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Abstract 

Background Over the last four decades, wildfires in forests of the continental western United States have signifi‑
cantly increased in both size and severity after more than a century of fire suppression and exclusion. Many of these 
forests historically experienced frequent fire and were fuel limited. To date, fuel reduction treatments have been small 
and too widely dispersed to have impacted this trend. Currently new land management plans are being developed 
on most of the 154 National Forests that will guide and support on the ground management practices for the next 
15–20 years.

Results During plan development, we recommend that Strategic Fire Zones (SFZs) be identified in large blocks 
(≥ 2,000 ha) of Federal forest lands, buffered (≥ 1–2.4 km) from the wildland‑urban interface for the reintroduction 
of beneficial fire. In SFZs, lightning ignitions, as well as prescribed and cultural burns, would be used to reduce fuels 
and restore ecosystem services. Although such Zones have been successfully established in a limited number of west‑
ern National Parks and Wilderness Areas, we identify extensive remote areas in the western US (8.3–12.7 million ha), 
most outside of wilderness (85–88%), where they could be established. Potential wildland fire Operational Delinea‑
tions or PODs would be used to identify SFZ boundaries. We outline steps to identify, implement, monitor, and com‑
municate the use and benefits of SFZs.

Conclusions Enhancing collaboration and knowledge‑sharing with Indigenous communities can play a vital role 
in gaining agency and public support for SFZs, and in building a narrative for how to rebuild climate‑adapted fire 
regimes and live within them. Meaningful increases in wildland fire use could multiply the amount of beneficial fire 
on the landscape while reducing the risk of large wildfires and their impacts on structures and ecosystem services.

Keywords Firefighter work force, Forest resilience, Indigenous burning, Lightning‑ignited fire, Prescribed fire, Wildfire 
smoke

Resumen 

Antecedentes En las cuatro últimas décadas, los incendios de vegetación en la región continental del oeste de 
los EEUU se han incrementado tanto en tamaño como en severidad, luego de más de una centuria de supresión 
y exclusión de estos incendios. Muchos de los bosques de esta región han experimentado históricamente fuegos 
frecuentes y limitados por la disponibilidad de combustible. Al presente, los tratamientos de exclusión del fuego 
han sido pequeños en superficie y ubicados muy dispersamente en el terreno como para impactar esta tendencia 
incremental en cuanto al tamaño y severidad de los incendios. Los nuevos planes de manejo de tierras están siendo 
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Background
Western continental US forests are experiencing extreme 
wildfires of unprecedented size and severity. Approxi-
mately 15.5  million ha have burned (National Intera-
gency Fire Center accessed October 30, 20231) over the 
last five years, and Washington, Colorado, New Mexico, 
and California all experienced their largest recorded 
wildfires since 2020. Comparing 1985 to 2022, the mean 
annual area burned by wildfire increased by 257% (1.89 
million ha) and mean annual federal suppression costs 
increased by 332% ($2.01 billion USD adjusted to 2020 
USD) (https:// www. nifc. gov/ fire- infor mation/ stati stics/ 
suppr ession- costs, accessed September 2023).

Fuels and tree density reduction are needed in many 
forests to change this trend of extreme fire behavior 
(Hessburg et  al. 2019, 2021; Prichard et  al. 2021, North 
et al. 2022). Yet the two principal fuel and density reduc-
tion treatments, mechanical thinning and prescribed 
burning, have been limited in size and extent (Valiant 
and Reinhardt 2017) due to operational, budget, access, 
regulatory, and litigation barriers (Quinn-Davidson 
and Varner 2012; Miller et  al. 2020). Recent research in 
California’s Sierra Nevada found that the average For-
est Service treatment unit was 15  ha, and that annual 
treated area amounted to only 10% of the estimated 
252,000  ha   yr−1 area that pre-colonial era fire regimes 
maintained in a fuel-limited condition (North et al. 2021).

Wildfires are currently affecting far more area than 
management treatments, and will continue to do so for 

the foreseeable future. For example, in less than 100 days 
in 2021, California’s Sugar and Dixie fires burned more 
than 433,000 ha on the Plumas and Lassen National For-
ests, which, at recent treatment rates (i.e., 1,586 ha   yr−1 
[Coppoletta et al. 2022]) would be completed on the two 
National Forests by the year 2294. Although recent ini-
tiatives, such as the 2021 Infrastructure Investment and 
Jobs Act (Pub. Lib. # 117–58), and the 2022 Inflation 
Reduction Act (Pub. Lib. # 117–176), provide a tempo-
rary surge in funding to help with budget and person-
nel shortages, wildfire area will continue to outpace fuel 
reduction treated area by one or two orders of magni-
tude. Given the current constrained pace and scale of 
treatments, a new model is needed to effectively reduce 
future wildfire size and severity.

