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Abstract

Successive catastrophic wildfire seasons in western North America have
escalated the urgency around reducing fire risk to communities and ecosystems.
In historically frequent-fire forests, fuel buildup as a result of fire exclusion is
contributing to increased fire severity. The probability of high-severity fire can
be reduced by active forest management that reduces fuels, prompting federal
and state agencies to commit significant resources to increase the pace and scale
of fuel reduction treatments. However, lower severity areas of wildfires also have
the potential to act as “treatments,” and even catastrophic fires with large areas
of high severity can still have substantial areas of lower severity fire that may be
improving forest conditions locally. We quantified active management and wild-
fire severity across yellow pine and mixed conifer (YPMC) forests in the Sierra
Nevada of California over a 22-year period (2001-2022). We did not detect
increases in the area treated through time, but the area of beneficial wildfire
(low to moderate severity) increased substantially, exceeding active treatment
area in 8 of 22 years. Overall, beneficial wildfire treated ~17% more area than all
treatments combined, and roughly four times more area than fire-related treat-
ments alone. We then used disturbance history to evaluate resistance to
high-severity wildfire and forest loss across the YPMC range. Of the 2.3 million
ha YPMC of forests in 2001, 20% lost mature forests due to high-severity fire by
2022, which is nearly half of all YPMC area burned. Most of the landscape (47%)
remains at risk of high-severity fire because it had no restorative disturbances,
but 33% of the study area has some level of resistance to high-severity wildfire.
In these areas, resistance will need to be enhanced and maintained over time
via active management or managed wildfire, but these treatment needs will
likely outpace capacity even under optimistic implementation scenarios. Given
limited resources for implementing active management and the likelihood of a
more fiery future, incorporating beneficial wildfire into landscape-level treat-
ment planning has the potential to amplify the impact of active management
treatments.
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INTRODUCTION

Increasing wildfire activity and severity in the western
United States has escalated public and political urgency to
reduce fire risk to communities and ecosystems (California
Wildfire and Forest Resilience Task Force, 2022a; State
of California, 2020; U.S. Forest Service, 2022a).
Although the warming climate contributes to these
trends (Abatzoglou & Williams, 2016; Parks &
Abatzoglou, 2020), fuel buildup from fire exclusion also
plays an important role in the dry conifer forests of this
region (Miller, Safford, et al., 2009; Steel et al., 2015).
These forests historically experienced frequent, low- to
moderate-severity fire that kept tree densities and woody
fuel loads relatively low (Hagmann et al., 2021), but sur-
face and ladder fuels have increased beyond the historic
range of variability for these ecosystems, contributing to
high-severity fire effects when wildfires occur (Parks &
Abatzoglou, 2020; Safford & Stevens, 2017; Williams
et al., 2023). Extensive high-severity fire can contribute to
the deterioration of watershed function and downstream
impacts (Belongia et al., 2023), loss of mature forests
(Shive et al., 2022; Steel et al., 2023), reduced biodiversity
(Steel et al., 2022; Weeks et al., 2023), and limited postfire
forest regeneration (Davis et al., 2023; Shive et al., 2018;
Welch et al., 2016).

Fuel treatments such as prescribed fire and mechani-
cal treatments that reduce woody surface fuels and tree
densities (e.g., ladder fuels) can reduce the severity of a
subsequent wildfire (Brodie et al., 2024; Kalies & Yocom
Kent, 2016; Stephens et al., 2009). Mechanical treatments
that additionally target some larger, merchantable trees
can also play a role by reducing canopy fuels and overall
tree density, while helping to meet broader habitat resto-
ration goals and potentially reducing the impacts of
drought and beetles (Fettig et al., 2022; Stephens
et al., 2024; Young et al., 2017). While all of these tools
are important for promoting healthy, resilient forests, the
combination of prescribed fire and mechanical treatments
is the most effective at reducing fire severity, and pre-
scribed fire is more effective than mechanical thinning
when they are applied in isolation (Brodie et al., 2024;
Davis et al., 2024; Kalies & Yocom Kent, 2016; Prichard
et al., 2010, 2020; Tubbesing et al., 2019).

Given the efficacy of these treatments in forestalling
catastrophic wildfires, State and Federal government
entities have committed significant resources to increase
the pace and scale of implementation (State of

California, 2022; U.S. Department of the Interior, 2024;
U.S. Forest Service, 2022b). In California, efforts include
an ambitious federal-state partnership, with the State and
the U.S. Forest Service (USFS) committed to treating
404,686 ha (one million acres) annually by 2025
(California Wildfire and Forest Resilience Task
Force, 2022a). To meet this goal, agencies are funding
specific projects, establishing more fuel
management-related positions, and developing programs
to increase the skilled workforce in private industry
(California Forest Management Task Force, 2021;
California Wildfire and Forest Resilience Task Force, 2024;
Sadek, 2024). Despite these efforts, California was still far
below the one-million-acre goal as of 2019 (Knight
et al., 2022).

Concurrently, there is increasing recognition that
wildfires themselves have the potential to act as a “treat-
ment.” In California’s Sierra Nevada, federal agencies
(primarily the National Park Service [NPS]) have been
managing wildfire for resource benefit in some wilder-
ness areas for decades (Stephens et al., 2021; Van
Wagtendonk & Lutz, 2007). These are lightning-ignited
wildfires that are managed for resource and fuel reduc-
tion benefits when weather conditions are likely to result
in desirable fire effects. There are rising calls for increas-
ing the use of managed wildfire (Prichard et al., 2021;
Wu et al., 2023) including on large portions of U.S. Forest
Service lands (North et al., 2024).

Yet even within wildfires managed for suppression
and that have large patches of high severity, there can be
substantial areas that burned at low to moderate severity.
Similar to a prescribed fire, these lower severity areas can
have restorative effects (Churchill et al., 2022; Larson
et al, 2022; Meyer et al., 2021; Stevens et al., 2021).
Although postfire conditions in these lower severity classes
vary (Miller & Thode, 2007), the landscape generally bene-
fits from surface fuel reductions (Collins et al., 2016;
Das et al, 2025) similar to a prescribed fire, while
retaining mature, live trees (Miller, Knapp, et al., 2009).
Maintaining these surviving forests on the landscape can
have more immediate habitat, water, and carbon benefits
than reforesting high-severity areas (Moomaw et al., 2019).

