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Abstract

Rising global fire activity is increasing the prevalence of repeated short-interval
burning (reburning) in forests worldwide. In forests that historically experienced
frequent-fire regimes, high-severity fire exacerbates the severity of subsequent
fires by increasing prevalence of shrubs and/or by creating drier understory
conditions. Low- to moderate-severity fire, in contrast, can moderate future fire
behavior by reducing fuel loads. The extent to which previous fires moderate
future fire severity will powerfully affect fire-prone forest ecosystem trajectories
over the next century. Further, knowing where and when a wildfire may act as a
landscape-scale fuel treatment can help direct pre- and post-fire management
efforts. We leverage satellite imagery and fire progression mapping to model
reburn dynamics within forests that initially burned at low/moderate severity in
726 unique fire pair events over a 36-year period across four large fire-prone
Western US ecoregions. We ask (1) how strong are the moderating effects of low-
to moderate-severity fire on future fire severity, (2) how long do moderating
effects last, and (3) how does the time between fires (a proxy for fuel accumula-
tion) interact with initial fire severity, day-of-burning weather conditions, and cli-
mate to influence reburn severity. Short-interval reburns primarily occurred in
dry- and moist-mixed conifer forests with historically frequent-fire regimes.
Previous fire moderated reburn severity in all ecoregions with the strongest
effects occurring in the California Coast and Western Mountains and the average
duration of moderating effects ranging from 13 years in the Western Mountains
to >36 years in the California Coast. The strength and duration of moderating
effects depended on climate and initial fire severity in some regions, reflecting
differences in post-fire fuel accumulation. In the California Coast, moderating
effects lasted longer in cooler and wetter forests. In the Western Mountains, mod-
erating effects were stronger and longer lasting in forests that initially burned at
higher severity. Moderating effects were largely robust to fire weather, suggesting
that previous fire can mediate future fire severity even under extreme conditions.
Our findings demonstrate that low- to moderate-severity fire buffers future fire
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severity in historically frequent-fire forests, underlining the importance of wild-
fire as a restoration tool for adapting to global change.
KEYWORDS
fire management, fire severity, forest resistance, moderating fire effects, reburn, restoration,
self-regulation, Western United States, wildfire

INTRODUCTION decisions about where and when wildfire may help meet

Warmer and drier climate conditions have led to an
unprecedented increase in the frequency and number of
large wildfires occurring across the globe (Abatzoglou &
Williams, 2016), resulting in greater area experiencing
“reburning,” or burning multiple times in a relatively
short period (Buma et al., 2020; Prichard et al., 2017).
These fire regime shifts have raised concerns about forest
loss where short-interval high-severity fire overwhelms
forest mechanisms to resist change and recover following
fire (Coop et al., 2020; Hagmann et al., 2021). Low- to
moderate-severity fire, in contrast, can increase forest
resistance to future fire by reducing fuel loads, especially
in forests that historically experienced a frequent-fire
regime (Collins et al., 2018; Hessburg et al., 2015;
Prichard et al., 2017; Rodman et al., 2023). Understand-
ing how strongly and for how long past fire moderates
future fire behavior is key to accurately projecting future
fire trajectories and adapting to global change (Abatzoglou
et al., 2021; Prichard et al., 2017).

Restoring historic fire regimes and promoting forest
resistance and resilience in the face of climate change is a
management priority in the American West. Abundant
dry-mixed conifer forests were historically maintained by
frequent low-intensity fires, including indigenous cultural
burning, but major socioecological transitions, including
expulsion of many indigenous people and outlawing cul-
tural burning (Taylor et al., 2016), together with nearly a
century of active fire suppression has left forests
overstocked, shifted species and size distributions, and
modified fire regimes (Agee & Skinner, 2005; Hessburg
et al., 2005). Fuel reduction treatments, including mechan-
ical thinning and prescribed fire, can restore forest struc-
ture and increase forest resistance, but treatment
limitations and the growing treatment backlog have
prompted increased interest in using wildfire as a potential
management alternative for reducing fire risk and restor-
ing fire-excluded forest landscapes (Larson et al., 2022;
North et al., 2021). Knowledge of how past fires and subse-
quent fuel buildup influence severity and burn patterns of
future fires is therefore critical for understanding the state
of fuels and fire risk in historically frequent-fire forests
across western North America, and for informing

management goals (Greenler et al, 2023; Larson
et al., 2022; Prichard et al., 2017; Rodman et al., 2023).

Studies of reburning in western forests consistently
find that prior fire severity is a main driver of future fire
severity: high-severity fire begets high-severity fire, and
low- to moderate-severity fire moderates future fire sever-
ity (Harvey et al., 2016, 2023; Prichard et al., 2017; Taylor
et al., 2021). While this pattern can partially be attributed
to the persisting effects of topography and microclimates
on fire behavior, it is also driven by fire and fuel feed-
backs, including consumption of surface fuels, increased
snags and downed wood, and changes in the abundance
and continuity of shrubs which tend to increase reburn
severity (Coop et al.,, 2020; Coppoletta et al., 2016).
Reburn studies to date provide a valuable general theory
of fire feedbacks but leave unanswered key questions
about the generality, strength, and duration of moderat-
ing fire effects, particularly in cases when reburns follow-
ing low- and high-severity initial fires (i.e., stands that
remained forest and stands that converted to other vege-
tation types) are assessed together and potential interac-
tions are not accounted for. Despite the focus of media
headlines on megafire events that burn at uncharacteris-
tically high severity, most of the burned area across the
Western United States occurs at low- to moderate-
severity (Johnstone et al., 2016; Reilly et al., 2017;
Williams et al., 2023). To understand how today’s forests,
including those that have recently experienced fire, will
respond to the contemporary increases in fire frequency
and extent, it is therefore important to evaluate the
drivers of reburn severity specifically in areas that remain
forest after the preceding fire (Prichard et al., 2017).