Increasing treatment extent with strategic fire zones
What is missing in most western US forest landscapes 
is a proactive designation of areas free from the obvious 
constraints of the wildland-urban interface (WUI), which 
we term Strategic Fire Zones (SFZs). In these zones, fire 
is expected, planned for, and leveraged to increase large 
landscape resilience.

Although much of the wildfire structural damage that 
occurs in the western US is concentrated in WUI areas, 
the vast majority of burn area occurs in extensive areas 
of backcountry forest. The size and severity patterns 
of these burns show that under moderate fire weather 
conditions, actively managing wildfires for resource 
benefit (i.e., “fire effects with positive value or that 
contribute to the attainment of organizational goals” 
[USDA 2014 can help restore forest ecosystems and 

desarrollados en la mayoría de los 154 Bosques Nacionales, los que guiarán y ejecutarán en el terreno las prácticas de 
manejo para los próximos 15‑20 años.

Resultados Durante el desarrollo del plan, recomendamos que sean identificadas en el terreno Zonas Estratégi‑
cas de fuegos (SFZs) en grandes superficies (> 2.000 ha) de tierras federales, amortiguadas por una zona distante 
(> 1‑2,4 km) de la interfaz urbano‑rural, para la reintroducción de fuegos benéficos. En las SFZ, las igniciones por 
rayos, así como las quemas prescriptas y quemas culturales controladas, podrían ser usadas para reducir la carga de 
combustibles y restaurar servicios ecosistémicos. Aunque estas zonas han sido establecidas en un número limitado 
de Parques y Áreas Silvestres del oeste de los Estados Unidos, identificamos áreas remotas extensas en el oeste de 
los Estados Unidos (de 8,3 a 12,7 millones de ha), la mayoría por fuera de las áreas silvestres (85‑88%), donde éstas 
podrían establecerse. Las delineaciones de áreas de incendios potenciales (PODs), podrían utilizarse para identificar 
los límites de las SFZs. Delineamos los pasos para identificar, implementar, monitorear, y comunicar el uso y beneficios 
de las zonas estratégicas de los fuegos (SFZs).

Conclusiones El aumentar la colaboración y compartir los conocimientos con comunidades indígenas pueden jugar 
un rol vital para ganarse el respaldo del público y de las agencias para implementar las SFZs, y en la construcción 
de una narrativa sobre cómo reconstruir los regímenes de fuego adaptados al clima y cómo vivir en medio de ellos. 
El significativo incremento en el uso del fuego en el manejo de vegetación puede multiplicar el número de fuegos 
beneficiosos en el paisaje y reducir al mismo tiempo el riesgo de grandes incendios y sus impactos en estructuras y 
servicios ecosistémicos.

1 https:// www. nifc. gov/ fire- infor mation/ stati stics/ wildfi res

https://www.nifc.gov/fire-information/statistics/suppression-costs
https://www.nifc.gov/fire-information/statistics/suppression-costs
https://www.nifc.gov/fire-information/statistics/wildfires
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increase their resilience to changing climate and future 
wildfires (Meyer 2015; Hessburg et  al. 2019). Identify-
ing SFZs where, under the right fuel and weather con-
ditions, fire is used for ecological and cultural benefits, 
would significantly increase fuel reduction pace and 
scale, and reduce future wildfire severity. Creation of 
such zones is supported by several policies and guides, 
including the 2012 Forest Service Planning Rule at 36 
CFR § 219.8, and the 2014 National Cohesive Wildfire 
Management Strategy (USDA 2014, p. 32–33).

A fundamental advantage of SFZs is that fire would 
be dynamically managed to reduce fuels and restore a 
keystone ecosystem process, without needing a case-
by-case evaluation, regulatory oversight, or additional 
environmental review. SFZs are not a new idea. Several 
National Parks and a few National Forest Wilderness 
Areas (van Wagtendonk 2007; Parks et  al. 2015; Krei-
der et  al. 2023; Jaffe et  al. 2023) have used such ben-
eficial fire for decades. However, policy changes that 
encouraged proactive fire application in western US 
forests have created only marginal increases in annual 
burned area (Young et al. 2020). Several recent surveys 
highlight the most common reasons for limited use 
of ecologically beneficial fire. Chief among them are a 
risk-averse agency culture and the perception of limited 
leadership support of proactive fire use (North et  al. 
2015b; Schultz et  al. 2019; Miller et  al. 2020; Williams 
et al. 2024).