Capitalizing on these initial wildfire treatments could
also have significant practical benefits for forest man-
agers. Depending on the degree of fuel consumption,
these areas may not need another treatment for years, giv-
ing managers time to prioritize treatments and conduct
the required state and federal assessments (e.g., National
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Environmental Protection Act). In contrast, in fuel-loaded,
unburned forests, managers are often racing against the
clock to complete the planning work and treatments
before they burn in a wildfire. Forest managers could also
use recently burned areas to facilitate the implementation
of prescribed fire. Since recent fires can constrain adjacent
fire spread (Collins et al., 2009), burning adjacent to areas
with significant fuel consumption (e.g., “good black™)
could reduce the potential for escapes. Despite these
potential benefits, postfire management and the associated
planning and compliance have generally focused on sal-
vage logging and planting in high-severity areas (Larson
et al., 2022). Recent work proposes an integrated approach
that includes consideration of areas that may have had
beneficial fire on USFS lands (Meyer et al., 2021), but this
has yet to be widely adopted.

We used trends in treatment and wildfire in the yel-
low pine and mixed conifer (YPMC) forests of
California’s Sierra Nevada as a case study in how wildfire
and treatments are impacting historically frequent-fire
forests. We explored a 22-year period (2001-2022), which
spans a conservative estimate of the amount of time it
takes for fuels to reaccumulate after a fuel-reducing activ-
ity (North et al., 2012). Specifically, we

1. examine trends in forest treatments by type and own-
ership, to explore whether the recent push to increase
“pace and scale” is detectable;

2. compare these trends to wildfire area burned, particu-
larly to the area burned with potentially beneficial
effects (low and moderate severity);

3. consider how forest treatments and wildfires have
interacted to shape the current state of the range,
including forest resistance to severe wildfire; and

4. explore future treatment needs to maintain existing
resistance to high-severity fire.

METHODS
Study area

Our study area is comprised of the YPMC forests of the
Sierra Nevada mountains in California and Nevada, USA.
YPMC forests are dominated by ponderosa pine (Pinus
ponderosa Lawson & C. Lawson), white fir (Abies
concolor (Gordon & Glend.) Lindl. ex Hildebr.), incense
cedar (Calocedrus decurrens (Torr.) Florin), sugar pine
(Pinus lambertiana Douglas), Jeffrey pine (Pinus jeffreyi
Grev. & Balf.), Pacific Douglas-fir (Pseudotsuga mengziesii
(Mirb.) Franco var. mengziesii), and California black oak
(Quercus kelloggii Newb.). The climate is Mediterranean,
with most of the precipitation falling as snow in the

winter, with hot, dry summers (North et al., 2016). We
used a 22-year window as our study period, which is
based on previous work that suggests that uncharacteris-
tically high fuel accumulation (North et al., 2012) and,
consequently, greater vulnerability to severe fire (Steel
et al., 2015) occurs by roughly twice the mean reference
return interval for a given forest type (e.g., 2 X 11 years
for dry mixed conifer; Van de Water & Safford, 2011).

Vegetation data

To best approximate YPMC forested area at the begin-
ning of our analysis period (2001), we used a vegetation
dataset from 2000 for most of the study area created by
the USFS Remote Sensing Lab (hereafter, CALVEG2000;
U.S. Forest Service, 2000). Spatial data were processed
and analyzed in ArcGIS Pro 3.3 (Esri, 2024). We removed
all areas of high-severity wildfire that occurred in 2000 to
create a baseline forest dataset for 2001.

CALVEG2000 did not include non-USFS lands, so we
supplemented it with the current CALVEG for the north-
ern and southern Sierra Nevada regions, which was pri-
marily classified with 2001 imagery, though some areas
used later imagery (U.S. Forest Service, 2018a, 2019). We
explored the potential impact of areas with more recent
imagery on our characterization of the 2001 distribution
of YPMC forests, finding that it impacted <0.1% of the
area (see Appendix S1). We used the CALVEG “Vegtype”
classification system because it was included in both
datasets. Table 1 lists the vegetation types that we included
in our YPMC forest type, which yielded 2,259,901 ha of
YPMC forest in the year 2001 (covering 43% of the Sierra
Nevada Ecoregion).

Land ownership data

We used the 2022 California Protected Areas Database
(GreenInfo Network, 2022) and Nevada Protected Areas
Database (U.S. Geological Survey Gap Analysis Project,
2024) to identify ownership across YPMC forests. We classi-
fied the NPS, USFS and BLM individually because they
manage so much forest area in the Sierra Nevada, but
lumped remaining federal agencies as “Other federal agen-
cies.” We then grouped all state agencies together and cre-
ated an “Other” category for small holdings by local
entities (e.g., City and County governments, Irrigation
Districts). The remainder of the YPMC forested area was
classified as private land (ParcelQuest, 2023; Regrid, 2023),
which includes nonprofits, small private forest landowners
and industrial timber companies, which we lumped since
they are all subject to California Forest Practice Rules
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TABLE 1 CALVEG vegetation types (U.S. Forest
Service, 2000) that were included as yellow pine and mixed conifer
(YPMC) forest, including the source version.

CALVEG
type code CALVEG name CALVERG version
BT Big Tree Both (CALVEG99,
current CALVEG)
DP Douglas-Fir-Pine Both
EP Eastside Pine Both
PD Gray Pine Both
JP Jeffrey Pine Both
MF Mixed Conifer-Fir Both
MB Mixed Conifer- Both
Giant Sequoia
MP Mixed Conifer-Pine Both
DF Pacific Douglas-Fir Both
PP Ponderosa Pine Both
PW Ponderosa Pine-White Current CALVEG
Fir Alliance
MD Incense Cedar Alliance Current CALVEG
WF White Fir Both

(CAL FIRE, 2024). The analysis of parcel data suggests
that at least 228,023 ha of the 646,526 ha of private land
are managed by industrial timber operators. However, the
actual number is likely somewhat higher because parcels
owned by an individual company can be registered under
different names; given that, we present all private land
data together.

Fire severity data

For 2001-2017, we used the USFS Region 5 Vegetation
Burn Severity database (U.S. Forest Service, 2018b), which
derived fire severity within wildfire perimeters from
Landsat Thematic Mapper satellite imagery using the
Relative differenced Normalized Burn Ratio (RANBR)
(Miller & Thode, 2007). RANBR was subsequently classi-
fied into severity classes using field-calibrated thresholds
for the region: undetected change/unburned (no change),
low (1%-25% loss of live vegetation), moderate (26%-75%
loss of live vegetation), high (76%-100% loss of live vegeta-
tion; Miller & Thode, 2007). The Region 5 database does
not extend beyond 2017, so we used Google Earth Engine
to generate severity maps for 2018-2022 (Parks
et al., 2018). A comparison of 50 randomly selected fires
from 1985 to 2017 showed high similarity between the two
approaches, supporting their combined use for wildfire
severity tracking (Williams et al., 2023). The combined

severity database included all fires >81 ha (200 acres, the
threshold for inclusion in the USFS Fire Severity data-
base), resulting in 420 wildfires. Although the “undetected
change” category can include areas where surface fuels
were reduced by a light underburn, we excluded it from
our analysis because it is often fully unburned (Miller &
Thode, 2007). We also used these data to quantify the area
inside high-severity patches that may be seed-limited and
at risk of regeneration failure (Davis et al., 2023; Shive
et al., 2018) by calculating the total area that exceeded
expected seed dispersal distance from a live tree
(i.e., 61 m; McDonald, 1980), using lesser burned edges as
a proxy for live tree seed sources (Shive et al., 2018).

