 116,662 255,201

100 × 10,000 ha 148,436 7965 131,418 167,847

1000 × 1000 ha 90,899 2525 84,308 97,320

450 m 10 × 100,000 ha 41,786 12,529 17,075 74,860

100 × 10,000 ha 22,734 2323 17,867 28,281

1000 × 1000 ha 8967 522 7735 10,053

750 m 10 × 100,000 ha 10,770 4524 2409 24,702

100 × 10,000 ha 4311 622 3124 6065

1000 × 1000 ha 1325 123 1048 1580

Abbreviations: Max, maximum; min, minimum.
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154,557 ha, respectively, or 15.5% of the total burned area;
p > 0.05 using ANOVA and Tukey’s honestly significant
difference [HSD] test) (Table 2, Figure 4a). This potential
asymptote in aggregate core area with increasing fire size
(i.e., lack of difference between the moderately large and
very large fire-size scenarios) was sensitive to the
distance-to-seed threshold used to define core area. When
we increased the distance threshold from 150 to 300 m,
aggregate core area consistently increased across fire-size
scenarios, with mean simulated core areas of 18,808,
57,547, and 72,842 ha (1.9%, 5.8%, and 7.3% of the total
burned area) for the small, moderately large, and very
large fire-size scenarios, respectively (Appendix S2).

As fire sizes increased, the tails of the aggregate
distance-to-seed distributions became heavier (i.e.,
more high-severity burned area exceeded greater
distance-to-seed thresholds). For example, aggregate areas
exceeding a distance of 750 m to the nearest unburned
seed source were 1325, 4311, and 10,770 ha (0.1%, 0.4%,
and 1.1% of the total burned area) on average in the small,
moderately large, and very large fire-size scenarios, respec-
tively (Table 2, Figure 4b). Area estimates in the tails of
the simulated distance-to-seed distributions are likely to
be overestimates, as actual patch interior areas will reach
zero with increasing distance-to-seed, whereas the modi-
fied logistic function we used to model distance-to-seed
distributions (Equations 2 and 3) only approaches zero
(Collins et al., 2017). Nevertheless, the simulated distribu-
tions (Figure 4b) provide reasonable approximations of the
effect of increasing fire size.

By definition, aggregate core area estimates in our
study represent the total forested area burned at high
severity and exceeding a threshold of 150 m to seed,
and thus can be directly compared to aggregate
distance-to-seed distribution estimates at that same
threshold. The two approaches yielded qualitatively simi-
lar results, though estimates from the distance-to-seed
distribution approach were biased slightly high relative
to estimates from the core area approach in the very large
fire-size scenario (Table 2, Appendix S2).

Simulated aggregate patch-size distributions were
characterized by increasingly large patches as the sizes of
fire events increased (Table 3, Figure 5). Area-weighted
mean patch sizes consistently increased with the size of
fire events, as did maximum patch sizes, the latter
of which ranged from 602 to 811 ha across iterations in
the smallest fire-size scenario, from 5406 to 8166 ha
across iterations in the moderately large fire-size sce-
nario, and from 19,419 to 68,172 ha across iterations in
the very large fire-size scenario (Table 3, Figure 5). Most
patches across fire-size scenarios were relatively small,
with median patch sizes of ~3 ha on average across itera-
tions and scenarios (Table 3). On average, in both the
moderately large and very large fire-size scenarios, only
0.8% of simulated patches exceeded 1000 ha in size.
Despite representing a small proportion in terms of the
total number of patches, the contribution of large patches
to the total high-severity burned area in these scenarios
was substantial; on average, patches ≥1000 ha accounted
for 48% of the total high-severity burned area in the

F I GURE 4 Simulated aggregate (a) core areas based on a 150-m seed distance and (b) continuous distance-to-seed (DTS) distributions.

Each scenario represents the same hypothetical total area burned (1,000,000 ha) and was simulated 100 times, with each iteration displayed

as a single data point in (a) and a single line in (b).

10 of 18 BUONANDUCI ET AL.