The 2012 USFS Planning Rule (77 FR 21162) provides 
a means of reducing this impediment. Over the next 
several years, each of 154 National Forests will develop 
new forest plans guiding on-the-ground management 
practices for the next 15–20  years. Eight National For-
ests were identified as ‘early adopters’ (the first to develop 
new plans), and three were in California’s southern Sierra 
Nevada, the Inyo, Sequoia, and Sierra. These National 
Forests adopted an analysis conducted by a Forest Service 
Pacific Southwest Regional Office team that identified 
“wildfire restoration” and “wildfire maintenance” zones 
in California’s National Forests. In these zones, should 
lightning ignitions start a fire when weather and fuel 
moistures conditions are within a pre-determined range, 
the fire is managed under a non-full suppression strat-
egy that can reestablish fire as a key ecosystem process. 
Any effort to suppress the wildfire requires written jus-
tification, making it clear that working with ecologically 
beneficial fire is supported by the three National Forests 
and Regional Office leadership. There is now an opportu-
nity to identify SFZs in National Forest plans providing 
support for fire management officers and other decision-
makers working with fire. The directives and leadership 
support for on-the-ground operations are codified in 
each National Forest’s 15–20 year land management plan.

Here, we describe how the three early adopter National 
Forests went through this process and suggest a step-by-
step approach to identifying, implementing, and commu-
nicating the benefits of SFZs (Table 1) (see Supplemental 
Table 1 for links to data and reports). We also conduct an 
analysis to determine the area and distribution of poten-
tial SFZs in the western US. Following SFZ identification, 
we discuss research and monitoring objectives and out-
reach opportunities, with particular attention to working 
with Indigenous communities. Other impediments may 
also constrain adoption of SFZs. Thus, in a final section, 
we examine two of the most prominent impediments, 
smoke management and limited work force capacity, sug-
gesting these also provide opportunities for change.

SFZ identification and implementation
In the southern Sierra Nevada, identifying potential wild-
fire restoration and maintenance zones first required 
identifying which areas were potential candidates. Earlier 
analysis had classified areas in Sierra Nevada National 
Forests that could not be mechanically treated due to 
management allocation (i.e., a Congressionally desig-
nated Wilderness or roadless area), topographic and 
access limitations (i.e., too steep or too distant from an 
existing road) or administrative constraint (i.e., riparian 
zones, threatened and sensitive species habitats, [North 
et  al. 2015a]) (Supplemental Table  1). To restore for-
est conditions and ecosystem resilience, these relatively 
inaccessible areas would have to be modified from their 
current condition with some form of beneficial fire, sug-
gesting their potential inclusion in an SFZ.

The next step (Table 1) was to identify likely fire con-
tainment boundaries. Potential Operational Delineations 
(POD) boundaries were initially identified by means of a 
quantitative risk assessment based on characterized burn 
probability, fireline intensity, likely fire effects, and wild-
fire risk to highly valued resources and assets (Scott et al. 
2013). Building on this analysis, Thompson et al. (2016) 
identified landscape features conducive to fire contain-
ment, and from that demarcated PODs across the area of 
the three early adopter National Forests.

PODs were further refined through National For-
est specialist review, and input from local stakeholders 
and tribes. Indigenous Tribes were consulted to identify 
areas with cultural significance and to discuss burning 
practices that would protect these resources. The analy-
sis found that beneficial fire could be used to restore 
and maintain conditions in 37% of PODs on the three 
National Forests, including many areas outside road-
less and wilderness areas, yet located far from the WUI. 
Although approximately 1/3 of the PODs were desig-
nated for beneficial fire use or maintenance, they were 
remote and their size was substantial, accounting for 1.32 
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million ha or 74% of the total area of the three National 
Forests (USDA FS 2023). PODs boundaries have now 
been identified for most of the National Forests in the 
western US (Supplemental Fig. 1).

During each National Forest’s planning period, land-
scapes conducive to strategic applied beneficial fire use 
could be identified as discrete administrative zones that 
meet the following criteria: forests that 1) primarily had 
historically frequent-fire regimes (≤ 35  year mean fire 
return interval), 2) are remote (i.e., ≥ 1–2.4  km) from 
human habitation and infrastructure (Carlson et  al. 
2022), and 3) following PODS boundaries, have natural 
barriers (i.e., rock, water, or sparsely treed forests), roads, 
and/or managed fuel-reduced boundaries that can relia-
bly constrain fire growth and high-intensity fire behavior. 
Within these SFZs, lightning ignitions are then evaluated 
using fire management decision support tools (i.e., the 

Wildland Fire Decision Support System) to determine 
if fuel and weather conditions are favorable for reduc-
ing fuels and achieving ecosystem restoration (Fillmore 
et al. 2021). If no suitable lightning ignition occurs within 
the desired fire return interval of the dominant forest 
types, prescribed or cultural fire can be initiated to com-
plete the burn cycle. SFZs would be dynamic, shifting in 
response to changes in forest conditions adjacent to the 
SFZ boundary that augment or compromise the desired 
reduced fuel loads helping to contain fires.