To track only wildfires and treatments that occurred
on forested landscapes, we adjusted the YPMC forest area
annually by removing areas that had burned at high sever-
ity, as they are no longer forested. We implicitly assume
no recruitment of mature forests in non-forested areas dur-
ing our study period (22 years), given the slow succes-
sional timeline (~80 years to return to a mature forested
state following severe disturbance; Russell et al., 1998).

Treatment data

We compiled several datasets of forest treatments from
2001 to 2022. For state and private lands, we used the Cal
Fire Timber Harvest Plan databases (CAL FIRE, 2023a,
2023b), University of California Berkeley Research
Forests Treatment data (obtained directly from the univer-
sity), the state-assembled Interagency Tracking System
(ITS) database (California Wildfire & Forest Resilience
Task Force, 2023), and the prescribed fire database from
Cal Fire’s Forest and Range Assessment Program
(FRAP) (CAL FIRE, 2023c) (note that the ITS database
included only 2006-2022 due to data quality limitations
before 2006).

For federal lands, we used agency compiled data. For
the NPS, we used the Complete Treatment Perimeters
database (NPS, 2024), which included 2002-2022, which we
supplemented with data directly from each unit for 2001.
We obtained BLM spatial data directly from the agency and
associated treatment details from the National Fire Plan
Operating System (U.S. Geological Survey, 2024), though
BLM spatial data were only available for 2011-2022.
The BLM only manages 1% of the 2001 YPMC foot-
print, so this omission likely had a negligible impact
on our results. For the USFS, we obtained the timber
harvest and hazardous fuels datasets from the USFS’s
Forest Activity Tracking System (FACTS) (https://data.
fs.usda.gov/geodata/edw/) (US Forest Service, 2023a,
2023b). In R (R Core Team, 2023), the timber harvest and
hazardous fuels datasets were cleaned and streamlined.
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Specifically, activities not related to active forest manage-
ment were removed (e.g., “Administrative Changes”), as
were duplicative treatments, that is, the same management
events on the same footprint of land in the same year were
recorded once. We only included polygons that had a date
in the “DATE_COMPLETED” attribute. For all federal
sources, we excluded all “Fire Use” or other treatment types
that refer to a wildfire that had resource benefit since these
fires are more meaningfully represented in our fire severity
dataset. Details on these datasets, their associated limita-
tions, and any additional manipulations we did to refine
the data are found in Appendix S1.

We reclassified all treatment types as either:
“Fire-related treatment,” which includes broadcast burn-
ing and pile burning, or “Mechanical treatment,” which
encompasses a wide range of forest treatments that are
performed using heavy equipment or by crews using chain-
saws (e.g., “hand thinning”), such as thinning strictly ladder
fuels for fuel reduction goals, thinning merchantable trees
to facilitate structural restoration or for profit, mastication,
chipping, and many others. We lumped all of these treat-
ments together because the different management agencies
sometimes use the same designation for different treat-
ments. For example, many USFS treatments that are driven
by restoration goals may be classified as commercial thin-
ning, but the effect of that treatment could be very different
from commercially driven treatment on private lands. Thus,
we simply make the distinction between process-based res-
toration and fuel reduction (fire-related treatment) and
structural restoration or yield maximization (mechanical
treatments). A detailed crosswalk of treatment types for all
data sources is in Appendix S1: Table S1.

For the bar graphs summarizing treatment over time,
we report “activity hectares,” which refers to the total
area treated for our treatment classes each year, regard-
less of whether or not it was treated again in other years.
We made this choice because one of our interests is in
understanding the total capacity to implement treatments
in the region. Footprint hectares refers to the total area
treated, regardless of the number of times different areas
were treated; we report these in the text.

The State of the Sierra: Resistance
classification

We classified the degree of resistance to high-severity fire
across the YPMC range at the end of our study period
based on the expected impact of the number and types of
disturbances (treatment or wildfire by severity) within
a given area, which was based on existing literature.
Broadly, we consider low- to moderate-severity fire as
beneficial wildfire. Conditions within these severity

classes can vary substantially on the ground (Miller,
Knapp, et al., 2009). However, surface fuels are an impor-
tant driver of fire spread (Scott & Burgan, 2005) and they are
generally reduced in both low- and moderate-severity
areas (Collins et al., 2016; Das et al., 2025), so we made
the simplifying assumption that these classes broadly meet
targets for fuel reduction (Das et al, 2025; North
et al., 2009; Safford & Stevens, 2017). In addition, the
effects of mechanical thinning treatments on surface fuels
can range from neutral to negative if they increase surface
fuels. The impact of mechanical treatments generally
depends on the specific treatment (Stephens et al., 2009),
but since we lack detailed data on individual treatments,
we made the simplifying assumption that they were neu-
tral. This may overestimate their resistance to
high-severity fire. We define restorative disturbances as
areas with either beneficial wildfire or any of the three
treatment classes described above.

Because the largest reductions in fire severity occur
when thinning and burning treatments are combined
(Brodie et al., 2024; Fulé et al., 2012; Prichard et al., 2010,
2020; Tubbesing et al., 2019), and that multiple low- to
moderate-severity fires can help reach similar target condi-
tions (Collins et al.,, 2016; Jeronimo et al., 2019; Steel
et al.,, 2021), we defined High resistance as having at least
two restorative disturbances, one of which must be either
beneficial wildfire or fire-related treatment (i.e., prescribed
fire or pile burning).

Where they occur in isolation, prescribed fires are
more likely to reduce future fire severity than mechanical
thinning-related treatments (Davis et al., 2024; Prichard
et al., 2020), so we classified areas that had one fire-related
treatment or beneficial wildfire as Moderate resistance.
Areas that had one or more mechanical treatments were
classified as Low resistance because they lack the critical
surface fuel reduction (Davis et al., 2024). Areas with no
disturbance during the 22-year time frame were desig-
nated as No resistance to high-severity fire.

Finally, we defined areas that burned one or more
times at high severity as Mature forest loss (Davis
et al., 2023; Shive et al., 2018). While some of these areas
may have abundant natural regeneration or planted seed-
lings (Collins & Roller, 2013; Welch et al., 2016), we did not
consider these areas as having “mature forests,” since these
conifers are relatively slow-growing, and the recolonization
of forest habitat takes decades (Nagel & Taylor, 2005). We
also calculated the total area that had short-interval
high-severity reburns, as these areas may be at elevated risk
of persistent type conversion (Coop et al., 2020).