 21508925, 2024, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4875, W

iley O
nline L

ibrary on [14/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



moderately large fire-size scenario (ranging from 39% to
56%) and 66% of the total high-severity burned area in
the very large fire-size scenario (ranging from 45% to
84%) (Figure 5b).

Finally, we observed that the variation in simulated
aggregate metrics consistently increased across fire-size
scenarios (Tables 2 and 3, Figures 4 and 5). For exam-
ple, the SD of simulated aggregate core area increased
by a factor of 4 between the small and moderately large
fire-size scenario, and by a factor of 2 between the
moderately large and very large fire-size scenarios
(Table 2). This finding was even more pronounced for
the simulated patch-size distributions; for example, the
SD of maximum simulated patch sizes increased by a

factor of 14 between the small and moderately large
fire-size scenarios, and by a factor of 19 between the
moderately large and very large fire-size scenarios
(Table 3).

DISCUSSION

Our study demonstrates how burn-severity spatial scaling
relationships can be used to simulate potential future
ranges of cumulative burn-severity patterns, even in
regions for which empirical fire data are lacking. The
fire-size scenarios evaluated in our case study illustrate
how for a given total burned area, near-term shifts in

TAB L E 3 Descriptive statistics for simulated aggregate patch-size distributions, summarized over 100 iterations of each simulation

scenario.

No. and size of fire events

Median patch size (ha)
Area-weighted

mean patch size (ha) Maximum patch size (ha)

Mean SD Min Max Mean SD Min Max Mean SD Min Max

10 × 100,000 ha 3.4 0.5 2.4 5.1 11,487 4208 4587 21,754 42,457 11,043 19,419 68,172

100 × 10,000 ha 3.3 0.1 3.0 3.6 1594 162 1194 2008 6658 569 5406 8166

1000 × 1000 ha 3.4 0.1 3.3 3.6 146 5 132 158 708 41 602 811

Abbreviations: Max, maximum; min, minimum.

F I GURE 5 Simulated aggregate patch-size distributions, displayed as (a) inverse cumulative probability distributions and (b) inverse

cumulative proportions of total high-severity burned area. Each scenario represents the same hypothetical total area burned (1,000,000 ha)

and was simulated 100 times, with each iteration displayed as a single line. Note that the y-axis in (a) is log-transformed, but the y-axis in

(b) is not.
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fire-size distributions toward larger fire events will likely
lead to increasingly large high-severity burn patches with
interior areas that are increasingly far from unburned
seed sources following fire. Conversely, the same total
burned area occurring in more numerous but smaller fire
events will likely result in burn-severity patterns charac-
terized by smaller patches and greater proximity to
unburned seed sources following a fire. We demonstrate
this approach for northwestern Cascadia, a historically
climate-limited region that is expected to see large
increases in area burned with warming and drying cli-
mate. More broadly, however, our results have important
forest and fire management implications across a range
of fire regimes and ecoregions.

Shifts in fire-size distributions toward
larger fire events will likely lead to larger
and more homogeneous areas burned at
high severity

By quantifying the range of burn-severity metrics
expected across a range of potential fire sizes, we were
able to simulate how the effects of a given total burned
area might vary, depending on how it is distributed in
terms of number and size of individual fire events. The
simple scenarios used here bookend a range of potential
future fire-size distributions. In regions where fire-size
distributions are expected to shift to the right
(i.e., increase in size) with changing climate (Coop et al.,
2022; Wang et al., 2020), our findings illustrate how the
size and spatial homogeneity of high-severity patches will
also consistently increase, carrying implications for forest
resilience in a period of increasing fire activity. In the
western United States, increasing aridity in recent
decades has been linked to both increasing annual area
burned and increasing fire event sizes (Juang et al.,
2022), and these trends are expected to continue in the
near future (Parks & Abatzoglou, 2020). Even if the total
area burned were to remain the same, as assumed in our
simulation study, a shift toward larger fire events will
likely result in larger high-severity patches with interior
areas farther from live seed sources following fire. In for-
est ecosystems, the increasing size and homogeneity of
high-severity patches will directly affect seed dispersal
(Gill et al., 2022), rates of tree regeneration (Harvey et al.,
2016a), formation and persistence of early-seral habitat
(the stage between stand-replacing disturbance and tree
canopy closure), and the potential for conversion to
nonforest systems (Coop et al., 2020) following fire.