The moderating effect of fire (i.e., the reduction in
severity and/or occurrence of a future fire due to a past
fire compared to once-burned areas) decreases in magni-
tude over time as understory fuels recover following fire
(Cansler et al., 2022; Parks et al., 2014; Prichard et al.,
2017; Rodman et al., 2023). The duration and strength of
these effects can vary depending on various factors
including climate, weather, and fuel consumption by the
preceding fire, that is, previous fire severity (Figure 1)
(Collins et al., 2018; Lydersen et al., 2017; Parks et al., 2015;
Parks, Parisien, et al, 2018; Prichard et al., 2017).
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FIGURE 1

time between fires

(a) Predicted reburn severity response to time between fires (a proxy for fuel accumulation). “Absolute reburn severity” is

the predicted reburn severity measured at any time since fire. The “duration” of the moderating effect is the length of time between fires

until the effect of time on reburn severity is reduced to ~0, indicated by a dot on the response curve. We measure the “strength” of

moderating effects as the difference in absolute reburn severity at a 6-year fire return interval and absolute reburn severity at longer fire

return intervals: 12 years (short term) and 24 years (long term). Panels (b)-(d) represent hypothesized relationships of time between fires

and reburn severity under gradients of (b) climate, (c) fire weather, and (d) initial fire severity.

Precipitation and temperature gradients influence forest
composition and site productivity and, consequently, the
rate and magnitude of fuel buildup after fire (Figure 1b)
(Parks, Parisien, et al., 2018). Severe fire weather can blunt
moderating fire effects (Parks et al., 2015) (Figure 1c), espe-
cially in ecosystems with higher productivity where fire is
more strongly constrained by fuel moisture and weather
conditions than fuel amounts (Collins et al., 2019; Prichard
et al., 2017). However, many examples exist where past fires
maintained at least some moderating effects even under
extreme conditions including drought, extreme heat, and
plume-driven fire weather (Brodie et al., 2024; Lydersen
et al., 2014; Prichard et al., 2017; Taylor et al., 2022). Previ-
ous fire severity and fuel consumption can also influence
moderating effects (Parks et al., 2014). For example, low-
severity fire that consumes primarily understory fuels can

do less to increase forest resistance than moderate-severity
fire where a greater proportion of canopy and ladder
fuels are reduced, but enough canopy remains to inhibit
a strong understory response (Greenler et al., 2023)
(Figure 1d).

In this study, we perform the first cross-regional anal-
ysis of reburns in areas that remained forest after the initial
fire to test how climate, weather, past fire, and the time
between fires (a proxy for post-fire fuel accumulation) inter-
act to influence reburn severity in predominantly frequent-
fire forests of the Western United States (Figure 1). We ask
(1) how strong are the moderating severity effects of
low/moderate-severity fire, (2) how long do moderating
effects last, and (3) how are moderating effects influenced
by climate gradients, fire weather, and initial fire severity
across four large fire-prone ecoregions.
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METHODS

Our study encompasses forested areas within four large
and fire-prone ecoregions of the Western United States:
the Western Mountains (Sierra, Klamath, and Cascade
Mountains), Northern Mountains (Blue Mountains and
Northern Rockies), Southwest (Southern Rockies and Ari-
zona-New Mexico Mountains), and California Coast
(Figure 2a). Ecoregion delineation broadly follows Olson
and Dinerstein (2002) and is consistent with other broad-
scale analyses of wildfire drivers and patterns in western
forests (Coop et al., 2022; Dennison et al., 2014; Parks &
Abatzoglou, 2020). Forests in our study are predominantly
dry- and moist-mixed conifer forests with a frequent-fire
historical fire regime. We restricted our analyses to US
National Forest lands to better account for pre- and post-
fire management, as management actions are mapped and
available in the US Forest Service Forest Activity Tracking
System database (FACTS; USDA Forest Service, 2022).

Data
Fire data

We evaluated fire severity and number of times each
pixel burned for large fires (>404 ha) that burned
between 1986 and 2021. Fire perimeters were identified
from the Monitoring Trends in Burn Severity (MTBS)
program for areas that burned between 1986 and 2020
(Eidenshink et al., 2007). Fire perimeters that burned in
2021 were not yet incorporated into MTBS, so these were
obtained from The Wildland Fire Interagency Geospatial
Services database (National Interagency Fire Center,
2022). Duplicated fires were removed and overlapping
fire perimeters within the same year were merged.
Reburns were classified as areas that burned at least
twice over the 36-year study period. The most recent and
second most recent fires in each location are referred to
as “reburn” and “initial” fires, respectively.

