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CLIMATOLOGY

Low-intensity fires mitigate the risk of high-intensity

wildfires in California’s forests

Xiao Wu'#, Erik Sverdrup?, Michael D. Mastrandrea®, Michael W. Wara®*, Stefan Wager**

The increasing frequency of severe wildfires demands a shift in landscape management to mitigate their con-
sequences. The role of managed, low-intensity fire as a driver of beneficial fuel treatment in fire-adapted eco-
systems has drawn interest in both scientific and policy venues. Using a synthetic control approach to analyze 20
years of satellite-based fire activity data across 124,186 square kilometers of forests in California, we provide
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evidence that low-intensity fires substantially reduce the risk of future high-intensity fires. In conifer forests,
the risk of high-intensity fire is reduced by 64.0% [95% confidence interval (Cl): 41.2 to 77.9%] in areas recently
burned at low intensity relative to comparable unburned areas, and protective effects last for at least 6 years
(lower bound of one-sided 95% Cl: 6 years). These findings support a policy transition from fire suppression to
restoration, through increased use of prescribed fire, cultural burning, and managed wildfire, of a presuppres-

sion and precolonial fire regime in California.

INTRODUCTION
Wildfires have emerged as a critical climate adaptation and public
safety issue in a number of regions, including the western United
States, as the human and economic costs due to wildfires and the
area burned at high severity have substantially increased over the
past decades (I). These changes have coincided with large increases
in loss of life, structure loss (2), and human health impacts due to
wildfire smoke (3). Causes for these increased impacts include
changes in the western hydroclimate (4), changes in the duration
of wildfire season and the probability of fire weather (5), and the
history and legacy of landscape management in California (6).
Proxy reconstructions of precolonial fire activity—a combination
of wildfire and cultural burning by Native Americans—indicate a
much greater extent and frequency of low-intensity wildfire than
during the last century (7, 8). Increased wildfire impacts have led
to a much greater focus by state and federal land managers, fire ser-
vices, utilities, and private landowners on reducing wildfire risks for
both landscapes and communities (9—11). Policymakers broadly
agree that a fundamental shift in landscape management approach
will be required to reduce the consequences of wildfires (9, 10).
The consensus on how to address the growing societal impacts of
wildfire focuses on fuel treatments with mechanical thinning, pre-
scribed fire, and managed wildfire as principal components (9, 10).
Legal, operational, and cost constraints limit the applicability of me-
chanical thinning treatments to specific contexts while approaches
involving the reintroduction of fire to landscapes may have wider
applicability (12). However, despite the preeminent role of pre-
scribed and low-intensity fire in current wildfire management
policy and planning, their beneficial effects on limiting the likeli-
hood of future high-intensity fires have only been demonstrated
in a small number of studies with a highly localized focus.
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Fighting fire with fire

Multiple case studies indicate that the resilience of western North
American forests depends critically on the presence of fire at inter-
vals and at intensities that approximate presuppression and preco-
lonial conditions that existed prior to the extirpation of Native
Americans from ancestral territories in California in the 1850—
1870 period (6). A watershed in Yosemite National Park where nat-
urally ignited wildfires have been allowed to burn without suppres-
sion exhibited increased landscape heterogeneity, improved
resilience to fire and drought-related disturbance, and increases in
soil moisture and runoff (13). Precolonial forests in the Klamath
region were ecologically stabilized because of a combination of in-
digenous cultural burning (i.e., the intentional application of fire to
land by Native American tribes, tribal organizations, or cultural fire
practitioners to achieve cultural goals or objectives, including sub-
sistence, ceremonial activities, biodiversity, or other benefits) and
lightning ignitions up to colonization (6). Fire behaviors in the
Gila-Aldo Leopold Wilderness Complex in New Mexico and the
Frank Church - River of No Return Wilderness in Idaho have
been shown to be shaped by the presence or absence of prior wild-
fires (14). Evidence from the 2021 Dixie Fire, the largest single fire
to date in California history at 3900 km* of burned areas, indicates
strong controls on undesirable fire from past fires that had burned
within its footprint (12). Additional regional studies have shown ev-
idence for the legacy effect of disturbance processes, including the
use of wildfire and prescribed fire, on enhancing fire resilience,
under moderate fire weather conditions (15—17); however, these
studies have been limited to specific geographic subregions and
small numbers of wildfires and have not quantified the magnitude
and duration of the protective effect of such fire.

The goal of this paper is to provide a unified analysis of fire dy-
namics across California’s forests, based on 20 years of continuous,
satellite-based monitoring of wildfires. We consider data from all
fires detected by satellite monitoring in California’s conifer and
hardwood forests during our study period. Using these data, we
seek to measure whether areas that burn at low intensity are less
likely to experience high-intensity wildfire in the future—and
how long any such protective effect lasts. Operationally, we collect
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and harmonize satellite data from various public geospatial data
sources, including Moderate Resolution Imaging Spectroradiome-
ter (MODIS) Active Fire Products Collection 6.1 (MCD14ML)
(18), Daymet Daily Surface Weather Data V4 data products (19),
California’s Disturbance Agents and Fractional Vegetation Cover
Dataverse (20), and Global Multi-resolution Terrain Elevation
Data (GMTED2010) (21). We categorize every detectable fire
based on its fire intensity, which refers to the energy release of
each fire, and use a physical measurement directly estimated from
MODIS. Fire intensity correlates with, but differs from, fire severity,
which primarily measures above-ground biomass disruptions (see
the Material and Methods for details). We then conduct a counter-
factual analysis using the synthetic control approach, a modern, in-
terpretable quasi-experimental design for causal inference (22).