Our generalizable approach can be used to anticipate
shifts toward either end of any fire-size distribution. For
example, in our focal region of northwestern Cascadia,

the scenarios ranged from the many small-fire scenario
(1000 fire events, each 1000 ha in size) on one end to the
few large fire scenario (10 fire events, each 100,000 ha in
size) on the other. Climate projections for northwestern
Cascadia suggest conditions conducive to fire will
increase, with summer fire seasons projected to become
warmer and drier (Dalton et al., 2013; Mauger et al.,
2015). However, the largest fire events in northwestern
Cascadia are typically driven by synoptic east wind events
(Donato et al., 2020; Reilly et al., 2022), and it is still
unclear whether and how the frequency of these events
might shift moving forward. Therefore, reliable fire-size
distribution projections (i.e., estimates of the relative fre-
quency of small-to-moderate vs. very large fires) under a
changing climate are not currently available for north-
western Cascadia. As more refined projections for annual
burned area and fire-size distributions become available
for this and other regions, the approach and scaling rela-
tionships presented here can be applied to such projec-
tions to provide more realistic estimates of future
burn-severity patterns.

Our finding that aggregate core area did not differ
between the two largest fire-size scenarios suggests that
once fire-size distributions become sufficiently large
(e.g., composed of individual fire events ≥10,000 ha), the
total forested area burned at high severity and located
>150 m from the nearest unburned seed source may
begin to asymptote. Interestingly, this asymptotic behav-
ior did not emerge when we increased the distance
threshold used to define core area from 150 to 300 m
(Appendix S2). In general, the longer the distance-to-seed
threshold, the larger the high-severity patches required to
produce interior areas exceeding said threshold, and the
more strongly fire size itself constrains the occurrence of
such patches. Our findings suggest 150-m core areas are
strongly constrained by fire size in the smallest fire sce-
nario (i.e., 1000 ha fires), but that once fires surpass the
moderately large size threshold (i.e., 10,000 ha), fire size
becomes less constraining and aggregate 150-m core
areas level off. Conversely, 300-m core areas appear to be
constrained by fire size in both the small and moderately
large fire scenarios, as evidenced by the consistent
increase in aggregate 300-m core areas across fire-size
scenarios. Thus, while area exceeding a 150-m
distance-to-seed threshold may asymptote as fire-size dis-
tributions shift to the right, areas exceeding longer
distance-to-seed thresholds will likely continue to
increase. This conclusion is supported by our continuous
distance-to-seed distribution findings, which suggest that
the tails of these distributions grow consistently heavier
with increasing fire size. Increases in the tails of
distance-to-seed distributions are expected to amplify
postfire ecological effects, including slowing forest
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recovery trajectories (Gill et al., 2022; Harvey et al.,
2016a) and increasing persistence of early-seral habitats.
The ecological relevance of specific distance-to-seed
thresholds will vary by region and context, highlighting
the importance of linking these findings to
region-specific seed dispersal parameters.

Gaining insights for data-sparse and
infrequent fire regions

Fire activity in many climate-limited fire regimes has
been relatively rare since the beginning of the contempo-
rary satellite record, presenting challenges for under-
standing and anticipating future fire effects. Yet,
increasing fire activity is poised to profoundly shape such
regions, which are often composed of biomass-rich for-
ests that underpin ecosystem services region-wide. Our
findings suggest that burn-severity patch structure scales
consistently with fire size across infrequent, high-severity
fire regimes in the northwestern United States. In light of
this consistency, supplementing the empirical records
of data-sparse regions with data from analogous fire
regimes offers a means to quantify statistically robust
scaling relationships, which can then be used to evaluate
potential future fire effects. While this approach is espe-
cially useful in data-poor regions, it is generalizable and
can also be applied to more frequent fire regions where
empirical data are more readily available but the poten-
tial effects of future fire activity and changing fire
regimes remain uncertain.