SFZs potential application in the western US
To determine the potential extent and distribu-
tion of SFZs in the western US, we conducted a geo-
spatial analysis focused on the eleven western States 
(Washington, Oregon, California, Idaho, Montana, 
Nevada, Utah, Arizona, New Mexico, Colorado, and 

Table 1 Steps to identify, implement, and communicate the use and benefits of Strategic Fire Zones. Examples refer to studies that 
can provide guidance for each of the approaches

Process: Objective: Approach: Examples:

Assessment Identify potential areas for Strategic 
Fire Zones

a) Constraints on mechanical treat‑
ment necessitate restoring fire 
to reduce fuels
b) Risk assessment
c) Potential Operational Delineations
d) Collaboration with Indigenous 
Tribes, local expertise, neighboring 
landowners,  and stakeholders

a) North et al. 2015a
b) Scott et al. 2013
c) Thompson et al. 2016, 2022a, b 
d) Lake et al. 2017

Project Planning Prepare the landscape for fire a) Pyrosilviculture approach to treat 
POD boundaries
b) Development of cultural burning 
plans/projects in areas important 
to tribal entities

a) York et al. 2021a, b; North et al. 2021
b) Kimmerer and Lake 2001; Marks‑Block 
et al. 2021a, b

Research & Monitoring Evaluate ecological and social benefits 
and harm from fire restoration

a) Monitor effectiveness of beneficial 
fire (remote sensing, field plots)
b) Use tools that capture heterogene‑
ity (e.g., LiDAR)
c) Document public and Tribal 
engagement and social impacts
d) Evaluate fire benefits to other com‑
ponents of forest ecosystems (e.g., 
vegetation, watershed, wildlife habitat, 
forest carbon, drought tolerance)
e) Use SFZs as contemporary refer‑
ence areas for ecological restoration
f ) Integrate Indigenous knowl‑
edge and Tribal research questions 
and methodologies

a) Fernandes and Botelho 2003; Hunter 
and Robles 2020
b) Kane et al. 2019; Chamberlain et al. 
2023
c) Mason et al. 2012; Lake et al. 2017
d) Boisramé et al. 2017; Wright et al. 
2023; Earles et al. 2014; Laflower et al. 
2016; Hurteau et al. 2016, 2019; Knapp 
et al. 2021
e) Meyer 2015; Jeronimo et al. 2019; 
Kreider et al. 2023
f ) Hankins and Ross 2008; Lake et al. 
2017

Outreach & Communication Collaboration to build fire acceptance a) Field visits to SFZ demonstration 
areas
b) Online information tools (e.g.; Story‑
Maps, science briefs)
c) Co‑development with Tribal 
and managers of key messages 
to stakeholders, public, and the media 
about the value of SFZs
d) Integration of cultural burning 
and beneficial fire in fire training 
and education programs

a) Toman et al. 2004
b) Cope et al. 2018; www. ginac ova. com/ 
portf olio
c) Toman et al. 2006; Mason et al. 2012
d) Long et al. 2021; Meyer et al. 2021; CA 
Task Force 2022

http://www.ginacova.com/portfolio
http://www.ginacova.com/portfolio
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Wyoming). Using LANDFIRE data (LANDFIRE 2020), 
we first screened our analysis for forests that histori-
cally had frequent-fire regimes (≤ 35  years) and were 
managed by a federal agency (total area = 22.4 million 
ha) (Table 2). We then calculated two measures of the 
WUI. In the first measure, the most cautious, we iden-
tified WUI based on 125 million individual building 
locations, including remote single structures, using a 
readily available Microsoft data set (https:github.com/
Microsoft/USBuildingFootprints). The second meas-
ure also uses the 125 million building locations but 
consolidates that information into a measure of hous-
ing density, which improved on the previous less pre-
cise US census housing data (Carlson et al. 2022). This 
improved approach defines WUI as areas where build-
ing density exceeds 6.17 units  km−2 and includes Inter-
mix WUI (where land cover is at least 50% wildland 

vegetation) and Interface WUI (where wildland vegeta-
tion represents < 50% of the area but is within 2.4 km of 
a wildland vegetation patch at least 5  km2 in area that 
contains at least 75% vegetation). We then buffered the 
individual building locations and Carlson et al.’s (2022) 
building density-based WUI with a 2.4 km buffer, based 
on estimates by the California Fire Alliance of potential 
fire ember casting distance (Stewart et al. 2007).