We emphasize that our study measures the overall protective
effect of any low-intensity fires, not just prescribed fires. During
our study period, only 9.5% of wildfires in forests were recorded
as prescribed fires (23), and thus, only considering the effects of re-
corded prescribed fires would not have given us sufficient statistical
power to measure meaningful effects. The relevance of our study in
informing policy regarding prescribed fire relies on an assumption
that low-intensity wildfire and prescribed fire have similar effects on
forest ecosystems. This assumption has support in the literature: For
example, Taylor et al. (12) find that low-severity wildfires and pre-
scribed fires have similar effects in reducing surface fuels, modifying
the age structure of a forest, and maintaining separation of the tree
canopy from fires with low flame lengths that remain close to the
ground and thus create similar beneficial ecological and fuel treat-
ment effects.

The purpose of fuel treatments is not to exclude all future fires,
but rather to increase the likelihood that, upon the inception of a fire
within a designated area, the fire remains low to moderate intensity
and exhibits a reduced rate of spread. This mitigation strategy pro-
vides windows of opportunity for control through the allocation of
additional suppression resources and reduces the potential for the
fire to develop into a high-intensity fire (24). Low- to moderate-in-
tensity fire has beneficial ecosystem effects and is much easier to
manage for the protection of communities and critical

infrastructure. Under the most extreme conditions, even the best
fuel treatments may fail to prevent high-intensity fires with the po-
tential for substantial impacts on both the ecosystem and human
welfare; however, they can increase the chance that fire services
are able to manage their impacts (24). Our purpose here is to quan-
tify the magnitude and duration of potential beneficial impacts of
low-intensity fires in protecting against future high-intensity fires.

RESULTS
To quantify the effect of fire that burned at low intensity on land-
scapes in a given year, we need to assess how these landscapes might
have evolved had they not burned in that same year and compare
these counterfactuals to their actual evolution. Prior work has
done this using specific examples, e.g., by examining the effect of
past prescribed fires on a subsequent large wildfire in the southern
Cascade Range in California (25), but has not attempted to synthe-
size evidence across time, multiple geographies, and fuel types. To
facilitate the counterfactual comparisons, we tailor the well-estab-
lished synthetic control method to create a weighted set of unex-
posed areas (i.e., synthetic controls) that maintain similar historic
trajectories on fire behaviors and topography, meteorological, dis-
turbance, and vegetation conditions as the exposed area (22, 26, 27).
Figure 1 illustrates the quasi-experimental design under the syn-
thetic control method, in which we divide the time horizons of each
area into three periods: (i) pre-focal period, in which we use pre-ex-
posure covariate trajectories to construct synthetic controls; (ii)
focal period, in which we define exposed and unexposed units
based on fire status during this period; and (iii) evaluation period,
in which we evaluate the impact of fire exposure evolving over years.
We produce the synthetic controls via a covariate balancing weight-
ing algorithm, which is computationally efficient enough to be able
to accommodate large-scale satellite-based data (28—30). We require
a minimal 8-year pre-focal period to allow synthetic controls to be
sufficiently comparable to exposed units in relatively long historic
trajectories, which is why the first focal year starts in 2008.

Exposed
pixels

fires

Synthetic
controls

Low-
intensity

Ny

Pre-focal period

Focal period

>

Evaluation period Time

Fig. 1. Overview of the quasi-experimental design. Exposed and unexposed units are defined by fire status within a focal period. We create synthetic controls as a
weighted set of unexposed pixels that maintain similar trajectories on fire behaviors and topography, meteorological, disturbance, and vegetation conditions, as the
exposed pixel set during the pre-focal period. These synthetic controls are then used as counterfactuals in the evaluation period to estimate the effects of low-intensity

fires on future fire frequency and intensity.
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Results on the magnitude and duration of fire risk
reduction

For the focal period 20082020, we found substantial and statisti-
cally significant reductions in high-intensity fire risks following
low-intensity fires, although the effect magnitude varies across
land cover type and fire outcome class.

In conifer forests, areas that have recently burned at low intensity
are 64.0% [95% confidence interval (CI): 41.2 to 77.9%] less likely to
burn at high intensity in the following year relative to unburned
synthetic control areas. This protective effect against high-intensity
fires persists for at least 6 years (lower bound of one-sided 95% CI: 6
years). The construction of CIs is described in the Supplementary
Materials. Our findings are robust to whether we consider high-in-
tensity fire events only or combine moderate- to high-intensity fire
events together as the outcomes of interest. On the other hand, the
effect of low-intensity fire in reducing all future fires (of any inten-
sity) is much more muted. In conifer forests, we find a smaller (yet
still statistically significant) 16.4% (95% CI: 2.4 to 28.3%) reduction
in the risk of any fire following low-intensity burn relative to un-
burned synthetic control areas, and this effect persists for at least
5 years (lower bound of one-sided 95% CI: 5 years).

Our findings in hardwood forests are comparable to those in
conifer forests, except with weaker statistical significance (partially
due to a smaller sample size). We again find that areas burned at low
intensity 1 year earlier are approximately half as likely to burn at
high or moderate-to-high intensity than unburned synthetic
control areas, although (likely due to sample size issues) the result
is not statistically significant for the high-intensity fire outcome. We
are not able to detect any protective effect of low-intensity fires on
overall future fires in hardwood forests.

Figure 2 shows the estimated trajectories of fire risk reductions
up to 9 years following low-intensity fires, stratified by land cover
type and fire outcome class. In the Supplementary Materials, we
show that the effects are robust under sensitivity analyses that
change focal year spans, alter classification schemes for fire intensi-
ty, and compare different definitions of fire intensity and severity.

In summary, our finding that low-intensity fire offers years of
protection against future high-intensity fire—but does not neces-
sarily prevent all future fire—is well in line with our knowledge of
the climate and ecosystems in California. It is well understood that
the low-elevation pine and mixed conifer forests in California can
burn at low intensity even just one growing season postfire—and
the ecosystem is well adapted for such frequent, low-intensity
fires (31-33). On the other hand, high-intensity fires happen
when an overgrown understory enables the fire to climb into the
crowns of mature trees (6); and, in this context, our results
suggest that low-intensity fires help, on average across California,
control the amount of available fuels in a way that persists (and pro-
tects against high-intensity fires) for many years.