Implications for forest and fire
management

Comparable burn-severity patterns can lead to varying
forest regeneration trajectories and vegetation manage-
ment considerations, depending on the fire-adapted traits
of dominant tree species (Harvey et al., 2016a; Littlefield,
2019). In northwestern Cascadia, for example, most dom-
inant tree species rely on dispersal of seeds from
unburned live trees as the primary mechanism of tree
regeneration following fire (Reilly et al., 2021). In gen-
eral, postfire regeneration rates of conifer species that
rely on wind-dispersed seeding will decrease with
increasing distance to the nearest unburned seed source
(Harvey et al., 2016a; Kemp et al., 2016; Littlefield, 2019).
However, the distance at which tree regeneration
becomes severely limited can vary widely; in northwest-
ern Cascadia and other regions dominated by coastal
Douglas-fir, robust postfire tree regeneration has been
observed as far as 400 m from the nearest unburned seed

source (Donato et al., 2009; Laughlin, 2023). Tree regen-
eration also varies with numerous additional factors,
including prefire forest structure, topography, and
postfire climate conditions (Davis et al., 2023; Laughlin,
2023; Littlefield, 2019). Therefore, planning for postfire
replanting in locations predicted to exceed seed dispersal
capacity will be important when maintaining forest cover
is the management goal.

While large high-severity patches can be a concern
for postfire forest recovery and resilience, they also
underpin key aspects of ecosystem function by creating
early-seral habitat (Halofsky, Donato, et al., 2018b; Steel
et al., 2022). Naturally occurring early-seral forest ecosys-
tems, including those that form following high-severity
fire, are structurally complex and high in biodiversity,
providing critical habitat for numerous plant and animal
species (Swanson et al., 2011). Culturally important plant
species, such as huckleberry (Vaccinium myrtilloides
Michx.), thrive in such early-seral environments, and cul-
tural fire has been used to promote habitat for these and
other species for millennia (Johnston et al., 2023;
LeCompte-Mastenbrook, 2015; Long et al., 2021;
Wynecoop et al., 2019). Currently, structurally complex
early-seral forest conditions are in a severe deficit in
northwestern Cascadia, despite historically composing up
to 30% of the landscape (Donato et al., 2020). While
increasingly large high-severity patches will on the one
hand slow tree regeneration rates, they will also in turn
lead to an increasing persistence of early-seral habitat. As
fire activity increases, therefore, the occurrence of large
high-severity patches may help restore and maintain
these ecologically and culturally important early-seral
conditions (Halofsky, Conklin, et al., 2018a).

Our findings have important prefire and postfire
management implications. First, when considering
postfire replanting needs in northwestern Cascadia, we
found that the amount of forest area burned at
high-severity and located more than 150 m from an
unburned seed source may asymptote around ~15% of
the total burned area once fire-size distributions become
sufficiently large (i.e., composed of individual fire events
exceeding 10,000 ha). In other words, even in the largest
fire-size scenarios, ~85% of total burned area is unlikely
to require postfire replanting, being either burned at
low-to-moderate severity and/or within the likely dis-
persal distance of unburned live seed sources. These pro-
portions can provide a useful rule-of-thumb for managers
planning for future fire events. Furthermore, given suit-
able postfire climate, it is possible for robust tree regener-
ation to naturally occur well beyond a distance of 150 m
from unburned seed sources in northwestern Cascadia
and similar regions dominated by tall trees such as
coastal Douglas-fir (Donato et al., 2009; Laughlin, 2023);
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therefore, these proportions provide likely upper-end esti-
mates of the amount of area that may require postfire
replanting. In areas where resources available for
replanting may be limited and postfire tree cover is of
management importance, efforts could focus on the larg-
est high-severity patches where interior areas far exceed
the likely dispersal distances of unburned seed sources.
For example, our analysis suggests that <5% of total
burned area is likely to be both burned at high severity
and located more than 450 m from an unburned seed
source following fire (ranging from 0.9% to 4.2% on aver-
age across fire-size scenarios). These are areas that may
be in greatest need of postfire replanting, or alternatively,
areas that may naturally be restored to early-seral habitat
and likely to persist in this state following fire. While
these proportions are modest, it is important to recognize
that the areas may not be trivial, depending on the total
area affected by fire.