We identified initial fire and reburn severity at 30-m
spatial resolution across the study fires using the compos-
ite burn index (CBI). CBI was estimated from corrected
Landsat satellite imagery (Landsat-4:9) using correlations
between remotely sensed indices and field-based fire sever-
ity measurements, which makes it a useful index for com-
paring burn severity across broad geographic regions
(Key & Benson, 2006). CBI is a continuous index ranging
from O (unburned/unchanged) to 3 (high severity/
complete mortality; Table 1) (Key & Benson, 2006). We
calculated CBI in Google Earth Engine (GEE) following
Parks et al. (2019) based on the updated GEE script (2021).
The number of times each pixel burned between 1986 and

2021 (burn count) and the number of years between the
initial fire and reburn (time between fires) was evaluated
using fire perimeter data and burn year attributes.

Fire weather predictors

To evaluate the role of daily weather on fire severity, we
obtained the day-of-burn for each 30-m reburned pixel
from interpolated satellite hotspot detections following
the method presented by Parks (2014) incorporating
hotspots detected by the Moderate Resolution Imaging
Spectroradiometer (MODIS) and Visible Infrared Imag-
ing Radiometer Suite (VIIRS) sensors as provided by the
NASA Fire Information for Resource Management Sys-
tem (FIRMS). Fire weather was estimated by extracting
c. 4-km resolution gridMET weather data to each pixel
using bilinear interpolation (Abatzoglou, 2013). We
extracted the day-of-burning vapor pressure deficit (VPD)
in kilopascals and wind speed as measures of immediate
fire weather. Day-of-burning energy release component
(ERC) (Bradshaw et al., 1984) was selected to represent
fuel moisture conditions at the time of burning. ERC is a
composite fuel moisture index where higher values repre-
sent greater available energy released from fuels per unit
area at the head of a fire’s flaming front and greater
potential fire intensity. Day-of-burning percentiles for fire
weather variables were calculated for each pixel based on
composited daily weather from 2002 to 2021.

Biophysical predictors

We considered topography, climate, vegetation, and
management as potential predictors for our reburn
severity models (Appendix S1: Table S1). Topographic
position index (TPI) was calculated at the 2000-m scale
using the “raster” package (Hijmans, 2022). Heat load
was calculated from latitude, aspect, and slope follow-
ing McCune and Keon (2002) at 30-m resolution using
Digital Elevation Models obtained from LANDFIRE
(LANDFIRE, 2019b). Average temperature and precipi-
tation 30-year normals were extracted at 800-m resolu-
tion from PRISM data (PRISM Climate Group, 2022).
Average annual actual evapotranspiration (AET) was
extracted at 1000-m resolution from the University of
Montana Numerical Terradynamic Simulation Group
(Mu et al., 2014) as a proxy for potential site productiv-
ity. Biophysical Setting (BPS) from LANDFIRE (2019a)
and tree cover at the time of reburning from the Range-
land Analysis Platform (2022) were used to determine vege-
tation type of reburned areas. Forest types were determined
from reclassified BPS assignments (Appendix S1: Table S2).
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(a) Fire-prone study regions in the Western United States with locations of low/moderate-severity reburn sample

points. Fire perimeters include only large fires (>404 ha) between 1986 and 2021 that intersect United States Forest Service
boundaries. (b) Range of precipitation and temperature for reburned sample points by ecoregion colored by forest type. Points
represent climate percentiles: “cool-wet” = 20th percentile of temperature and 80th percentile of precipitation; “warm-wet” = 70th
percentile of temperature and 70th percentile of precipitation; “hot-dry” = 85th percentile of temperature and 20th percentile of
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TABLE 1
description of severity effects following Key and Benson (2006).

Conditional burn index (CBI) categories and

Severity

category CBI Description

Unchanged 0-0.1 Vegetation remained unchanged

1 year after fire

Low 0.1-1.24  Little mortality of intermediate or

canopy trees

Moderate 1.25-2.24 Mixed effects ranging from
unchanged to high. <60% overstory
canopy mortality

High 2.25-3  High to complete canopy mortality

Fire Regime Groups were extracted from LANDFIRE BPS
products (2019a).

Sample points

We selected pixels from reburned areas across the Western
United States for our analyses using a gridded sampling
approach. A rectangular grid of points with 270-m spacing
was overlaid across reburned areas. Reburn severity, along
with associated predictor data, were extracted to the point
grid using nearest neighbor sampling. We filtered the
resulting point grid based on the following six criteria.
(1) Points were excluded from analysis if the most recent fire
occurred prior to 2002 to correspond with the availability of
MODIS satellite data and the ability to accurately measure
daily fire spread (Parks, 2014). (2) To focus our analyses on
areas that initially burned at low/moderate-severity, we lim-
ited our analysis to locations where initial fire severity (CBI)
was >0.1 and <2.25. (3) To ensure that pixels within fire
perimeters burned, we excluded pixels when reburn
fire severity was <0.1. (4) We excluded points that fell within
300-m of a fire perimeter edge to limit the effect of perimeter
mapping inconsistencies. (5) We restricted our analyses to
forested areas by excluding points that had less than 30% tree
cover at the time of reburning according to annual tree cover
data extracted from Rangeland Analysis Platform products
and/or were classified as a non-forest/woodland BPS. (6) We
excluded areas that received fuel reduction treatments fol-
lowing the initial fire according to the FACTS database (<1%
of total reburned pixels).