Policy outlook

Our approach illustrates, in the context of California’s forest ecosys-
tems, the benefits of using prescribed fires and managed wildfires
that burn at low intensity as tools to mitigate the risks from high-
intensity wildfires, i.e., fires of the type that have led to increasingly
adverse impacts on both the ecosystem and human welfare in Cal-
ifornia and other jurisdictions. Our results allow accurate quantifi-
cation of the risk mitigation value and duration of investments in
prescribed fire and managed wildfire. We find that the protective

Wu et al., Sci. Adv. 9, eadi4123 (2023) 10 November 2023

effects of low-intensity fire are strong but decay over the course of
a decade, consistent with existing studies (34-36), implying that
prescribed fire treatments are better thought of as periodic mainte-
nance rather than a one-time intervention for forests that are adja-
cent to communities or critical infrastructure. To be effective,
investments in restoring low-intensity fire to forest ecosystems in
California need to be structured to recur on a periodic and
ongoing basis.

The findings of this study have important policy implications
related to land management and utility planning. At present, the
U.S. Congress is working on the reauthorization of the U.S. Depart-
ment of Agriculture programs through the Farm Bill (37). A crucial
aspect of this undertaking involves examining improvements to the
U.S. Forest Service programs governing fuel treatments, and the U.
S. Forest Service has proposed treating nearly 200,000 km? over the
upcoming decade through a mixture of fuel treatment strategies (9).
Our study provides a quantification of the potential benefit that in-
creased investment in fuel treatments could yield at a scale of geog-
raphy as large as California. The results of our study provide a
foundation for future evaluation of wildland fuel treatments by
comparing the quantified benefits to potential costs and risks asso-
ciated with its implementation. It not only illustrates how the inten-
tional reintroduction of low-intensity fire via prescription, cultural
burning, and managed wildfire could potentially lead to a substan-
tial reduction in the occurrence of high-intensity wildfires, improv-
ing health, societal, and ecological outcomes for people,
communities, and ecosystems across the western United States
but also illustrates the potential limitations of such a policy if not
sustained over time.

Likewise, California has proposed a substantial expansion of
treated areas, increasing to 2000 km® annually on state and
private lands (10). Assuming that all such areas were treated with
prescribed fire and that, as suggested by our results, the protective
effects last for at least 5 to 6 years, this implies the state could achieve
ongoing protective effects on the order of 10,000 km? of forest lands
if the program was sustained. However, given that there are roughly
125,000 km? of forests in California, of which half are state or pri-
vately owned, the risk mitigation benefit of this intervention will
depend heavily on careful selection and targeting of the intervention
to provide maximum protection for people, communities, and
ecosystems.

Our results, by quantifying both the magnitude and duration of
the protective effect of low-intensity wildfire on future high-inten-
sify wildfires, also pave the way for comparing wildland fuel treat-
ments with other forms of wildfire mitigation, such as home
hardening, shaded fuel breaks, or utility ignition avoidance in
terms of both hazard reduction, risk mitigation, and cost-effective-
ness. On the basis of our findings, and assuming that low-intensity
fire is a reasonable proxy for prescribed fire, our results suggest a
considerable hazard and risk mitigation effect through the regular
use of prescribed fire. Furthermore, our results indicate a future di-
rection for the evaluation of prescribed fire interventions and a
comparison with other approaches aimed at improving future wild-
fire outcomes.

While our results highlight the potential benefit of prescribed
fire in mitigating future high-intensity wildfires, they do not
capture the full risk-benefit assessment of prescribed fire. Pre-
scribed fires do occasionally escape prescription and cause wide-
spread losses, as evidenced by recent examples like the Calf
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Fig. 2. Effects of low-intensity fires on the subsequent fire frequency and intensity up to nine-year lags, grouped by land cover types and fire outcome classes,

pooled across focal years 2008-2020. Two-sided 95% Cls are presented.

Canyon and Hemet's Peak fires in New Mexico (38). In addition,
just like unmanaged wildfires, prescribed fires emit smoke that
can subsequently result in adverse human health effects, both in
the short and long term (39-41); however, the amount of smoke
produced may be less than what would be produced by a high-in-
tensity wildfire in the same area (42). Given the growing contribu-
tion of wildfire smoke to overall air pollution in the western United
States (43), further examination of air quality trade-offs and public
health concerns at landscape scales, resulting from substantial in-
creases in prescribed fire usage, is needed (44).

DISCUSSION

This study deployed modern data science tools to quantify the pro-
tective effect of low-intensity fire against future high-intensity fire
using unified, large-scale satellite-based data of California’s forests.
We estimate the effects of low-intensity fires via counterfactual
comparisons of areas recently burned at low intensity with un-
burned synthetic control regions whose past attributes match
those of the burned regions as closely as possible. We find that
low-intensity fires substantially reduce the risk of future high-inten-
sity fires in California conifer and hardwood forests and that this
risk reduction persists for at least 5 to 6 years. This work confirms,

Wu et al., Sci. Adv. 9, eadi4123 (2023) 10 November 2023

at a large temporal and spatial scale, earlier results from studies of
smaller numbers of wildfires.

This study has several strengths. We collected and harmonized
comprehensive large-scale spatial-temporal data derived from pub-
licly available satellite remote sensing data and we made all code for
processing and analysis of data publicly accessible to ensure repro-
ducibility and transparency of our results. We deployed a synthetic
control methodology to achieve desirable covariate balance for
long-time horizons of covariate trajectories. These methods are
considered a quasi-experimental design that can be used to
measure causal effects from observational data (22). To increase
our confidence in the results, we ran sensitivity analyses using mul-
tiple data and model choices. Overall, our study shows how synthet-
ic control methods can be used to leverage large-scale spatial-
temporal data in climate and sustainability research.