Our findings also have real-time fire management
implications, particularly in the decision-making realm
regarding fire suppression versus managed wildfire use. In
climate-limited fire regimes such as northwestern
Cascadia, suppressing fires can in general be both an eco-
logically and socially defensible strategy (Halofsky,
Donato, et al., 2018b), as fire suppression is necessary in
many cases to protect human values and is unlikely to
lead to the type of uncharacteristic fuel buildup that has
occurred in historically fuel-limited regimes across the
western United States (Hagmann et al., 2021). Managing
forests for resilience to both fire and changing climate,
however, could be enhanced by increasing species and
structural diversity at a regional scale (Halofsky, Donato,
et al., 2018b). Our results suggest that if all burned area in
northwestern Cascadia came solely from relatively small
(e.g., 1000 ha) fire events, fire activity would cumulatively
have fine-grained effects on landscape patterns of
forest structure. Conversely, the same total area burned in
moderately large fire events (e.g., 10,000 ha) would have
much coarser-grained effects, comparable in some ways
to the cumulative effects of very large fire events
(e.g., 100,000 ha). Therefore, allowing wildfires to reach a
range of sizes (i.e., a practice of modified fire suppression)
would meaningfully shape the heterogeneity and resil-
ience of northwestern Cascadia forest landscapes by diver-
sifying forest structure and successional pathways (Tepley
et al., 2013). While managed wildfire use in this region has
the potential to offer ecological benefits, it also presents
socioeconomic risks, largely due to the potential for
extreme weather (i.e., synoptic east winds) to develop,
driving rapid fire growth and threatening human commu-
nities (Halofsky, Donato, et al., 2018b; Reilly et al., 2022).
Given the high density of human populations and develop-
ment in northwestern Cascadia, low-risk opportunities for
managed wildfire use in this region may prove to be rare.

Model assumptions and limitations

Our modeling approach assumes that within each fire
regime group, the relationships between fire size and pat-
terns of burn severity (i.e., high-severity patch size and
shape) are stationary in both space and time. In other
words, after accounting for fire regime, we assume that
the range of burn-severity patterns expected at any given
fire size does not vary by region or time period. This
assumption is well supported in the northwestern
United States within contemporary fires observed in the
satellite record (1985–2020; Buonanduci et al., 2023),
despite this period being marked by increasing aridity,
annual area burned, and fire event sizes (Juang et al.,
2022). As fire activity continues to increase, however, fuel
limitations may begin to strengthen in some regions,
potentially altering fire size and severity through reduc-
tions in fuel availability and/or connectivity (Abatzoglou
et al., 2021; Francis et al., 2023; Kennedy et al., 2021). It
is possible that strengthening fuel limitations in such
regions could also erode the stationarity in scaling rela-
tionships that has been observed over the contemporary
record, with the range of high-severity patches shifting
toward smaller sizes and more heterogeneous shapes at
any given fire size. In northwestern Cascadia, however,
where forests are highly productive and biomass-rich
(Spies et al., 2018), fuel limitations are not likely to
strongly constrain fires in the coming decades
(Abatzoglou et al., 2021; Halofsky et al., 2020). Therefore,
stationarity in scaling relationships is a reasonable
assumption in northwestern Cascadia and many similar
regions for the foreseeable future.