All disturbances occurred within the study period,
and we did not consider how disturbances before 2001
would impact resistance. We opted to not include treat-
ments before 2001 primarily because federal treatment
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records predate modern mapping software and current
quality control measures (Knight et al., 2022, supple-
ment) and we wanted to be consistent between dis-
turbance recording methods. To explore the potential
impact this decision had on our results, we quantified the
number of hectares that were either treated or burned at
low-moderate-severity fire within our study period that
also had a prior disturbance within the 22 years before
the start of our study period. This occurred on ~9% of the
area; while this is not insubstantial, since the effective-
ness of treatments declines with time, focusing on
repeated treatments within the study period is likely
more important for inferences of resistance as of 2022.

We validated our resistance classification using
geospatial data for the Sierra Nevada created by the USFS
Accelerating Healthy Forests (“ACCEL”) project, which
relies on Forest Inventory and Analysis (FIA) data to
reflect 2021 conditions (https://data.fs.usda.gov/geodata/
rastergateway/accel/index.php). We compared the for-
ested classes (No, Low, Moderate, or High Resistance) to
the ACCEL estimated mean probability of high-severity
fire for each class, as this metric most closely matches
our classifications on resistance to high-severity fire. The
probability of high-severity fire was derived from fire
behavior models and predicts the probability of flame
heights >2.4 m (8 ft) as outlined in Scott et al. (2013).

We also explored variation in resistance classes across the
range for each hydrologic unit code 8 (HUC8) watershed
(US. Geological Survey, 2023). At both the range-wide and
watershed scales, we compared the percent YPMC with some
level of resistance to a ~30% treatment target, since some
work has suggested this as a minimum target to achieve
landscape-scale reductions in fire severity (Ott et al., 2023).

We also conducted a thought exercise on future treat-
ment needs to maintain existing resistance across the range.
To get a conservative estimate of these maintenance needs,
we assumed that all resistance classes would not need
another treatment until the fuel treatment longevity maxi-
mum of 22 years (sensu North et al., 2012). For example, if
100 ha experienced its most recent restorative disturbance
in 2020, we assumed that a maintenance treatment on
those 100 ha would be needed in 2042. We projected these
annual retreatment needs for the next 22 years and com-
pared them to the annual average treatment rate to estimate
how many years retreatment needs would be met.

RESULTS
Disturbance trends through time

Treatment type and rates varied greatly across the study
period, but we did not observe a directional increase in

YPMC treated area between 2001 and 2022 (Figure 1).
Area treated peaked in 2008 (36,170 ha), driven by
mechanical treatments, which averaged 16,879 ha annu-
ally, but markedly decreased after 2008. Fire-related
treatments also varied through time, with an average of
5098 ha annually; these treatments were increasing in
the early 2000s and then declined 2012-2016 and have
fluctuated since.

Considering treatment by the land management
group, NPS, USFS, and private landowners each treated
at least 2000 ha total over the study period, with the
majority of treatment by the USFS (282,730 activity ha)
and private landowners (178,834 activity ha; Figure 2).
For footprint hectares (the total land area receiving one
or more treatments within the study period), the USFS
treated 15% of the YPMC forest area under its manage-
ment, and private landowners treated 22%. Mechanical
treatments were by far the dominant treatment type on
private lands, mostly commercial operations targeting
timber extraction. Mechanical treatments also dominated
on USFS lands, but there was substantially more
fire-related treatment as well.

The NPS treated a total of 11,916 activity hectares
over the study period, which covered 8% of their total
YPMC area (i.e., footprint hectares). The 8% on NPS
lands was almost all fire-related treatments, whereas
fire-related treatments occurred on ~4% of USFS lands
and <1% of private lands. Fire-related treatments were
predominantly pile burning on USFS and private lands
and broadcast burning on NPS lands. Mechanical treat-
ments were limited on NPS lands but were more substan-
tial after 2016.

Through time, mechanical treatments on private and
USFS lands have fluctuated but remained well below
2008 levels, particularly in recent years. Mechanical treat-
ments and fire-related treatments have fluctuated for the
USFS and NPS over the study period, with slightly higher
area treated with mechanical treatments on NPS lands in
the last decade over the first decade. Mechanical treat-
ments targeting strictly fuel reduction goals (e.g., chipping,
mastication) and fire-related treatments increased slightly
on private lands, and these treatments also made up the
majority of area treated on state land (not shown), most of
which occurred in 2020 and 2021. Most of the area treated
on BLM land was mechanical treatment between 2018
and 2021 (but note we only have records for the BLM for
2011-2022).

In contrast, both wildfire area burned and severity
increased markedly during our study period, resulting in
accelerated loss of mature YPMC forests to high-severity
fire (Figure 1). A total of 1,042,303 ha were classified as
low-, moderate-, or high-severity fire effects (i.e., excluding
the undetected change category) in the YPMC, with the
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FIGURE 1 Annual treatment area by active management treatment type (left) and area burned by severity, excluding the “undetected
change” category (right). Area is inclusive of all activity hectares annually, regardless of whether an individual area had a treatment in prior

years.

largest fire years in 2020 and 2021. Over the entire study
period, most of the area burned was on USFS lands (73%),
likely due to the greater amount of YPMC area under their
jurisdiction. A total of 475,137 ha burned at high severity
in YPMC forests, which is 46% of all YPMC area burned.
Annually, the lowest proportion of area burned at high
severity was 9% in 2009, with the highest at 62% in 2007
(Figure 1). The percentage of area burned that was high
severity by ownership was 47% for USFS, 22% for NPS,
and 51% for private lands.

Roughly 567,166 ha burned with potentially beneficial
wildfire (low to moderate severity; 54% of all burned
YPMC area), slightly higher than the total area burned by
high severity. The proportion of annual area burned in
beneficial wildfire ranged from 38% (2007) to 91% (2009).
The two largest fire years with the largest area of high
severity in the Sierra Nevada YPMC, 2020 and 2021, still
had substantial proportions of beneficial wildfire, 56% and
53% respectively (104,667 and 136,975 ha). Comparing the

area burned by severity class and area treated, the mean
annual treated area was 21,978 ha, and mean annual area
burned was over twice that area (47,377 ha) of which
25,780 ha were beneficial fire (Figure 1). Annual area
treated relative to annual area burned ranged from just
8% of area burned in the largest fire year in the YPMC
(2021) to over six times more area than wildfire in 2005.
Annual wildfire area exceeded treatment in 11 of the
22 years, with the annual area of potentially beneficial
wildfire exceeding treatment in 8 of the 22 years. Over
the entire study period, potentially beneficial wildfire
affected 17% more YPMC forest area than all treatments
combined, and four times more forest area than
fire-related treatments alone. This relationship is also
changing with increases in fire activity; from 2001 to
2011, beneficial wildfire impacted half (50%) of the area
impacted by all treatments; in contrast, from 2012 to
2022, beneficial wildfire impacted nearly twice as much
(187%) area. When compared to fire-related treatments
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FIGURE 2 Trends in active management treatment type across the study period for the U.S. Forest Service (USFS), private landowners
and National Park Service (NPS) from 2001 to 2022. Note the variation in the ranges of the y-axis. The total hectares of yellow pine/mixed
conifer forest within each jurisdiction in 2001 is annotated in the upper left corner of each graph. Area is inclusive of all activity hectares,

regardless of whether it was a second treatment in the same area or not.

alone, beneficial wildfire burned twice as much area in
2001-2011, increasing to over seven times as much area
in the latter period.