Beyond these buffered WUI areas, we screened for fed-
erally owned frequent-fire forests in contiguous patches 
of ≥ 2,000 and ≥ 5,000  ha. We selected these two patch 
sizes because both sizes exceed the estimated mean 
size of historical wildfires (500–700 ha, Safford and Ste-
vens 2017), are large enough to administer as a distinct 
zone (≥ 2,000  ha), or are ≥ the median size of western 
US PODs intersecting Wilderness or Roadless areas 
(≥ 5,000 ha [Supplemental Fig. 1]).

Table 2 Area (ha) of federally‑managed, frequent‑fire (FF) forests in 11 western US States that would qualify as potential SFZs using 
two WUI definitions, two minimum patch sizes (2,000 and 5000 ha) and two buffer sizes (1 and 2.4 km). States are listed in descending 
order by their area of potential SFZs using the individual building footprint WUI with a 2.4 km buffer and large patch size (≥ 5,000 ha) 
combination that is most restrictive for SFZ delineation

Area (ha)

Individual building footprints
 + 2,400 m buffer

Building density threshold
 + 2,400 m buffer

Individual building footprints
 + 1,000 m buffer

State
(Area, million ha)

Fed. Freq. Fire 
(FF) Forest ha

5,000 ha
(% of Fed FF)

2,000 ha
(% of Fed FF)

5,000 ha
(% of Fed FF)

2,000 ha
(% of Fed FF)

5,000 ha
(% of Fed FF)

2,000 ha
(% of Fed FF)

California
(40.9)

5,995,765 2,848,552
(47.5%)

3,014,578
(50.3%)

2,866,189
(47.8%)

3,041,667
(50.7%)

4,089,294
(68.2%)

4,234,909
(70.6%)

Oregon
(25.1)

3,594,901 2,127,050
(59.2%)

2,192,176
(61.0%)

2,180,564
(60.7%)

2,244,825
(62.4%)

2,526,34
(70.3%)

2,621,430
(72.9%)

New Mexico
(31.5)

2,314,856 930,525
(40.2%)

1,009,709
(43.6%)

1,160,583
(50.1%)

1,234,892
(53.3%)

1,416,762
(61.2%)

1,475,756
(63.8%)

Arizona
(29.5)

1,754,701 825,817
(47.1%)

881,327
(50.2%)

835,138
(47.6%)

879,105
(50.1%)

1,123,940
(64.1%)

1,168,429
(66.6%)

Utah
(22.0)

1,404,979 596,036
(42.4%)

690,688
(49.2%)

519,231
(37.0%)

623,081
(44.3%)

783,498
(55.8%)

861,535
(61.3%)

Idaho
(21.6)

1,986,480 378,679
(19.1%)

533,966
(26.9%)

367,763
(18.5%)

513,751
(25.9%)

603,959
(30.4%)

773,841
(39.0%)

Washington
(17.4)

725,385 265,758
(36.6%)

285,411
(39.3%)

275,545
(38.0%)

299,302
(41.3%)

388,708
(53.6%)

409,998
(56.5%)

Colorado
(27.0)

2,075,561 180,988
(8.7%)

258,831
(12.5%)

216,863
(10.4%)

328,421
(15.8%)

435,993
(21.0%)

582,191
(28.0%)

Montana
(38.1)

1,866,960 103,335
(5.5%)

203,474
(10.9%)

106,753
(5.7%)

205,504
(11.0%)

291,507
(15.6%)

480,095
(25.7%)

Wyoming
(25.3)

341,943 38,655
(11.3%)

41,104
(12.0%)

44,775
(13.1%)

63,771
(18.6%)

60,070
(17.6%)

89,106
(26.1%)

Nevada
(28.7)

382,567 12,943
(3.4%)

23,277
(6.1%)

17,867
(4.7%)

34,143
(8.9%)

21,902
(5.7%)

42,148
(11.0%)

Total 22,444,099 8,308,338
(37.0%)

9,134,540
(40.7%)

8,591,271
(38.3%)

9,468,461
(42.2%)

11,741,975
(52.3%)

12,739,439
(56.8%)

Number of patches
(mean size)

278
(30,054)

547
(16,794)

274
(31,626)

562
(16,997)

291
(40,897)

625
(20,664)

% Wilderness 13% 13% 14% 15% 12% 13%
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Ember spotting distance is highly variable and depends 
on many factors including weather, fuels, and ember size 
and shape (Koo et  al. 2012). Under certain conditions 
ember transport distances can be large, but most loft 
over much smaller distances than 2.4  km (Albini 1983; 
Koo et al. 2010). To examine how buffer distance affected 
our estimate of SFZ number and size, we decreased the 
buffer between SFZs and individual structures to 1  km. 
We did not apply this buffer reduction to the WUI 
measure based on housing density because its calcula-
tion for interface WUI already includes a 2.4  km buffer 
and is focused on efficient allocation of fire suppression 
resources to reduce structure loss in the event of a wild-
fire. SFZs are areas where fires are intentionally set or not 
fully suppressed. Thus, it was essential that SFZs were 
separated from individual structures, a condition that the 
housing density-based estimate does not meet.