The only driver of burn-severity patterns that is
explicitly accounted for in our modeling approach is fire
size. By drawing from the full empirical distributions of
patch size and shape across the range of observed fire
sizes, we effectively integrate over a wide range of poten-
tial drivers, including vegetation types, fuel loads,
weather at the time of burning, and fire management tac-
tics. We feel that this approach is reasonable and appro-
priate, given the goal of modeling potential burn-severity
patches over a large regional extent. In smaller land-
scapes or more specific contexts with a narrower range of
possible drivers, however, our approach has the potential
to over- or underestimate ecological effects. For example,
it is possible that scaling relationships could differ
between areas with greater or less fire management influ-
ence (e.g., wildland–urban interface vs. designated wil-
derness areas). Furthermore, there is historical
precedence in northwestern Cascadia for areas burned in
very large fires to partially reburn numerous times in the
decades following the initial fire event (Reilly et al.,
2022). When short-interval reburns such as these do
occur, fuel limitations introduced by earlier fires can
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limit high-severity patch size and homogeneity in subse-
quent fires. These types of negative feedbacks have
mainly been observed in short-interval (e.g., <15 year)
reburns in frequent, low-severity fire regimes of the
northwestern United States, and less so in other fire
regimes (Harvey et al., 2023). However, it is possible that
our approach, which does not explicitly account for fuel
loads, may not be appropriate for anticipating
high-severity patch structure in landscapes burned multi-
ple times within a few decades. Finally, ecological effects
can be compounded in areas affected by short-interval
reburns (Braziunas et al., 2023), particularly in areas that
burn twice or more at high severity (Harvey et al., 2023;
Turner et al., 2019). Modeling high-severity patch size
and shape alone is not sufficient for anticipating poten-
tially compound ecological effects that may occur in
these contexts.

Our analysis is inherently limited by the observed fire
size and severity data available within the contemporary
satellite record. Given that fire-size distributions tend to
be strongly right-skewed (McKenzie & Kennedy, 2011),
the frequency of fire events and therefore the availability
of empirical data naturally decreases as fire size
increases. Because our approach relies on simulating
from models fit to empirical distributions, the uncertainty
in our model predictions and simulations therefore
increases with fire size as the empirical data become
increasingly sparse. This greater uncertainty, along with
the wider range of variation in patch size and structure
metrics that is observed for larger fire events, may par-
tially explain the increasing variation in simulated patch
metrics that we observed across fire-size scenarios.
However, the increasing variation also arises in part from
the simulation study design itself and the properties of
the central limit theorem; because the number of simu-
lated fires decreases across scenarios (i.e., 1000 fires are
simulated in each iteration of the smallest fire-size sce-
nario, compared with 100 fires in the moderately large
fire-size scenario and 10 fires in the very large fire-size
scenario), the variance in the sampling distribution natu-
rally increases across scenarios. The increasing variation
in simulated metrics across fire-size scenarios likely
stems from both of these causes, though it is difficult in
our approach to disentangle the two.

CONCLUSION

Anticipating the ecological effects of future fire activity
is broadly challenging, particularly in historically
climate-limited, infrequent fire regimes for which
empirical fire data are lacking. Our analysis and
approach address these challenges, demonstrating that

spatial scaling relationships (i.e., relationships between
fire size and expected patterns of burn severity) offer a
means to anticipate future fire effects at a regional scale.
The approach we present here can be used to evaluate
the potential outcomes of different area burned and
fire-size distribution scenarios, with our case study illus-
trating how the ecological effects of a given total burned
area might vary depending on how it is distributed in
terms of the number and size of individual fire events
(i.e., a small number of very large fires vs. many smaller
fires). Our results suggest a given total area that is
burned in a few large fires will result in larger
high-severity patches with interior areas farther from
unburned seed sources, as compared with the same total
area being burned in more numerous but smaller fire
events. Studies such as these can prove useful in sce-
nario planning and developing regional prefire and
postfire management plans in the face of uncertainty.
Furthermore, as projections for total area burned and
fire-size distributions continue to be refined, our
approach can also be used to put quantitative bounds on
more realistic potential outcomes of future fire activity,
and therefore management considerations such as
postfire planting needs. Overall, these findings have
important implications for forest resilience and manage-
ment in a period of increasing fire activity and shifting
fire-size distributions.
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