Patterns of resistance to high-severity fire

Our resistance classifications for areas still forested in
2022 (No, Low, Moderate, or High resistance) showed
good agreement with the ACCEL metric, probability of
high-severity fire. Our classification assumes that the No
resistance class would have the highest probability of
high-severity fire, declining to lowest probability in
the High resistance class. The mean probabilities of
high-severity fire were 43% for No resistance, 33% for
Low resistance, 21% for Moderate resistance, and 15%
for High resistance.

Roughly 47% of the ~2.3 million ha that were classi-
fied as YPMC forest in 2001 have no resistance to severe
wildfire as of the end of 2022 (Figure 3), with 32% clas-
sified as having some level of resistance (7% High resis-
tance, 18% Moderate resistance and 8% Low resistance).
Roughly 20% of the 2001 YPMC forest area was classi-
fied as Mature forest loss by 2022 due to high-severity
fire. Of that, 202,800 ha are outside of the average dis-
persal range for Sierran conifers and are at risk of
regeneration failure due to seed limitation. Nearly
20,000 ha have experienced short-interval high-severity
reburns.

Patterns of resistance varied throughout the region.
Of the 40 HUCS8 watersheds in the study area, 22 had at
least 10,000 ha of YPMC forest at the end of the study
period. Within these, 16%-93% of each watershed had
some level of resistance; five of those had <30%, a rough
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FIGURE 3 Map of the status of resistance for areas that were yellow pine and mixed conifer (YPMC) forest as of 2001. Note the regions
that are highlighted in Boxes 1-3.
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rule-of-thumb for minimum treatment area to reduce fire
severity across landscapes. More broadly, the greatest
total area of Mature forest loss occurred in the northern
region, but these comprised a larger total relative area in
the southern region. The central region has the largest
concentration of areas with some level of resistance to
high-severity fire (Figure 3).

Future treatment needs

Using the 22-year window for treatment longevity, our
projections of retreatment needs over the next 22 years
suggest that if maintaining existing resistance is the goal,
there will be substantial re-treatment needs by 2044. If
the current annual average treatment rate including all
treatments continues, retreatment needs will not be met
in 11 of the next 22 years, which in turn would mean no
new first-entry treatments if maintenance needs were pri-
oritized. Using the annual average for fire-related treat-
ments only, maintenance needs would not be met in
any year.

DISCUSSION
Trends in active management and wildfire

Despite significant state and federal investment in forest
treatment (Charnley et al., 2023; State of California, 2022),
we did not detect an increasing trend in area treated, with
the average annual area treated covering just 0.01% of the
YPMC forested area remaining as of 2022. Overall,
mechanical treatments dominated the total treated area,
with a peak in 2008. Steep declines after this period may
be related to impacts from the 2008 financial crisis on
the timber market (Keegan et al., 2012). Large fires in
2020 and 2021 likely also played a role, since wildfires
can interrupt planned commercial operations. It
can also increase the amount of salvage harvest in
high-severity areas, which may reduce the treatments
in green forests due to limitations in workforce avail-
ability and mill capacity (California Wildfire and Forest
Resilience Task Force, 2022a). Other constraints that
may be influencing the lack of increase in mechanical
treatments include limited operating periods in critical
habitat areas (U.S. Forest Service, 2006), as well as slope
and access limitations.

Although fire-related treatments largely fluctuated
throughout the study period, after initial increases in the
early 2000s, there were substantial reductions in area
treated in 2012-2016, which coincides with reductions in
funding for fuel work provided under the 2000 National

Fire Plan (Riddle, 2020). Reductions in fire-related treat-
ments during this time may also have been influenced by
the historic “hotter drought” (Stephenson et al., 2018),
which likely made it difficult to find appropriate burn win-
dows (Baijnath-Rodino et al., 2022; Swain et al., 2023). In
addition, standing dead fuels from drought and
beetle-killed trees (Young et al., 2017) in many areas of
the central and southern Sierra may have added opera-
tional challenges. Large wildfire seasons like 2020 and
2021 can also limit the amount of burning because fire
personnel are committed to wildfires elsewhere. Even
when fire personnel are not committed to a wildfire, just
the potential need for firefighters can limit implementa-
tion; for example, when fire danger was elevated in
some regions of California, there was a temporary mora-
torium on burning on all USFS lands in 2024, even in
areas with good conditions for prescribed fire, out of
concern that fire personnel may be needed elsewhere
(Venton, 2024). Escaped prescribed fires can also limit
implementation of future burns due to risk aversion,
which sometimes can be as extensive as the moratorium
on burning on all USFS lands nationwide for much of
2022 (U.S. Forest Service, 2022¢). The lack of an increas-
ing trend in fire-related treatments is particularly trou-
bling since they are the most critical for reducing fire
severity (Davis et al., 2024; Fulé et al., 2012; Prichard
et al., 2020; Safford et al., 2012; Shive et al., 2024; Taylor
et al., 2022).

When considering differences in area treated by
major landowners in the region (USFS, private and NPS),
the NPS treated the smallest total footprint of YPMC area
under their jurisdiction, yet there are important differ-
ences in the types of treatments conducted. On USFS and
private lands, the fire-related treatments were predomi-
nantly pile burning, whereas the NPS treatments were
primarily broadcast burning. In addition, the NPS man-
ages much more wildfire for resource benefit than the
USFS or private lands (van Wagtendonk et al., 2012),
which has similar benefits to broadcast burning (Collins
et al., 2016; Das et al., 2025). Managing these beneficial
fires uses much of the same fuel personnel that would
work on broadcast burns and pile burning, which is
partly why the NPS appears to do so much less active
treatment even relative to their YPMC area managed.
Moreover, even though the percentage treated may be
lower, the active treatments that are done are generally
more important for fostering resistance to high-severity
fire, given that fire-related reductions in woody fuels are
linked with reduced fire severity (Brodie et al., 2024;
Kalies & Yocom Kent, 2016). It would be interesting to
track wildfires managed primarily for resource benefit
separately, but a 2009 policy change that enabled all fires
to be managed for a mix of resource benefit and
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suppression objectives (Fire Executive Council, 2009) has
made them more difficult to track.