We provide estimates of potential SFZs in each of the 
eleven western States using WUI defined by each indi-
vidual structure with either a 1 or 2.4  km buffer and 
combined with the two minimum patch sizes (Table  2). 
For comparison, we provide estimates of SFZs using the 
standard WUI metric based on housing density (Carl-
son et al. 2022) with a 2.4 km buffer. We also calculated 
the amount of each SFZ that is in Wilderness. We did 
so for two reasons. Although many existing areas desig-
nated for ecologically beneficial fire are in National Park 
or National Forest Wilderness, these areas often occur in 
higher elevations where forests did not historically expe-
rience frequent fires. We were also interested in knowing 
the percentage of Wilderness in potential SFZs because 
prescribed fire use in Wilderness is opposed by some 
stakeholders that view it as violating the Wilderness Acts 
edict of being “untrammeled by man.”

Results
Across the 11 western States, the total area of potential 
SFZs ranges from 8.3 to 12.7 million ha (Table 2). These 
zones could contribute substantially to creating large 
areas where beneficial fire could be restored, thereby 
reducing future wildfire size and severity. The range in 
total area depended on how WUI was delineated, the 
chosen buffer width, and the minimum patch size. We 
considered WUI delineation by individual building foot-
print with a 2.4 km buffer as the most conservative cal-
culation since it would remove area from potential SFZ 
designation even when only a single structure, of any 
type, was present. WUI delineation based on a structure 
density threshold of 6.17 units  km−2 within both Inter-
mix and Interface classified areas is more consistent with 
conceptual WUI definitions based upon aggregate hous-
ing densities (Radeloff et  al. 2005; Stewart et  al. 2007). 
Surprisingly, there was little difference in potential SFZ 

total area identified between the two WUI identification 
methods with 2.4 km buffers. On average, potential SFZ 
area decreased by only 3.4% when switching from using 
the housing density to the individual building footprint 
basis, suggesting substantial SFZ areas could be desig-
nated without imperiling remote, individual structures 
(Table  2). When buffer distance around each individual 
structure was reduced from 2.4 to 1.0 km, potential SFZ 
area increased by 40.4%, averaged between the two mini-
mum patch sizes (Table 2). On average, decreasing mini-
mum patch size from 5,000 to 2,000  ha increased SFZ 
total area by 9.5% and increased the number of patches 
by 206%. The SFZ area that fell within wilderness desig-
nation was only 12–15% (Table 2).

Potential SFZ locations are widely distributed across 
the western US (Fig.  1). States with a large area of SFZ 
areas include California, Oregon, New Mexico, Arizona, 
Utah, Idaho, and Washington (Table 2). With the excep-
tion of Idaho, the other six states in this group could treat 
fuels and restore 37–73% of their federally-managed, fre-
quent-fire forests using SFZs. Idaho, Montana, and Colo-
rado have sizable area of federally-managed, frequent-fire 
forests (2.0, 1.9, and 2.1 million ha, respectively), but 
less SFZ potential due to many remote structures and 
smaller contiguous patches of federal ownership. If the 
buffer of individual structures is reduced to 1  km and 
minimum patch size to 2,000 ha, the area and number of 
SFZ patches substantially increase in these three states 
(Table 2, Fig. 1). Wyoming and Nevada have limited area 
(< 400,000  ha) of federally owned frequent-fire forests 
and far fewer potential SFZs.