Our study also has limitations. First, as discussed above, we did
not restrict our analysis to the effects of prescribed fire alone; rather,
we used low-intensity fires as a proxy exposure, which we believe
reasonable since research has shown that prescribed fire mimics
the effects on fuels and ecosystem structure of low-intensity wildfire
(45). In the Supplementary Materials, we also demonstrate that low-
intensity wildfires and prescribed fires have similar fire-intensity
distributions. In the future, once we have access to more observa-
tions of prescribed fires, it would be interesting to repeat our
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analysis to measure the effect of prescribed fires alone. Second, our
quasi-experimental design measured the protective effect of low-in-
tensity fire at a location-by-location level and did not consider spill-
over effects between neighboring locations. The fact that we use a
relatively large grid size (1 km?) in our analysis partially mitigates
concerns about spillovers; for example, Taylor et al. (16) and Harris
et al. (46) argued that using grids that are at >800 m helps to reduce
the influence of spatial autocorrelation when studying wildfires.
That being said, in future work, it would still be interesting to
refine the analysis using a spatial model that incorporates how
fire propagates across neighboring areas in a landscape. The goal
of improving spatial modeling efforts by incorporating variables
representing neighborhoods was also discussed in Parks et al.
(14), Taylor et al. (47), and Estes et al. (48).

Overall, our study demonstrates that judicious use of prescribed
fire and managed wildfire can offer considerable benefits in protec-
tion against future high-intensity wildfires. This finding supports
greater analysis of and investment in the use of prescribed fire
and managed wildfire to alleviate the escalating wildfire crisis in
the western United States. It also contributes to the underlying
benefit quantification needed to estimate risk buydown and cost-ef-
fectiveness of reintroduction of fire in California forests, an impor-
tant area of future research.

MATERIALS AND METHODS

We use satellite imagery to assemble a unified fire information
dataset in California 2000-2021. The unit of analysis is a 1-km?
pixel. We define as forests all pixels categorized as either forestlands
or woodlands by the California Department of Forestry and Fire
Protection (CAL FIRE) Fire and Resource Assessment Program
(FRAP) (49), resulting in 124,186 km? worth of data (we do not dis-
ambiguate between forestlands or woodlands in our analysis, as
CAL FIRE separates these landscape types based on land-use
rather than ecological considerations). We further stratify our anal-
ysis by vegetation type and separately consider conifer- and hard-
wood-dominated forests [again as specified in CAL FIRE-FRAP
(49)]; this results in 91,335 km? of conifer forests and 32,851 km?
of hardwood forests. We do not include grasslands or shrublands
because of their rapid growth after a wildfire.

For each pixel, we obtain a daily estimate of fire radiative power
(FRP) from NASA's MODIS (50). FRP can be used to quantify fire
intensity; we adapt a classification system that uses FRP to catego-
rize fire intensity into classes 1 to 5 proposed by Ichoku et al. (51).
We denote that a pixel has burned in a given year if its FRP ever
exceeds 0. We denote that a pixel has burned at high intensity if
its maximal FRP in that year exceeds 500 MW (class 3 to 5 fire),
moderate intensity if its maximal FRP exceeds 100 MW but not
500 MW (class 2 fire), and low intensity if its maximal FRP does
not exceed 100 MW (class 1 fire). Table 1 displays the relative fre-
quency of these fire types in California during our study period.

We additionally obtain topography, meteorological, disturbance,
and vegetation from various satellite-based data sources (see the
Supplementary Materials for details) (19, 20, 52). Five meteorolog-
ical covariates, including minimum air temperature, maximum air
temperatures, precipitation, snow water equivalent, and water vapor
pressure, were chosen as monthly averages to capture the seasonal
variations of meteorological conditions within a year. Other covar-
iates were chosen as the annual averages. Therefore, the analyses
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account for up to d = 1383 pre-exposure covariates, including fire
behavior history, topography, meteorological, disturbance, and veg-
etation variables, to control the potential confounders changing
over time and ensure the representativeness of our constructed syn-
thetic controls.

A synthetic control study
For each focal year (2008-2020) and forest land cover type (conifer
and hardwood forests), we define an exposed region consisting of all
pixels dominated by that land cover type and that burned at low in-
tensity (class 1 fire) in the given focal year. Pixels that burned at
moderate to high intensity, i.e., with classes 2 to 5 fire, during the
focal year are excluded from the analysis. We then use pixels from
the same land cover type that did not burn in the focal year to form a
synthetic control region, i.e., creating a weighted set of unburned
pixels that, outside of their fire experience in the focal year, look
as similar as possible to the exposed region in terms of historic tra-
jectories—including fire behaviors and topography, meteorological,
disturbance, and vegetation conditions. Last, we can assess the pro-
tective effect of low-intensity fire in the focal year by comparing the
evolution of the areas burned at low intensity in the focal year with
their synthetic control region.

The validity of our approach hinges on the synthetic controls
being representative of the exposed region. The key assumption

Table 1. Annual burned area (in square kilometers) by fire intensity
classes, land cover types, and years. The fire intensity is quantified by
FRP estimated from NASA's MODIS Active Fire Products Collection 6.1
(MCD14ML). The land cover type is defined by CAL FIRE-FRAP.