Statistical analyses

Variable selection

We used data from all ecoregions to inform our variable
selection process. AET exhibited strong multicollinearity

with precipitation and temperature (r> 0.6) and was
removed from the final model (Appendix S1: Table S1).
We chose not to include predictors representing pre-
reburn vegetation cover and fuel amounts, as these are
closely related to initial fire severity, time between fires,
and climate variables. Additionally, we were primarily
interested in how time between fires interacts with bio-
physical site characteristics to influence reburn severity
in areas that remained forested after the initial fire, pro-
viding a potential proxy for fuel loads where understory
fuels are not well represented with spectral imagery due
to existing canopy cover. We explored including an inter-
action with forest type instead of climate in our models
but chose to exclude this variable, despite its inter-
pretability, because of extremely uneven sample sizes
between forest types. Over half the sample points were
classified as either dry- or moist-mixed conifer forest
(Appendix S1: Figure S1). Additionally, we found that
temperature and precipitation corresponded strongly
with a gradient of dominant forest types in each region
(Figure 2) and may better capture variation in understory
productivity than broad forest type classifications. Our
final models included 10 predictor variables: initial fire
severity, burn count, time between fires, heat load, TPI,
mean annual precipitation, mean annual temperature,
and day-of-burn VPD, ERC, and wind speed percentiles
(Appendix S1: Table S1). Predictor variables were cen-
tered and standardized by subtracting the mean and
dividing by the standard deviation to facilitate model
convergence.

Model fitting

We examined the interactive effects of time between fires
and climate, weather, and previous fire characteristics on
reburn severity using generalized additive models
(GAMs). GAMs fit smoothing functions or splines which
allowed us to model nonlinear relationships between var-
iables while maintaining interpretability and the explicit
testing of interactions (Hastie & Tibshirani, 1987; Wood,
2017). We evaluated how interactions between time since
initial fire and abiotic predictors (precipitation, tempera-
ture, VPD, ERC, wind speed, and initial fire severity)
influenced reburn severity by including multiple two-way
tensor product interactions. Separate models were fit for
each ecoregion with the same 10 predictor variables and
six two-way interactions. GAMs were fit with cubic
splines and normally distributed errors. All variables
were included as smoothed terms, except “burn count,”
which was linear. To minimize overfitting and limit unre-
alistic response curves, we used moderately regularizing
parameter settings—we fit GAMs with a gamma value of
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1.4, maximum of five points of smoothing, and select set
to “true” to allow coefficients to be shrunk towards zero
(Marra & Wood, 2011). We tested autocorrelation of the
residuals at different spatial lags using semi-variograms
and found that sample point spacing of greater than
1-km limited spatial autocorrelation while maintaining a
robust sample size for each ecoregion. We subsampled
the dataset so that points were minimally spaced 1080-m
apart using the “spThin” package in R (Aiello-Lammens
et al., 2015), resulting in a final sample size of 8330 points
from 881 distinct reburns (Table 2). Final models were fit
on the thinned data. Restricted maximum likelihood
(REML) was used to estimate smoothing parameters. We
conducted analysis using the “mgcv” package (Wood,
2017) in R version 4.1.3 (R Core Team, 2022).

We displayed GAM results using partial dependence
interaction plots to depict how time between fires
interacted with climate, weather, and initial fire severity
to influence reburn severity. For each set of predictions,
all predictors except the interactions displayed were held
at their means (0). Predictions span the minimum and
maximum fire interval observed for each predictor group.

To evaluate the extent to which previous fire moder-
ated future fire severity, we measured differences in
predicted reburn severity from GAM output at different
times since initial fire. To determine the “duration” of
the moderating effects for each interaction level, we iden-
tified the minimum fire interval where the slope of the
fitted spline function approached zero—the “flattening
point” (i.e., the minimum time between fires when the
first derivative of the fitted spline function fell between
—0.05 and 0.05)—to indicate the fire return interval at
which the initial fire no longer had a clear effect on
predicted reburn severity (Figure 1). Derivatives of the
fitted splines were calculated using the estimate_slopes
function from the package “modelbased” (Makowski
et al., 2020). We measured the “strength” of the moderat-
ing effect at two fire intervals to represent short- and
long-term effects. “Short-term strength” was measured as
the difference in predicted reburn severity between fire
return intervals of 6 and 12 years. “Long-term strength”
was measured as the difference in predicted reburn sever-
ity between fire return intervals of 6 and 24 years.

TABLE 2 Reburn sample size by region.
Unique fire event Reburn sample
Ecoregion pairs (reburns) points (n)
California Coast 74 1217
Northern Mountains 322 1859
Southwest 216 1412
Western Mountains 269 3842

We chose a 6-year interval as the baseline for comparison
because this is the low end of the historical range of vari-
ability for many of our reburn sample points and all
ecoregions had sufficient data between fire return inter-
vals of 6 and 24 years for comparison.