Applying potential operational delineations
All potential SFZs would need to be evaluated individu-
ally and in most cases their boundaries aligned with 
locally designed PODs delineations. As an example, 
we examined the SFZ and POD distribution in an area 
northeast of Fresno, CA, familiar to several of the co-
authors, that is dominated by ponderosa pine and mixed-
conifer forests (Fig.  2). Our analysis correctly identified 
the slopes of Patterson Mountain (center) as a potential 
SFZ. This remote area was repeatedly prescribed burned 
in the 1990s with minimal fire crews and at costs averag-
ing $173 USD/ha (McCandliss 2002). The buffer decrease 
from 2.4 to 1.0 km is reflected by the purple ‘rind’ shrink-
ing the circular gaps created by building structures 
(center), while adding to the (green) SFZ area. Increases 
in SFZ area also occur where a decrease to a 2,000  ha 
minimum patch size adds onto the central SFZ core area. 
Local knowledge and visualizing how buffer and patch 
size affect SFZ area aid in identifying which POD bound-
aries are best used.
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Fig. 1 Eleven western US states analyzed for potential SFZs. Tan shading indicates federally‑managed, frequent‑fire forests (≤ 35 years fire return 
interval). Green shading indicates potential SFZ patch locations of ≥ 5000 ha using a WUI based on a 2.4 km buffering of each individual building 
location. Purple shading indicates additional potential SFZ areas when the WUI buffer is reduced to 1.0 km and patch size is reduced to ≥ 2000 ha
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Managers can reinforce existing POD boundaries and 
build alternative control lines using pyrosilviculture 
principles (North et  al. 2021). Often SFZs will reside 
in remote areas with limited access or wilderness con-
straints on applying mechanical treatments. Pyrosilvi-
culture is designed to apply mechanical treatments to 
stands as appropriate, to facilitate the return of beneficial 
fire where fire-alone treatments will have uncertain out-
comes (York et al. 2021a, b ). It is also designed to apply 
prescribed and cultural burning, and wildfire managed 
for resource benefit to backcountry landscapes. Together, 
a portfolio of varied pyrosilviculture treatments can con-
nect fuel reduction and restoration efforts across large 
landscapes (North et  al. 2021), and increase the likeli-
hood of more benign wildfire dynamics and outcomes.

Wildfires near SFZs may also provide opportunities for 
expanding or fortifying their boundaries. Recent papers 

(Meyer et al. 2021; Stevens et al. 2021; Larson et al. 2022; 
Long et  al. 2023) have advanced ecological principles 
and frameworks for post-wildfire management designed 
to guide restoration efforts, including the expansion of 
beneficial fire use. These frameworks incorporate the 
fuels reduction ‘work’ of wildfires into postburn manage-
ment plans for large landscapes and can help reinforce or 
buffer SFZ boundaries.

Research and monitoring
A primary challenge with burning SFZs is the fuel load-
ing that has accumulated during the last century or more 
of fire suppression and exclusion. Setting moderate rather 
than aggressive weather and fuel moisture objectives for 
the initial fires can help, but as fires burn, conditions can 
change and managers often have to decide when to delay 

Fig. 2 Detailed image of a portion of the southern Sierra Nevada northeast of Fresno, CA, showing PODs, federally managed, frequent‑fire 
forests, and potential SFZs. In the middle portion of the figure, forests cover most of the Sierra foothills between 1200–2400 m, while the upper 
1/3 of the Fig. (2400–4400 m) displays high elevation red fir and lodgepole pine forest types where fire occurs relatively infrequently (e.g., every 
50–200 years). Potential SFZ areas could be delineated by aggregating PODs that are dominated by the SFZ’s shading
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a burn, reduce or increase fire intensity, or constrain fire 
growth.

Natural range of variation (NRV) studies for differ-
ent forest types can be used to evaluate spatial patterns 
of fine- to meso-scale (< 5–20  ha) heterogeneity in for-
est fuel and successional conditions (Veblen 2003; Saf-
ford and Stevens 2017; Meyers and North 2019). Small to 
medium-sized patches of previously burned areas serve 
for a time as ‘fences’ to subsequent fire spread (Moritz 
et  al. 2011; Prichard et  al. 2017; Povak et  al. 2023), 
whereas forest areas that have not recently burned or 
whose surface fuels are grasses and shrubs act as ‘corri-
dors’ of fire spread. These meadow and shrub areas tend 
to enable rapid but benign fire spread, which can provide 
managed wildfire conditions for low-intensity burns. 
Over time, these features reinforce a shifting mosaic of 
forest structures, tree densities, tree ages, and compo-
sitional differences, and a regime of frequent, predomi-
nantly low- to moderate-severity fire (North et al. 2009; 
Moritz et  al. 2011; Perry et  al. 2011; Povak et  al. 2023). 
Drier south slopes and ridgetops are especially good 
places for decreasing tree density and creating clumped 
and gapped tree distributions (Lydersen and North 2012; 
Lydersen et al 2013; Fry et al. 2014). Larger (> 20–100 ha) 
patches of high-severity fire are occasionally important 
to restoring areas of critical nonforest conditions (see the 
reviews by Hessburg et al. 2016, 2019). However, frequent 
occurrence of very large high-severity patches (> 100 ha) 
can result in a loss of the ecosystem’s fine-scale grain 
(Cova et al. 2023), suggesting a reduction in fire intensity 
is needed.