Conifer Hardwood
Class Class Classes Class Class Classes
1 2 3-5 1 2 3-5

2006 978 245 72 151 42 12

.2. 007 ........ 6 44 ........... 232 .............. 81 ............... 212 ........... 109 .............. 32 ......
2008 ....... 2854 .......... 631104 ............. 4 75 ........... 138 .............. 35 ......
.i 009 ........ 6 42 ........... 154 .............. 31 ............... 151 ,,,,,,,,,,,, 4 3 ............... 17 ......
2010 ........ 316 ............ 34 ................ 1 ................. 70 .............. 91 ........
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underlying the causal validity of this synthetic control design is that, ~second, there being no unobserved confounders that would lead
had the exposed regions not burned in the focal year, their average to future divergence in the fire behavior between exposed and un-
future fire behavior would have matched that of the synthetic exposed synthetic control regions.

control region—and thus, any future divergence in fire behavior For the first point, we assess the quality of the synthetic control
for the exposed versus synthetic control regions is due to low-inten-  design via covariate balance to check the degree to which the distri-
sity fire in the focal year. The validity of this assumption depends butions of pre-exposure covariate trajectories are similar across ex-
on, first, the availability of adequate unexposed units for building posure and synthetic control regions (54). Figure 3 displays one of
the synthetic control region that can steadily track the historic tra-  these covariate balance checks for the focal year 2008; checks for
jectories of the exposed region before the intervention (53) and, other years and individual covariates are given in the
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Fig. 3. Covariate balance and exposure distribution under the synthetic control quasi-experimental design for the focal year 2008 in different land cover types
(conifer and hardwood). (A and B) show the standardized mean differences of covariate trajectories in the pre-focal period between exposed pixels and synthetic
controls, measuring their degree of covariate balance. The covariate balance is substantially improved after implementing synthetic control approaches. (C and D)
show the geographic location of exposed (red) and unexposed pixels (blue) that were used to create synthetic controls. The transparency of the blue color represents
the synthetic control weights for each unexposed pixel. Results including additional focal years are shown in the Supplementary Materials.
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Supplementary Materials. We see that, before weighting, the un-
burned pixel set (control) looks different from those that burn
(exposed) in terms of pre-exposure covariate trajectories.
However, our synthetic control approach eliminates these covariate
imbalances across a wide variety of attributes for every focal year
from 2008 to 2020.

The second point cannot be directly validated from data.
However, we examine the robustness of our results to unmeasured
confounding by calculating E values. The E value for an effect is the
minimal strength of an association, on the relative risk scale, that an
unmeasured confounder would need to have with both the exposure
and outcome, conditional on the covariates already included in the
model, to fully explain the observed association under the null (55).
As discussed in the Supplementary Materials, our main findings
appear to be reasonably robust to unobserved confounding accord-
ing to this metric.

Last, our analysis also implicitly depends on an assumption that
the only difference in treatment between exposed and unexposed
synthetic control regions is from the exposed regions burning at
low intensity. This assumption could be threatened if California
already had extensive fire mitigation programs in place such that,
e.g., regions that did not burn recently would be prioritized for pre-
scribed burning in the next few years. However, given that pre-
scribed burns are still relatively rare within our data, it is unlikely
this is a major source of bias for our study.

Comparing the fire risks at the post-exposure evaluation period
between exposed units and synthetic controls allows us to assess the
impact of low-intensity fire on subsequent fire behaviors. To inves-
tigate long-term effects, we examine a range of evaluation periods,
spanning from 1 to 9 years following the focal year, enabling us to
study the persisting effect of the low-intensity fire exposure for up to
9-year lags. Last, we pool the estimated fire risks at the same lag from
different focal years. We build Wald-type CIs based on standard
errors estimated via a Jackknife variance estimator clustered at the
outcome-year level (56); see the Supplementary Materials
for details.

Fire intensity versus fire severity

In our analysis, we categorize wildfires by the intensity of energy
release as quantified by FRP. The FRP measurement is subject to
measurement uncertainty and errors (57), although we show that
our analysis results are robust to alternate classification schemes
for fire intensity in the Supplementary Materials. Furthermore, in
some settings, it may be more natural to focus on high-severity
wildfires that have transformative ecological impact rather than
high-intensity wildfires with high energy release. In the Supplemen-
tary Materials, we apply our proposed method using an ecological
rather than physical categorization of wildfire types. We consider
wildfires assessed as low, moderate, or high severity by the Monitor-
ing Trends in Burn Severity (MTBS) program (42). These assess-
ments capture the degree to which a site has been altered or
disrupted by fire (42). We then seek to measure the extent to
which low-severity fires help prevent future high-severity fires.
While this fire severity definition differs from the fire intensity def-
inition used in this study (and results in a meaningfully different
classification of fires), the high-level finding that prescribed fire
has the potential to prevent future fires with potentially substantial
impacts persists. Notably, the magnitudes of resulting protective
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effect assessed under the MTBS fire severity categorization are
more pronounced.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S22

Tables S1 to S4

References

REFERENCES AND NOTES

1.

. M. Goss, D. L. Swain, J. T. Abatzoglou, A. Sarhadi, C. A. Kolden, A. P. Williams, N. S. Diffen-

. C. A. Knight, L. Anderson, M. J. Bunting, M. Champagne, R. M. Clayburn, J. N. Crawford, A.

. S. L. Stephens, R. E. Martin, N. E. Clinton, Prehistoric fire area and emissions from Califor-

. A. H. Taylor, V. Trouet, C. N. Skinner, S. Stephens, Socioecological transitions trigger fire

. US Department of Agriculture Forest Service, “Confronting the wildfire crisis: A strategy for

. California Wildfire and Forest Resilience Task Force, California’s Wildfire and Forest Resilience

. California Public Utilities Commission, Reducing Utility-Related Wildfire Risk: Utility Wildfire

S. A. Parks, J. T. Abatzoglou, Warmer and drier fire seasons contribute to increases in area
burned at high severity in western US forests from 1985 to 2017. Geophys. Res. Lett. 47,
€2020GL089858 (2020).

. D.Wang, D. Guan, S. Zhu, M. M. Kinnon, G. Geng, Q. Zhang, H. Zheng, T. Lei, S. Shao, P.

Gong, Economic footprint of California wildfires in 2018. Nat. Sustain. 4, 252-260 (2021).

. M. Burke, A. Driscoll, S. Heft-Neal, J. Xue, J. Burney, M. Wara, The changing risk and burden

of wildfire in the United States. Proc. Natl. Acad. Sci. U.S.A. 118, €2011048118 (2021).