RESULTS
Ecoregion overview

Across the four ecoregions, the majority of our
low/moderate-severity reburned sample points were clas-
sified as dry- or moist-mixed conifer forests with histori-
cally low-severity, frequent-fire regimes (Appendix S1:
Figure S1). However, gradients of climate, productivity,
and forest composition still existed within and between
ecoregions (Figure 2b; Appendix S1: Figures S1 and S2).
The Western Mountains and California Coast encompassed
the widest range of mean precipitation and temperatures
and were generally the most productive, composed primar-
ily of moist-mixed conifer, dry-mixed conifer, and mixed
evergreen forests (Figure 2b; Appendix S1: Figures S1 and
S2). On average, reburned areas in the Southwest were the
driest, supporting mostly dry-mixed conifer, pine-oak, and
pinyon-juniper woodlands (Figure 2b; Appendix SI:
Figure S2). Northern Mountains were the coolest with the
highest proportion of cold-mixed conifer forest (Figure 2b;
Appendix S1: Figure S2).

The four ecoregions displayed different patterns of
reburn severity and predictor variable distributions
(Figure 3). On average, absolute reburn severity following
low/moderate-severity fire was the highest in the Western
Mountains and California Coast and lowest in the South-
west (Figure 3a). The California Coast had the highest
proportion of sample points that reburned at high sever-
ity (CBI > 2.24) after initially burning at low/moderate-
severity (32.6%), followed by the Western Mountains
(30.8%) and the Northern Mountains (29.6%). The South-
west had the lowest proportion with only 8.4% of sample
points reburning at high severity. Initial CBI from
low/moderate-severity fires was also generally highest
in the California Coast and lowest in the Southwest
(Figure 3d). Median time between low/moderate-severity
fire and reburns was relatively consistent between
ecoregions, ranging from 11 years in the Southwest to
15 years in the Western Mountains and California Coast.
However, the distribution of time between fires varied by
ecoregion (Figure 3b). Day-of-reburn wind speeds were
slightly higher in the Southwest than in other ecoregions
(Figure 3e). ERC and VPD distributions were highly left-
skewed with nearly all reburns occurring under days
when ERC and VPD percentiles exceeded 75%
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FIGURE 3 Distribution of reburn sample points for (a) reburn fire severity, (b) years between initial fire and reburn, (c) day-of-burning

energy release component (ERC), (d) initial fire severity, (e) day-of-burning wind speed, and (f) day-of-burning vapor pressure deficit (VPD).

CBI, composite burn index.

(Figure 3c,(f), corresponding with typical fire season
weather.

Effect of fire interval on reburn severity
varies by ecoregion

Overall, absolute reburn severity increased with time
between fires in all ecoregions. However, the strength and
duration of the moderating effects varied strongly by region
and with some biophysical predictors (Appendix S1:
Table S3). After accounting for topography, climate,
weather, and initial fire severity by holding these pre-
dictors at their means, we identified a temporal dura-
tion of the moderating effects (i.e., a “flattening point”;
see Methods) for all ecoregions except the California Coast.
On average, the duration of moderating effects was the
shortest in the Western Mountains, where the initial effect
of previous low/moderate-severity fire on reburn severity
flattened after 13 years. Predicted reburn severity increased
at a slower rate between 17 and 29 years before flattening a
second time (Appendix S1: Figure S3). The duration of

moderating effects was substantially longer in the
Southwest (19 years) and Northern Mountains (25 years),
though reburn severity continued to increase slightly
after flattening for the duration of the observation period
in these ecoregions. In the California Coast, moderating
effects did not substantially level off during the 36-year
observation period (Appendix S1: Figure S3).

The strength of moderating effects varied substan-
tially by ecoregion and time between fires. Across all fire
return intervals, the California Coast had the strongest
moderating effects on average, and the Northern
Mountains had the weakest moderating effects. Previ-
ous low/moderate-severity fire had the strongest short-
term moderating effect in the California Coast and
Western Mountains where predicted reburn CBI was
0.37 and 0.25 higher (34.5% and 18.8% higher), respec-
tively, when reburns occurred 12 years following the
initial fire opposed to 6 years. Short-term moderating
effects were weaker in the Southwest and Northern
Mountains where reburn CBI at a 12-year fire interval
was 0.19 and 0.13 higher (28.5% and 9.2% higher), respec-
tively, than at a 6-year fire interval. The California Coast
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had the strongest long-term moderating effects—CBI was
0.68 (63.5%) higher when reburns occurred 24 years after
the initial fire than when reburns occurred after 6 years.
Model fit varied by ecoregion with 36% deviance explained
in the California Coast, 30% in the Southwest, 32% in the
Northern Mountains, and 20% in the Western Mountains
(Appendix S1: Table S3).

Biophysical factors influence moderating
severity effects

Climate influenced absolute reburn severity and the
effect of fire interval on reburn severity differently
depending on ecoregion. In the California Coast, hot-dry
and warm-wet forests (predominantly dry-mixed conifer
and mixed evergreen, respectively) generally reburned at
higher absolute severity than cool-wet forests (mostly
moist-mixed conifer), after controlling for topography,

Western Mountains

initial fire severity, and reburn fire weather (Figure 4).
This pattern was also present in the Western Mountains,
although the climate effect was not as strong (Figure 4).
Of the biophysical factors included in our models, climate
interacted the most consistently with time between fires
to influence reburn severity. All ecoregions except the
Southwest demonstrated strong interactions between
temperature and time between fires, and precipitation
interacted strongly with time between fires in both the
Northern Mountains and Southwest (Appendix S1:
Table S3). In cool-wet forests of the California Coast,
reburn severity continued to increase over the entire
observation period (36 years), demonstrating a much lon-
ger lasting moderating effect than in warmer forests,
where the effect diminished 22 years after the initial fire
(Figure 4). We observed the opposite trend in the Northern
Mountains, where cool-wet forests (predominantly cold-
mixed conifer) reburned at the highest severity regardless
of fire interval, and hot-dry (mostly dry-mixed conifer)