Similar to Knight et al. (2022), we observed a slight
increase in fire-related treatments on private lands;
looking more closely at the treatment types within our
coarse mechanical treatments classification, there was
also an increase in treatments focused primarily on
fuels (e.g., mastication, chipping). These trends are
likely related to substantial increases in funding avail-
able for private landowners to conduct active manage-
ment (California Legislative Analysts Office, 2021; State
of California, 2022; U.S. Forest Service, 2021, 2022b).
The increase in fire-related treatments specifically may
be linked to the rise of prescribed burn associations
and cooperative burning, both of which empower pri-
vate citizens to implement their own burns, with
varying degrees of help from state and federal agencies
(California Wildfire and Forest Resilience Task
Force, 2022b). The increase in mechanical treatments
on NPS lands reflects the agency’s sense of urgency in
reducing the potential for severe fire (National Park
Service, 2022).

In contrast to the trends in treatment, we observed
increasing total wildfire area burned and area burned
with high-severity fire effects, which is consistent with
other work in the Sierra Nevada that included more for-
est types (Miller, Safford, et al., 2009; Stevens et al., 2017;
Williams et al., 2023). Roughly 45% of the YPMC area
burned since 2001 was high severity. Although the largest
area burned occurred on USFS lands, the largest area
burned at high severity occurred on private lands (51%),
which is similar to other work that found higher rates of
severe fire in private industrial forest lands (Levine
et al., 2022).

While these trends in high severity have been
receiving the most research attention, due to the
potential for forest loss (Davis et al., 2023; Shive
et al., 2018) and other downstream impacts (Belongia
et al., 2023), beneficial wildfire within the footprint of
fires that are otherwise deemed catastrophic has
received much less research attention. Several authors
have noted that beneficial areas occur (Churchill
et al., 2022; Larson et al., 2022; Meyer et al., 2021;
Stevens et al., 2021), but our study quantifies the
amount of low to moderate beneficial wildfire (54%)
relative to high severity between 2001 and 2022. Our
analysis also shows that beneficial wildfire is treating
far more area than active management treatments,
particularly in the last decade. Given the forecast for
increasing fire activity, we suspect this trend is likely
to continue (Bedsworth et al., 2018), suggesting that
the overt inclusion of beneficial fire in future manage-
ment plans is warranted.

Resistance classification

By combining the treatment and fire data, we evaluated
landscape-scale changes in the YPMC, which: (1) provides
a current snapshot of the “State of the Sierra Nevada” rel-
ative to altered fire regimes, highlighting the variation in
current conditions across the range; and (2) when
coupled with current treatment rates, highlights consid-
erations for future management approaches.

The State of the Sierra Nevada

Wildfire has been the driving force of change across the
region. Roughly 20% of the 2001 YPMC area was classi-
fied as Mature forest loss by 2022, with the most exten-
sive concentration in the northern Sierra Nevada
(see Box 1, Figure 4). Some of these areas will experience
regeneration failures due to increased distances to seed
source in large patches of high severity (Shive et al., 2018;
Stevens et al., 2017), the warming climate (Davis
et al., 2023; Stevens-Rumann et al., 2018), and the poten-
tial for high-severity reburns due to excess fuel loads
(Coop et al., 2020). Nearly half of that area is out of the
range of seed dispersal from lesser burned edges. Mature
forest loss overlaps with critical habitat for mature forest
specialist species, such as the California spotted owl
(Strix occidentalis occidentalis), which is proposed for list-
ing as threatened under the Endangered Species Act
(US. Fish and Wildlife Service, 2023). This species
requires mature forests for nesting, and while it hunts in
small fire-created openings, it generally avoids large
high-severity patches (Jones et al., 2016). These trends
are particularly troubling for species with limited distri-
butions, and in latitudes where the YPMC itself occurs in
a narrower elevation band such as the southern Sierra
Nevada (see Box 2, Figure 5).

The remaining YPMC area has retained mature for-
ests, but 47% of it has no resistance and is at risk of
experiencing high-severity fire. In these areas, increasing
the pace and scale of management treatments and man-
aged wildfire where possible could decrease this risk.
However, 33% of the range has some level of resistance to
high-severity fire, and most of that was classified as High
or Moderate resistance, primarily due to beneficial wild-
fire. These areas are important because they maintain
mature, live trees but generally have reduced surface
fuels (Das et al., 2025). There is a large concentration of
resistant forests in the central Sierra Nevada, likely due
to past prescribed fires and managed wildfire (Collins
et al., 2016; Kane et al., 2015; Lydersen et al., 2014), dem-
onstrating how low-severity fire can beget low-severity
fire (see Box 3, Figure 6).
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BOX1 Repeated megafires and rapid forest loss in the Northern Sierra Nevada

The majority of the yellow pine and mixed conifer (YPMC) forests in the northern Sierra Nevada burned at
least once between 2001 and 2022 (Figure 4). Much of the area was burned in the 2021 Dixie Fire, the largest
fire on record in California, which burned through both long-unburned forests and many recent wildfire areas.
This region is most strongly dominated by large contiguous areas of Mature forest loss, including the greatest
concentration of short-interval, high-severity reburns (not shown). These reburns are driven by a combination
of topography and the stature of the regenerating vegetation (Steel et al., 2021), leaving the region at elevated
risk for extensive, persistent type conversions (Coop et al., 2020).

[[JFederal boundaries (simplified)
Resistance Class

B High resistance
B Moderate resistance
"I Low resistance/”

JHINo resistance| >3

B Mature forest loss

FIGURE 4 Detail of the area of the yellow pine and mixed conifer (YPMC) forests in the northern Sierra Nevada that burned

at least once between 2001 and 2022. See Box 1 for full explanation.

When including beneficial fire, the target of treating
at least ~30% of the landscape to reduce landscape-level
fire severity (Ott et al.,, 2023) has been met at the
range-wide scale. However, since this is driven by wild-
fire, it is spatially aggregated, resulting in an even level of
resistance across the range (Figure 3). When considered
on a watershed scale (HUCS), the YPMC in some water-
sheds is dominated by having some level of resistance
across their 2022 YPMC forested area, but nearly half do
not meet the 30% threshold. While these high-level ana-
lyses are not intended for stand-scale management deci-
sion making, they highlight how the variation in
disturbance history across the range has resulted in very
different ecological consequences, suggesting distinct

potential future pathways and considerations for future
management (Boxes 1-3).