. A. P. Williams, J. T. Abatzoglou, A. Gershunov, J. Guzman-Morales, D. A. Bishop, J. K. Balch,

D. P. Lettenmaier, Observed impacts of anthropogenic climate change on wildfire in
California. Earth's Future 7, 892-910 (2019).

baugh, Climate change is increasing the likelihood of extreme autumn wildfire conditions
across California. Environ. Res. Lett. 15, 094016 (2020).

Klimaszewski-Patterson, E. E. Knapp, F. K. Lake, S. A. Mensing, Land management explains
major trends in forest structure and composition over the last millennium in California’s
Klamath Mountains. Proc. Natl. Acad. Sci. US.A. 119, 2116264119 (2022).

nia’s forests, woodlands, shrublands, and grasslands. For. Ecol. Manage. 251,
205-216 (2007).

regime shifts and modulate fire—climate interactions in the Sierra Nevada, USA, 1600-2015
CE. Proc. Natl. Acad. Sci. U.S.A. 113, 13684-13689 (2016).

protecting communities and improving resilience in America’s forests” (FS-1187a, US De-
partment of Agriculture Forest Service, 2022); www.fs.usda.gov/sites/default/files/Con-
fronting-Wildfire-Crisis.pdf.

Action Plan (California Wildfire and Forest Resilience Task Force, 2021);
https://www.wildfiretaskforce.org/wp-content/uploads/2022/04/
californiawildfireandforestresilienceactionplan.pdf.

£202 ‘62 JOqUIBAON UO 610°99U8 105" MMM/:SANY WO} papeo|umod

Mitigation Strategy and Roadmap for the Wildfire Safety Division (California Public Utilities
Commission, 2020); https://energysafety.ca.gov/wp-content/uploads/docs/strategic-
roadmap/final_report_wildfiremitigationstrategy_wsd.pdf.

. A.H.Taylor, L. B. Harris, C. N. Skinner, Severity patterns of the 2021 Dixie Fire exemplify the

need to increase low-severity fire treatments in California’s forests. Environ. Res. Lett. 17,
071002 (2022).

. G. Boisramé, S. Thompson, B. Collins, S. Stephens, Managed wildfire effects on forest re-

silience and water in the Sierra Nevada. Ecosystems 20, 717-732 (2017).

. S. A. Parks, C. Miller, C. R. Nelson, Z. A. Holden, Previous fires moderate burn severity of

subsequent wildland fires in two large western US wilderness areas. Ecosystems 17,
29-42 (2014).

. J.R. Thompson, T. A. Spies, L. M. Ganio, Reburn severity in managed and unmanaged

vegetation in a large wildfire. Proc. Natl. Acad. Sci. US.A. 104, 10743-10748 (2007).

. A.H.Taylor, L. B. Harris, S. A. Drury, Drivers of fire severity shift as landscapes transition to

an active fire regime, Klamath Mountains, USA. Ecosphere 12, e03734 (2021).

. J. M. Serra-Diaz, C. Maxwell, M. S. Lucash, R. M. Scheller, D. M. Laflower, A. D. Miller, A. J.

Tepley, H. E. Epstein, K. J. Anderson-Teixeira, J. R. Thompson, Disequilibrium of fire-prone
forests sets the stage for a rapid decline in conifer dominance during the 21st century. Sci.
Rep. 8, 6749 (2018).

. L. Giglio, W. Schroeder, C. O. Justice, The collection 6 MODIS active fire detection algorithm

and fire products. Remote Sens. Environ. 178, 31-41 (2016).

7 of 9


https://www.wildfiretaskforce.org/wp-content/uploads/2022/04/californiawildfireandforestresilienceactionplan.pdf
https://www.wildfiretaskforce.org/wp-content/uploads/2022/04/californiawildfireandforestresilienceactionplan.pdf

SCIENCE ADVANCES | RESEARCH ARTICLE

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

P. E. Thornton, R. Shrestha, M. Thornton, S.-C. Kao, Y. Wei, B. E. Wilson, Gridded daily
weather data for North America with comprehensive uncertainty quantification. Sci. Data.
8, 190 (2021).

J. A. Wang, J. T. Randerson, M. L. Goulden, C. A. Knight, J. J. Battles, Losses of tree cover in
California driven by increasing fire disturbance and climate stress. AGU Advances 3,
e2021AV000654 (2022).

G. Amatulli, S. Domisch, M.-N. Tuanmu, B. Parmentier, A. Ranipeta, J. Malczyk, W. Jetz, A
suite of global, cross-scale topographic variables for environmental and biodiversity
modeling. Sci. Data. 5, 180040 (2018).

A. Abadie, A. Diamond, J. Hainmueller, Synthetic control methods for comparative case
studies: Estimating the effect of California’s tobacco control program. J. Am. Stat. Assoc.
105, 493-505 (2010).

C. A.Knight, R. E. Tompkins, J. A. Wang, R. York, M. L. Goulden, J. J. Battles, Accurate tracking
of forest activity key to multi-jurisdictional management goals: A case study in California.
J. Environ. Manage. 302, 114083 (2022).

E. D. Reinhardt, R. E. Keane, D. E. Calkin, J. D. Cohen, Objectives and considerations for
wildland fuel treatment in forested ecosystems of the interior western United States. For.
Ecol. Manage. 256, 1997-2006 (2008).

L. B. Harris, S. A. Drury, C. A. Farris, A. H. Taylor, Prescribed fire and fire suppression op-
erations influence wildfire severity under severe weather in Lassen Volcanic National Park,
California, USA. Int. J. Wildland Fire . 30, 536-551 (2021).

D. Arkhangelsky, S. Athey, D. A. Hirshberg, G. W. Imbens, S. Wager, Synthetic difference-in-
differences. Am. Econ. Rev. 111, 4088-4118 (2021).