Northern Mountains
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FIGURE 4 Predicted reburn severity response to time between fires and climate by ecoregion with 95% CIs. Points indicate the

duration of the moderating severity effects (i.e., the minimum time between fires when the first derivative of the fitted spline function fell
between —0.05 and 0.05). Climate categories were determined based on temperature and precipitation quantiles for each ecoregion:
“cool-wet” = 20th percentile of temperature and 80th percentile of precipitation; “warm-wet” = 70th percentile of temperature and 70th
percentile of precipitation; “hot-dry” = 85th percentile of temperature and 20th percentile of precipitation. CBI, composite burn index.
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forests exhibited longer lasting moderating effects
(>33 years) than cool-wet forests where the effects dimin-
ished 25 years after the previous burn (Figure 4). We
observed relatively weak moderating effects in warm-wet
forests of the Northern Mountains (a mix of moist- and
dry-mixed conifer forests) and in hot-dry forests in the
Southwest (predominantly pine-oak and pinyon-
juniper woodlands). In the Southwest, hot-dry forests
had slightly higher absolute reburn severity than cooler
and moister forests (characterized by dry- and moist-
mixed conifer) at shorter fire return intervals, but the
effect diminished after 16 years, whereas reburn sever-
ity continued to increase across the observation period
in wetter forests (Figure 4).

Absolute reburn severity was consistently higher at
higher wind speeds and more extreme weather condi-
tions in all ecoregions except the Northern Mountains
(Appendix S1: Table S3). In contrast to our expectations,
day-of-burning weather conditions did not strongly inter-
act with fire interval to influence reburn severity in most

Western Mountains
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ecoregions. However, in the Northern Mountains, more

extreme VPD and ERC corresponded with slightly weaker

short-term moderating effects (Figure 5; Appendix SI:
Table S3). In contrast, forests that reburned at higher wind
speeds displayed slightly stronger and longer lasting mod-
erating effects than areas that burned at low to moderate

wind speeds in the Northern Mountains and Southwest

(Figure 6).

In all ecoregions, absolute reburn severity was higher

in forests that initially burned at moderate severity than
low severity regardless of fire interval (Figure 7;
Appendix S1: Table S3). Initial severity interacted with

time between fires to influence reburn severity in only

the Western Mountains and Southwest. Notably, in the
Western Mountains, the effect duration was 4 years lon-

ger and the 12-year moderating effect was 87.3% higher
in forests that previously burned at moderate severity
those burned at low

(CBI =2.0) compared with
severity (CBI = 0.5) (Figure 7). Similarly, in the South-
west, reburn severity flattened after 16 years in areas

Northern Mountains

/ weather
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=®- high
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FIGURE 5 Predicted reburn severity response to time between fires and day-of-burning weather by ecoregion with 95% CIs. Points
indicate the duration of the moderating severity effects (i.e., the minimum time between fires when the first derivative of the fitted spline
function fell between —0.05 and 0.05). Weather categories were determined based on energy release component and vapor pressure deficit
percentiles for each sample point: “extreme” = 98th percentile; “very high” = 95th percentile; “high” = 85th percentile. CBI, composite

burn index.
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FIGURE 6 Predicted reburn severity response to time between fires and wind speed by ecoregion with 95% CIs. Points indicate the

duration of the moderating severity effects (i.e., the minimum time between fires when the first derivative of the fitted spline function fell

between —0.05 and 0.05). Wind speed categories were determined based on wind speed percentiles for each sample point: “high” = 95th

percentile; “moderate” = 50th percentile; “low” = 25th percentile. CBI, composite burn index.

initially burned at low severity, while continuing to
increase after 10 years in forests initially burned at mod-
erate severity (Figure 7). Across fire intervals, predicted
reburn severity was generally higher than initial severity
when severity was low, and below or near initial severity
when reburn severity was moderate (Figure 7). This
observation is likely primarily a sampling artifact: initial
fire was constrained to low/moderate severity, whereas
we did not constrain the severity of the reburn.

DISCUSSION

Wildfire (and consequently reburning) is projected to
become more prevalent in coming decades (Abatzoglou
et al., 2021), highlighting the importance of ecological
legacies and fire feedbacks for the future of fire-prone
ecosystems. Our results show that previous low- to
moderate-severity fire consistently buffers future fire
severity, and the strength of these moderating effects
decrease with increasing time since the initial burn.

These findings are consistent with concepts of wildfire
self-regulation through fuel consumption and the
decrease over time of moderating effects as fuels build up
following the previous fire (Buma et al., 2020; Cansler
et al., 2022; Parks et al.,, 2014; Prichard et al., 2017).
Although previous fires mediated reburn severity in all
ecoregions, we observed substantial differences in the
strength and duration of moderating effects between geo-
graphical regions and along some biophysical gradients,
likely driven by variability in post-fire vegetation composi-
tion and productivity. Moderating effects were mostly
robust, however, to day-of-burning weather suggesting that
previous low/moderate-severity fire can moderate future
fire severity even under extreme weather conditions.