Considering retreatment needs

Our resistance classification highlights the variation in
opportunities to initiate, enhance, and maintain resis-
tance in YPMC forested areas across the landscape. In
areas of No resistance, a first-entry treatment would initi-
ate the process of creating resistance, with the use of a
mechanical thinning or prescribed fire, creating Low or
Moderate resistance, respectively. In areas that already
have some level of resistance, follow-up treatments will
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be required to enhance and maintain highly resistant for-
ests. A fire-related treatment is needed to enhance resis-
tance in Low resistance areas as soon as possible, given
the limitations in thinning-only treatments at reducing
fire severity (Brodie et al., 2024; Davis et al., 2024; Shive
et al., 2024). In Moderate resistance areas (low to moder-
ate severity), another fire-related treatment or mechani-
cal thinning is needed to move the stand into High
resistance. This is because, although most fine woody
surface fuels will have been consumed (Das et al., 2025),
mimicking the effects of a prescribed fire, the fire-killed
trees will eventually fall to the forest floor, resulting in
high surface fuel loads (Collins et al., 2018). Managers
could wait until this occurs to conduct a prescribed fire,
or they could thin out the dead biomass, effectively
reversing the traditional order of treatments (thin then
burn), but resulting in a similar outcome. In very
low-severity fire areas, persistent live tree density may
still exceed target conditions for drought and fire resis-
tance, which could be further thinned mechanically.
Critically, High resistance areas will also need another
treatment to maintain resistance, although on a lengthier
time frame.

Forecasting into the future, at current annual treat-
ment rates we would not be able to maintain the current
resistance areas in half of the next 22 years, nor any year
if we consider fire-related treatments alone, let alone
moving into additional No resistance areas. This is also a

highly conservative estimate, since our treatment longev-
ity window is likely an overestimate, applying to the
High resistance areas at best (a recent study suggests
treatments last ~10 years; Davis et al., 2024). With a
10-year window, retreatment needs would substantially
increase in the near future, particularly considering that
the Low and Moderate resistance areas will likely need
additional treatments even sooner. While we recognize
that not all of the areas that currently have some level
of resistance will be high priorities for maintenance treat-
ments, this thought exercise highlights the critical need
to consider retreatment as forest managers prioritize
treatments. Prioritization efforts are generally driven by
a range of considerations, including values at risk, eco-
system services (Manley et al., 2023), future climate suit-
ability, and implementation feasibility. Our range-wide
analysis highlights an additional consideration for
long-term planning—the potentially competing needs
for first-entry treatments in long unburned forests, treat-
ments that enhance Low to Moderate resistance, and
treatments that maintain High resistance.

One way to address these needs is continuing to
increase the pace and scale of treatments, which would
require sustained funding, an adequate workforce, and
streamlining compliance (California Forest Management
Task Force, 2021; Schultz et al., 2019). Embracing man-
aged wildfire is another pathway to increasing resistance
across the landscape (North et al., 2012, 2024), which has

BOX 2 Severe fire threats to sensitive species in the southern Sierra Nevada

The yellow pine and mixed conifer (YPMC) is limited to a narrow elevation band in the southern Sierra
Nevada, which includes extensive areas of Mature forest loss, mostly from 2020 and 2021 wildfires (Figure 5).
This estimate is conservative, as it does not include the extensive drought and beetle impacts to this region cap-

tured by Steel et al. (2023).

Fires have impacted two important species with limited distribution in the region: the Pacific fisher and the
giant sequoia (Sequoiadendron giganteum (Lindl.) J. Buchholz). Pacific fishers are house -cat-size
meso-carnivores that depend on mature forests with complex understories for foraging and denning. The south-
ern Sierra Nevada population is endangered, with wildfire-driven habitat loss listed as one of the greatest
threats to their persistence (U.S. Fish and Wildlife Service, 2020). Recent fires have reduced fisher habitat and
likely have had a significant impact on habitat connectivity (Thompson et al., 2021).

The iconic giant sequoia are some of the oldest and largest trees on earth, most of which occur in this
region. Although they are highly fire adapted, recent increases in fire severity are well outside of their historical
range of variability (Stephenson, 1999; Swetnam, 1993). In 2020 and 2021, an estimated 13%-19% of all large
giant sequoias were killed by wildfire (Shive et al., 2021; Stephenson & Brigham, 2021). In some areas, fires
were so severe that regeneration may be inadequate (Soderberg et al., 2024); a surprise for this semi-serotinous
species (Hartesveldt et al., 1969). However, most of the area burned in giant sequoia groves was less severe
where mature sequoia survived, creating significant conservation opportunities. Maintaining the mature forests
that survived recent wildfires could be an important avenue for ensuring the persistence of both of these spe-

cies.
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FIGURE 5 Detail of the yellow pine and mixed conifer (YPMC) forest in the southern Sierra Nevada, which includes
extensive areas of Mature forest loss, mostly from 2020 and 2021 wildfire. See Box 2 for full explanation.
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had considerable research attention (Collins et al., 2016).
Yet there is another relatively underused “tool” in the
toolbox: capitalizing on recently burned areas.

Recent fires have the potential to increase the pace
and scale of fire-related treatments. Where recent wild-
fires have reduced surface fuels, they can facilitate
prescribed fire or a wildfire for resource benefit by func-
tioning as a fuel break (Collins et al., 2007; Parks
et al., 2015). Prescribed burns could be used to burn out

BOX 3 Silver linings in the central Sierra Nevada

unburned pockets within a fire perimeter or on adjacent
unburned lands, using the wildfire as anchor. This can
reduce operational complexity and the risk of escape,
allowing fire managers to “burn into the black.” This
approach has the potential to expand the area treated by
prescribed fire, but it would require agencies to be nim-
ble. Environmental compliance and burn planning can
take several years (Schultz et al., 2012, 2019), which sug-
gests that agencies would likely need to identify these

By 2022, the central Sierra Nevada had the largest relative area with some level of resistance, particularly in the
Moderate and High resistance classes (Figure 6). Inside Yosemite National Park (YNP), this is due to prescribed
fire and wildfires managed for resource benefit since 1972 (van Wagtendonk et al., 2012). After nearly 50 years
of managed wildfire, the area is predominantly characterized by High to Moderate resistance and small patches
of Mature forest loss and short-interval high-severity reburns, which have restored fine-scale habitat heteroge-
neity at the landscape scale (Boisramé et al., 2017; Stephens et al., 2021).

In recent decades, YNP has expanded its use of managed wildfire to most of the park, and has continued to
conduct prescribed fires. These management activities have helped reduce subsequent wildfire severity and
facilitated the ability of firefighters to engage wildfires (Hankin et al., 2023; Lydersen et al., 2014;
Marcum, 2013). YNP is 95% designated wilderness, which likely makes managing wildfires for resource benefit
easier than in areas with other management goals or in mixed ownership. Managed wildfire has also been used
as a restoration tool in the Stanislaus National Forest to a more limited extent (Fites-Kaufman et al., 2013).
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FIGURE 6 Detail of the central Sierra Nevada, which had the largest relative area with some level of resistance. See Box 3 for

full explanation.
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opportunities quickly after the fire, so that they can initiate
and complete the necessary planning and compliance and
then implement treatments, before fuels re-accumulate
(Collins et al., 2016; Das et al., 2025). Policies that make
prescribed fire easier to implement could support agencies’
ability to respond quickly to these opportunities (Clark
et al., 2022, 2024; Schultz et al., 2019).