A. Abadie, J. Gardeazabal, The economic costs of conflict: A case study of the Basque
Country. Am. Econ. Rev. 93, 113-132 (2003).

K. Imai, M. Ratkovic, Covariate balancing propensity score. J. R. Stat. Soc. B. 76,

243-263 (2014).

Z.Tan, Regularized calibrated estimation of propensity scores with model misspecification
and high-dimensional data. Biometrika 107, 137-158 (2020).

Q. Zhao, Covariate balancing propensity score by tailored loss functions. Ann. Statist. 47,
965-993 (2019).

M. R. Kaufmann, D. Binkley, P. Z. Fulé, M. Johnson, S. L. Stephens, T. W. Swetnam, Defining
old growth for fire-adapted forests of the western United States. Ecol. Soc. 12, (2007).

H. Mooney, E. Zavaleta, Ecosystems of California (Univ of California Press, 2016), p. 1008.
J. W. Van Wagtendonk, Fire in California's Ecosystems (University of California Press, 2018),
p. 568.

H. D. Safford, J. T. Stevens, K. Merriam, M. D. Meyer, A. M. Latimer, Fuel treatment effec-
tiveness in California yellow pine and mixed conifer forests. For. Ecol. Manage. 274,
17-28 (2012).

S.J. Prichard, C. S. Stevens-Rumann, P. F. Hessburg, Tamm review: Shifting global fire
regimes: Lessons from reburns and research needs. For. Ecol. Manage. 396,

217-233 (2017).

B. M. Collins, J. D. Miller, A. E. Thode, M. Kelly, J. W. Van Wagtendonk, S. L. Stephens, In-
teractions among wildland fires in a long-established Sierra Nevada natural fire area.
Ecosystems 12, 114-128 (2009).

US Senate Committee on Agriculture, Nutrition, and Forestry, Featured Legislation: Farm Bill
(US Senate Committee on Agriculture, Nutrition, and Forestry, 2023); www.agriculture.
senate.gov/library/legislation.

S. Romero, “The government set a colossal wildfire. What are victims owed?” The New York
Times, 21 June 2022, Section A.

D. A. Jaffe, S. M. O'Neill, N. K. Larkin, A. L. Holder, D. L. Peterson, J. E. Halofsky, A. G. Rappold,
Wildfire and prescribed burning impacts on air quality in the United States. J. Air Waste
Manage. Assoc. 70, 583-615 (2020).

C. E. Reid, M. Brauer, F. H. Johnston, M. Jerrett, J. R. Balmes, C. T. Elliott, Critical review of
health impacts of wildfire smoke exposure. Environ. Health Perspect. 124,

1334-1343 (2016).

A. Haikerwal, F. Reisen, M. R. Sim, M. J. Abramson, C. P. Meyer, F. H. Johnston, M. Denne-
kamp, Impact of smoke from prescribed burning: Is it a public health concern? J. Air Waste
Manage. Assoc. 65, 592-598 (2015).

US Environmental Protection Agency, “Comparative assessment of the impacts of pre-
scribed fire versus wildfire (CAIF): A case study in the Western U.S." (EPA/600/R-21/197, US
Environmental Protection Agency, 2021); https://ordspub.epa.gov/ords/eims/eimscomm.
getfile?p_download_id=543347.

M. Burke, M. L. Childs, B. de la Cuesta, M. Qiu, J. Li, C. F. Gould, S. Heft-Neal, M. Wara, The
contribution of wildfire to PM2.5 trends in the USA. Nature, (2023).

S. Kramer, S. Huang, C. McClure, M. Chaveste, F. Lurmann, Projected smoke impacts from
increased prescribed fire activity in California’s high wildfire risk landscape. Atmos. Environ.
311, 119993 (2023).

Wu et al., Sci. Adv. 9, eadi4123 (2023) 10 November 2023

45. J. C. Nesmith, A. C. Caprio, A. H. Pfaff, T. W. McGinnis, J. E. Keeley, A comparison of effects
from prescribed fires and wildfires managed for resource objectives in Sequoia and Kings
Canyon National Parks. For. Ecol. Manage. 261, 1275-1282 (2011).

46. L. Harris, A. H. Taylor, Previous burns and topography limit and reinforce fire severity in a
large wildfire. Ecosphere 8, €02019 (2017).

47. A.H.Taylor, C. Airey-Lauvaux, B. Estes, L. Harris, C. N. Skinner, Spatial patterns of nineteenth
century fire severity persist after fire exclusion and a twenty-first century wildfire in a mixed
conifer forest landscape, Southern Cascades, USA. Landsc. Ecol. 35, 2777-2790 (2020).

48. B. L. Estes, E. E. Knapp, C. N. Skinner, J. D. Miller, H. K. Preisler, Factors influencing fire se-
verity under moderate burning conditions in the Klamath Mountains, northern California,
USA. Ecosphere 8, 01794 (2017).

49. E. Brown, J. Laird, K. Pimlott, California's Forest and Rangelands: 2017 Assessment (2018);
https://cdnverify.frap.fire.ca.gov/media/4babn5pw/assessment2017.pdf.

50. L. Giglio, J. Descloitres, C. O. Justice, Y. J. Kaufman, An enhanced contextual fire detection
algorithm for MODIS. Remote Sens. Environ. 87, 273-282 (2003).

51. C.Ichoku, L. Giglio, M. J. Wooster, L. A. Remer, Global characterization of biomass-burning
patterns using satellite measurements of fire radiative energy. Remote Sens. Environ. 112,
2950-2962 (2008).

52. J.J. Danielson, D. B. Gesch, "Global multi-resolution terrain elevation data 2010
(GMTED2010)" (Open-File Report 2011-1073, United States Geological Survey, 2011);
https://pubs.usgs.gov/of/2011/1073/pdf/0f2011-1073.pdf.

53. A. Abadie, Using synthetic controls: Feasibility, data requirements, and methodological
aspects. J. Econ. Lit. 59, 391-425 (2021).