The strength and duration of moderating
effects vary by ecoregion

The strength and duration of moderating effects varied
substantially between ecoregions. The strongest short-term
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FIGURE 7 Predicted reburn severity response to time between fires and initial fire severity by ecoregion with 95% ClIs. Points indicate

the duration of the moderating severity effects (i.e., the minimum time between fires when the first derivative of the fitted spline function

fell between —0.05 and 0.05). Initial fire severity composite burn index (CBI) classes: “low” = 0.5; “moderate” = 2.0. Dashed lines depict

initial fire severity for reference.

effects occurred in the California Coast and Western
Mountains, with weaker, but relatively long-lasting
effects in the Northern Mountains and Southwest. In the
California Coast, the duration of the moderating effect
exceeded our 36-year observation window, suggesting
long-term fuel recovery following low/moderate-severity
burns in this region. Alternatively, the strong but shorter
lived effects in the Western Mountains could be attrib-
uted to overall high productivity and rapid rates of fuel
buildup in frequent-fire forests within this ecoregion.
For example, understory and ladder fuels far exceeded
prefire levels 8 years after low-severity prescribed fire in
Sierra mixed conifer forests (Chiono et al., 2012; Vaillant
et al.,, 2013). Observed effect durations in the Western
and Northern Mountains were consistent with a review
of reburn dynamics which found that previous fires
moderated reburn severity and spread for 7-22 years in
Rocky Mountain and Sierra mixed conifer study
ecoregions (Prichard et al., 2017). We observed longer
lasting moderating effects in the Southwest than previ-
ous studies, which reported effects fading 10-15 years in

this region (Prichard et al., 2017; Rodman et al., 2023).
These mixed results may be attributed to differences in
study scope: previous studies included forests that ini-
tially burned at high severity and may have been domi-
nated by dense young trees or were no longer forested at
the time of reburning, complicating severity comparisons
(Saberi & Harvey, 2023). Including high-severity reburns
likely reduces the overall observed strength and duration
of moderating effects, given that dense regenerating for-
ests, pyrogenic shrubs, and grasses respond quickly to
canopy loss and these vegetation types nearly always
reburn at high severity (Agne et al., 2023; Coop
et al., 2020; Coppoletta et al., 2016; Kerns et al., 2020;
Tortorelli et al., 2023; Turner et al., 2019).

Biophysical factors influence moderating
effects

Of the biophysical factors we examined in our models,
climate interacted with time between fires to influence
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reburn severity the most consistently across ecoregions.
In the Northern Mountains, cool-wet forests (mostly
cold-mixed conifer) generally reburned at higher severity
and had slightly stronger and shorter lived moderating
effects than hot-dry forests, consistent with findings in
the Northern Rocky Mountains and Sierra Nevada
(Cansler et al., 2022; Steel et al., 2015). Cold-mixed coni-
fer forests recover quickly after a single fire when canopy
openings promote dense regeneration of conifers (Turner
et al., 2019), potentially limiting how long previous fires
moderate future fire severity. In contrast, short interval
fires in less productive dry-mixed conifer forests are more
strongly limited by fuel availability than fuel moisture,
resulting in longer lasting moderating effects when the
canopy remains intact after the initial fire and understory
vegetation is slow to recover (Steel et al., 2015). Previous
fires did little to buffer reburn severity in warm-wet
Northern Mountains climates. Fire in these highly pro-
ductive forests may be more strongly limited by fuel
moisture and ignitions than fuel amounts, and reburn
severity could depend more on interannual climate fluc-
tuations than fuel reductions from previous burns
(Krawchuk & Moritz, 2011). In the California Coast and
Southwest, shorter lived moderating effects in hot-dry cli-
mates (e.g., pine-oak woodlands) were likely due to
strong regrowth and rapid fuel buildup of flammable
invasive grasses and/or resprouting oaks after burning,
limiting the duration of moderating fire effects (Keeley
et al., 2005; Pausas & Keeley, 2017; Yocom et al., 2022).
Our findings provide insights into the rate and magni-
tude of fuel buildup after initial fires at broad spatial
scales, but additional research is needed on vegetation
recovery following low- to moderate-severity fires in the
field to better understand how species composition and
structure influence the extent to which previous fires
moderate reburn severity.

Absolute reburn severity was consistently higher
under more extreme fire weather conditions. This was
expected given that higher wind speeds, higher tempera-
tures, and lower relative humidity are consistently associ-
ated with higher fire severity across Western US forests
(Parks, Holsinger, et al., 2018). Fire weather did not,
however, strongly influence the strength or duration of
moderating severity effects. This finding is consistent
with observations of previous fire blunting high-severity
effects of subsequent fires even under extreme fire
weather (Brodie et al., 2024; Lydersen et al., 2014;
Prichard et al., 2017; Taylor et al., 2022). The 2021 Dixie
fire in California mixed conifer forests provided a dra-
matic example of the potential for previous low-severity
fire to buffer fire effects within a plume-driven megafire
(Taylor et al., 2022). Alternatively, there are many exam-
ples of extreme weather conditions completely overriding

or substantially reducing the buffering effect of previous
burns on subsequent fire spread and severity (Collins
et al., 2009; Parks et al., 2014, 2015). These mixed results
may stem from differences in the range of observed reburn
weather conditions. Fire suppression is more effective under
mild and moderate weather conditions, contributing to few
reburns occurring during periods of milder weather on
actively managed United States Forest Service land. Thus,
we may have observed less variability in moderating effects
than studies focused on Wilderness areas (e.g., Parks
et al., 2014) where fires are generally not suppressed.