Working with wildfires could also amplify the
impact of an individual treatment by capitalizing on the
“free” treatment from the wildfire. Moderate resistance
(e.g., prescribed fire or low- to moderate-severity wild-
fire) generally needs an additional treatment to enhance
resistance. If managers have the capacity to thin 100 ha,
thinning 100 ha of Moderate resistance has the potential
to move that stand into a High resistance condition,
whereas if they used those resources to instead conduct
a first entry in a long-unburned forest, that forest will
still need an additional prescribed fire treatment to
become highly resistant to high-severity fire. In this case,
the effort and cost of the treatment could have a greater
net benefit if it was done within the wildfire footprint
than it would have as a first-entry treatment (e.g., more
“bang for the buck”). This approach has been proposed
in several postfire frameworks (Meyer et al., 2021;
Stevens et al., 2021) but to date has not yet been widely
embraced. However, early adopters include the Plumas
National Forest (2023, 2024), and in the Giant Sequoia
National Monument, where managers are conducting
thinning and pile burning treatments in lower severity
burned giant sequoia groves and adjoining mixed conifer
forests (Sequoia National Forest and Giant Sequoia
National Monument, 2023a, 2023b).

The decision to leverage these recently burned areas
will intersect with other important factors that drive man-
agement priorities. For example, managers may choose to
do a first-entry treatment in an unburned old-growth
stand that serves as critical owl habitat, versus enhancing
resistance in an area of young second-growth mixed coni-
fer forest that is forecasted to become inhospitable for the
dominant species. However, where priority areas align
with recently burned, beneficial wildfire, there could be
significant opportunities to increase the pace, scale, and
impact of forest treatments.

Finally, we note that this approach still relies on
active treatment, which will be subject to the same chal-
lenges and constraints that have been known for some
time (Miller et al., 2020; Quinn-Davidson et al., 2011;
Schultz et al., 2019; Stephens & Ruth, 2005; USDA and
USDI, 1995). This suggests that significant forested areas
may not be treated or will not have had enough treatment
(e.g., the follow-up fire-related treatment after a thinning
treatment) before being exposed to an unplanned wildfire.
Landscape-scale planning frameworks such as the

Resist, Accept, Direct (RAD) framework (Schuurman
et al., 2022) that explicitly identify areas where fire or
drought-driven ecosystem transformation would be
acceptable or even desirable (Kreider et al., 2024) can
help managers identify where they want to invest in
resisting change over the long term. RAD and other
related approaches have been proposed for postfire
management planning (Meyer et al.,, 2021; Stevens
et al., 2021), but these approaches could also be used to
support treatment prioritization at landscape scales,
integrating both pre- and post-disturbance areas.

Study limitations

There are several limitations to our analysis. First, our
remote sensing-based maps of forest types and treatment
databases each have their own imperfections (Knight
et al, 2022; Ohlmann & Gregory, 2002), so their inter-
section may contribute to some error in our assessment of
treatment rates. In addition, we were unable to include work
performed under the State of California’s Nonindustrial
Timber Management Plans and Exemptions (CAL
FIRE, 2024), because they are difficult to track spatially.
However, by definition, treatments performed under
these avenues generally impact less land and are often
less intensive. Despite these limitations, we believe that
at the scale of the YPMC across the Sierra Nevada, the
overall trends are accurate, particularly the core result:
that wildfire has been treating more area than active
management, particularly over the last decade.

In addition, we did not consider the potential benefits
of smaller patches of high-severity fire (e.g., <100 ha;
Collins & Stephens, 2010) that provide important habitat
for early seral species (Stillman et al., 2019) and create
habitat heterogeneity and pyrodiversity at landscape
scales (Boisramé et al.,, 2017; Steel et al., 2024).
However, our quantification of the area outside the zone
of conifer tree seed dispersal (202,800 ha, ~44% of the
total high-severity area) likely reflects most of the area
covered by larger, undesirable patches. An additional
spatial analysis of patch shape and complexity would be
needed to understand the degree to which the
remaining high-severity area is contributing to a hetero-
geneous landscape.

To create a broad overview of the variation in condi-
tions at the range-wide scale, we made several assump-
tions in our resistance classification that gloss over
important nuance in local conditions. First, we did not
consider how differing time since treatment/fire impacts
the current state of resistance to high-severity fire. For
simplicity’s sake, a low-severity fire in 2001 and in 2022
were treated the same, for example, but of course fuel
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accumulation from the 2001 fire will mean that at pre-
sent, conditions there will be much less resistant than
those created in the more recent fire. Using fuel accumu-
lation rates, or even just an even annual decline in resis-
tance, could help highlight these differences. However, at
the range-wide scale, this was not visible and did not add
much in conveying our main points, and our intent was a
broad overview of the region. Lastly, we did not consider
other important forest health issues, some of which will
likely interact to influence future fire resilience. For
example, the extensive drought and beetle mortality that
occurred throughout the southern Sierra Nevada is
resulting in large pulses of additional fuels, which can
elevate the potential for mass fire (Stephens et al., 2022).
However, in the case of increased fuel loading due to
drought mortality, it is primarily impacting long
unburned forests, which are classified as having No resis-
tance anyway.

CONCLUSIONS

Although it is unsurprising that beneficial fire is treating
more area than active treatment, our study quantified the
degree to which these differ. By mapping resistance across
the range, we highlight areas where managers could capi-
talize on these otherwise “undesirable” wildfires. Recently
burned areas offer a range of opportunities to increase the
pace, scale, and impact of forest management treatments.

Yet to capitalize on these opportunities, forest man-
agers will likely need additional support. While the area at
risk of type conversion due to seed limitation presents an
enormous challenge for managers, there are many studies
on the patterns of postfire regeneration failures (Chambers
et al., 2016; Davis et al., 2023; Kemp et al., 2016; Shive
et al., 2018; Stevens et al.,, 2017; Stevens-Rumann &
Morgan, 2019) and planting success (Collins &
Roller, 2013; Ouzts et al., 2015; Sorenson et al., 2025), as
well as tools to support reforestation planning (Shive
et al., 2018; Stewart et al., 2021), including some that con-
sider climate (Stewart et al., 2024). In contrast, the roughly
one-third of the forested area with some resistance due to
wildfire, where there are opportunities to enhance or
maintain resistance, has received far less research atten-
tion. Future work to better characterize postfire fuels and
future fuel accumulation could help inform management
in recently burned areas. Our work highlights not only the
opportunities created by wildfires, but how they interact
with treatments to impact resistance at landscape scales.
This exercise can help forest managers better understand
current capacity and landscape conditions and put them
in the context of future maintenance needs, facilitating
more informed plans for the future.
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