54. D.E. Ho, K. Imai, G. King, E. A. Stuart, Matching as nonparametric preprocessing for re-
ducing model dependence in parametric causal inference. Political Anal. 15,

199-236 (2007).

55. T.J.VanderWeele, P. Ding, Sensitivity analysis in observational research: Introducing the E-
value. Ann. Intern. Med. 167, 268-274 (2017).

56. B. Efron, The Jackknife, the Bootstrap and Other Resampling Plans (Society for Industrial and
Applied Mathematics, 1982).

57. P.H. Freeborn, M. J. Wooster, D. P. Roy, M. A. Cochrane, Quantification of MODIS fire ra-
diative power (FRP) measurement uncertainty for use in satellite-based active fire char-
acterization and biomass burning estimation. Geophys. Res. Lett. 41, 1988-1994 (2014).

58. P. A. Werth, B. E. Potter, M. E. Alexander, M. G. Cruz, C. B. Clements, M. A. Finney, J. M.
Forthofer, S. L. Goodrick, C. Hoffman, W. M. Jolly, Synthesis of Knowledge of Extreme Fire
Behavior (US Department of Agriculture Forest Service, Pacific Northwest Research Station,
2011); www.fs.usda.gov/pnw/pubs/pnw_gtr854.pdf.

59. J. E.Keeley, Fire intensity, fire severity and burn severity: A brief review and suggested
usage. Int. J. Wildland Fire 18, 116-126 (2009).

60. S.Athey, G. W.Imbens, The state of applied econometrics: Causality and policy evaluation.
J. Econ. Perspect. 31, 3-32 (2017).

61. P.Craig, S. V. Katikireddi, A. Leyland, F. Popham, Natural experiments: An overview of
methods, approaches, and contributions to public health intervention research. Annu. Rev.
Public Health 38, 39-56 (2017).

62. J.Bouttell, P. Craig, J. Lewsey, M. Robinson, F. Popham, Synthetic control methodology as a
tool for evaluating population-level health interventions. J. Epidemiol. Community Health
72, 673-678 (2018).

63. G. W. Imbens, D. B. Rubin, Causal Inference for Statistics, Social, and Biomedical Sciences
(Cambridge Univ. Press, 2015).

64. K.L.Morgan, D. B. Rubin, Rerandomization to improve covariate balance in experiments.
Ann. Stat. 40, 1263-1282 (2012).

65. R Core Team, R: A Language and Environment for Statistical Computing (R Foundation for
Statistical Computing, 2022); www.R-project.org/.

66. E.Ben-Michael, A. Feller, J. Rothstein, The augmented synthetic control method. J. Am.
Stat. Assoc. 116, 1789-1803 (2021).

67. R.Marcus, P. Eric, K. R. Gabriel, On closed testing procedures with special reference to
ordered analysis of variance. Biometrika 63, 655-660 (1976).

68. M. B. Mathur, P. Ding, C. A. Riddell, T. J. VanderWeele, Web Site and R package for com-
puting E-values. Epidemiology 29, e45-e47 (2018).

Acknowledgments: We thank S. Pan and H. Zhu for data collection and processing; A. Abadie,
C. Knight, X. Nie, and researchers from the Pyregence Consortium for helpful discussions; and
the referees for detailed and constructive comments. We are also grateful to C. Knight for
sharing data with us, including refined USFS and CAL FIRE's forest management datasets. All the
analyses are run on Yen Servers with R programming at the Stanford Graduate School of
Business. Computational support was provided by the Data, Analytics, and Research Computing
(DARC) group at the Stanford Graduate School of Business (RRID: SCR_022938). Funding: This
work was partially supported by Stanford Data Science and by NIH grant P30 ES009089. Author
contributions: Conceptualization: X.W., M\W.W., and S.W. Methodology: X.W., E.S., and S.W.

8 of 9

£202 ‘62 JOqUIBAON UO 610°99U8 105" MMM/:SANY WO} papeo|umod


https://www.agriculture.senate.gov/library/legislation
https://www.agriculture.senate.gov/library/legislation
https://ordspub.epa.gov/ords/eims/eimscomm.getfile?p_download_id=543347
https://ordspub.epa.gov/ords/eims/eimscomm.getfile?p_download_id=543347

SCIENCE ADVANCES | RESEARCH ARTICLE

Investigation: X.W., E.S., M.D.M., MW.W., and S.W. Writing: X.W., E.S., M.D.M., M\W.W.,, and S.W.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. Additional analysis code related to this paper is
available at https://github.com/wxwx1993/wildfire_mitigation; DOI: 10.5281/zenod0.8200630.

Wu et al., Sci. Adv. 9, eadi4123 (2023) 10 November 2023

Submitted 24 April 2023
Accepted 12 October 2023
Published 10 November 2023
10.1126/sciadv.adi4123

9 of 9

£202 ‘62 JOqUIBAON UO 610°99U8 105" MMM/:SANY WO} papeo|umod


https://github.com/wxwx1993/wildfire_mitigation
http://dx.doi.org/10.5281/zenodo.8200630

Science Advances

Low-intensity fires mitigate the risk of high-intensity wildfires in California’s
forests
Xiao Wu, Erik Sverdrup, Michael D. Mastrandrea, Michael W. Wara, and Stefan Wager

Sci. Adv. 9 (45), eadi4123. DOI: 10.1126/sciadv.adi4123

View the article online

https://lwww.science.org/doi/10.1126/sciadv.adi4123
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

£202 ‘62 JOqUIBAON UO 610°99U8 105" MMM/:SANY WO} papeo|umod


https://www.science.org/content/page/terms-service

	INTRODUCTION
	Fighting fire with fire

	RESULTS
	Results on the magnitude and duration of fire risk reduction
	Policy outlook

	DISCUSSION
	MATERIALS AND METHODS
	A synthetic control study
	Fire intensity versus fire severity

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