Our findings corroborate many studies in demonstrat-
ing a strong ecological memory of fire (Coppoletta
et al., 2016; Prichard et al., 2017; Taylor et al., 2021). Ini-
tial fire severity was a strong predictor of reburn severity
in all regions, with areas that initially burned at higher
severity generally reburning at higher severity. Our focus
on initial fires that burned at low to moderate severity
allows us to investigate the nuances of this relationship
without the complication of interpreting reburn severity
following a stand replacing fire, when a previously for-
ested area is dominated by young trees, shrubs, and/or
grass at the time of the reburn (Holden et al., 2010;
Saberi & Harvey, 2023). As expected, in the Western
Mountains, we observed stronger and longer lasting mod-
erating effects in forests that initially burned at moderate
severity. Similarly, in the Southwest, long-term moderat-
ing effects were much stronger in forests that previously
burned at moderate severity. Moderate-severity fire con-
sumes woody understory and ladder fuels, often without
catalyzing high growth of pyrogenic shrubs, increasing
forest resistance to future fire (Greenler et al., 2023;
Larson et al., 2013; Stevens-Rumann & Morgan, 2016). In
contrast, low-severity fire removes primarily understory
and herbaceous fuels that recover quickly after fire and
generally does less to restore forest structure and compo-
sition (Greenler et al., 2023; Larson et al., 2013). Surpris-
ingly, the duration of moderating effects was robust to
differences in initial fire severity in the Northern Moun-
tains and California Coast, suggesting that rates of fuel
buildup are similar regardless of vegetation consumption
in the initial fire (when at least 30% forest canopy is left
intact). Notably, areas that burned at low initial fire
severity displayed moderating effects in all regions, dem-
onstrating that small reductions in fuel loads can buffer
future fire behavior even in the absence of larger changes
to forest structure or composition.

Management implications

Across the Western United States, wildfires are much
more abundant and cover larger areas than fuel
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treatments and prescribed burns (North et al., 2021;
Stevens et al., 2021). From 2010 to 2020 in California,
more than three times as much area burned in low- to
moderate-severity wildfire than was treated using
mechanical thinning or prescribed burning (North
et al., 2021). Our study demonstrates that previous low-
to moderate-severity fires can buffer reburn severity for
at least a decade in all regions, even under variable cli-
mates and extreme weather conditions. However, buffer-
ing effects mostly fade after less than two decades,
suggesting that relatively short management intervals
(e.g., <12 years in the Western Mountains) may be neces-
sary to reduce future fire severity, and the duration of
treatment effects will likely vary with vegetation compo-
sition, site productivity, and previous fire severity. These
findings reflect recent work that suggests that fuel reduc-
tion treatments should be implemented on a <10-year
interval to meaningfully reduce severe fire risk in a closed-
cone pine forest in California (Agne et al., 2023). Forests
that burned in the last 10-20 years at low/moderate severity
could be transitioned to an active treatment schedule
and/or be targeted for additional thinning to maintain and
improve resistance with lower initial investment (Greenler
et al., 2023; North et al., 2021; Stevens et al., 2021). Fewer
than 1% of our reburn sample sites received fuel treat-
ments following the initial fire, demonstrating abundant
opportunities to further harden burned areas to future
fires and direct composition and structure towards
desired conditions.

Our study provides useful insights into the drivers of
moderating fire effects across large regions. However,
additional studies are needed to better understand how
local variations in vegetation composition and post-fire
fuel buildup influence reburn severity at finer-scales in
areas that initially burned at low/moderate severity.
This is particularly urgent given that there currently
exists no way to monitor understory surface fuel loads
directly at fine resolution over large areas, given that
forest canopy obstructs views from satellite and aeriel
imagery. As our study was focused primarily on large
wildfires, our results may not accurately represent mod-
erating effects resulting from small-scale prescribed
burning, especially those that occur under mild weather
conditions and result in little to no canopy loss
(Greenler et al., 2023).

CONCLUSIONS

The continued rise in global fire activity highlights the
need to better understand the extent to which past burns
mediate future fire in fire-prone ecosystems. Our analyses
demonstrate that previous low- and moderate-severity
fires mitigate future fire behavior across primarily

frequent-fire Western US forests, but that the strength
and duration of moderating effects vary substantially by
ecoregion and along biophysical gradients, including cli-
mate and previous fire severity, within some ecoregions.
Across all regions, moderating effects were mostly robust
to fire weather, suggesting that previous fire can buffer
future fire severity even under extreme conditions.
However, moderating effects faded relatively quickly
(in less than two decades) in most cases. These findings
improve our understanding of fire feedbacks and enable
better projections of future fire trajectories and risk. By
demonstrating when, where, and for how long previous
fires buffer future fire severity, our results can inform
management decisions to help meet restoration goals and
adapt to global change.
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