After a prescribed, cultural, or managed wildfire for 
resource benefit, the prevalence and scale of these pat-
terns can be directly monitored with field plots (Ferandes 
and Botelho 2003; Hunter and Robes 2020), unmanned 
aerial vehicle (UAV) photography, or remotely sensed 
with tools such as LiDAR that can assess heterogeneity 
at multiple scales (Kane et  al. 2019; Chamberlain et  al. 
2023). Tribes are best consulted to identify important 
cultural species (e.g., black oak [Quercus kelloggii]) to 
monitor how burns affect their abundance, distribution, 
and vitality (Hankins and Ross 2008; Long et  al. 2021). 
Permanent plots, before/after hydrology modeling, and 
aerial or UAV photo interpretation established before 
and after the burn can assess fire effects on other ecosys-
tem services such as water quantity and quality, carbon 
storage, and vegetation diversity (Boisrame et  al. 2017; 
Hurteau et  al. 2016; Wayman and North 2007). After 
several burns, an SFZ may serve as a contemporary ref-
erence area against which ecosystem restoration can be 
assessed (Meyer 2015; Jeronimo et al. 2019; Kreider et al. 
2023). Both successes and failures will be instructive and 
should be documented.

Outreach and communication
SFZs will need public support that comes from under-
standing their role in reducing the risk of extreme wild-
fire. Agency sponsored field trips to local SFZs and 
recently managed wildfires or cultural burns can build 
that support particularly if discussions are treated as 
open dialogue. Online tools such as science briefs and 
Story Maps (e.g., Map | The Wise Path Forward [adap-
tiveforeststewardship.org]) can provide vetted infor-
mation to counter the partial truths and illusion of 
legitimacy often found in Internet or published misinfor-
mation (Jones et al. 2022).

In Western culture there are few narratives about suc-
cessfully living with fire. SFZs will likely be opposed by 
groups that feel threatened by fire, are intolerant of 
smoke, or believe that low- or moderate-severity fire 
destroys rather than renews wildlife habitat and for-
est ecosystems. Land management agency outreach can 
start by building the context for how people are part of 
the landscapes in which they live, a landscape where fire 
is inevitable (Donovan and Brown 2007). In contrast, 
Indigenous Communities have a long narrative history to 
share of living and working with fire (i.e., see Braiding-
SweetgrassReport.pdf (washington.edu).

Before the arrival of Europeans, studies suggest fire 
burned extensive areas in the continental US (Leenhouts 
1998). For example, it is estimated that up to 1.8 million 
ha burned each year in California alone (Stephens et al. 
2007). There is ongoing debate about how much of this 
historical fire was anthropogenic but there is increas-
ing evidence that cultural burning buffered Indigenous 
Communities from climate-driven increases in fire size 
and severity (Swetnam et  al. 2016; Taylor et  al. 2016; 
Roos et  al. 2021, 2022). Although cultural burning may 
have been targeted at producing desired resources, these 
studies suggest it was also effective at interrupting fire 
spread and reducing fire severity over large areas. To live 
in a landscape that frequently burns, intentional fire is 
essential. This model of cultural burning reducing large-
scale fire transmission is a useful lesson for why SFZs are 
needed in contemporary forests with high fuel loadings 
that facilitate fire contagion. This historical narrative of 
living with fire could also be bolstered with training pro-
grams in the combined use of cultural and prescribed 
burning practices (Lake et  al. 2017; Long et  al. 2021; 
Goode et al. 2022).

Impediments and opportunities
There are a number of entrenched impediments to wider 
use of ecologically beneficial fire (Miller et al. 2020) that 
will also be obstacles for SFZs. The recent Wildland Fire 
Commission report (WFMMC 2023) has a list of 148 
Recommendations for addressing current impediments. 
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Here we discuss two, smoke and work force, that were 
highlighted by the Commission and may also provide 
opportunities for effecting change.

Fire suppression and the curtailment of cultural burn-
ing have created an unattainable expectation for smoke-
less skies, which were not accounted for when the Clean 
Air Act was established. Decades of fire exclusion have 
accumulated a substantial fuel surplus or “smoke debt” 
that will eventually be released (CARB 2021). SFZs allow 
greater control over the timing and amount of combus-
tion and smoke released, by emphasizing fuel burning 
under moderate weather and fuel moisture conditions. 
Under these conditions fire produces much less harm-
ful particulate matter (PM 2.5) per mass of fuel burned 
(Prichard et  al. 2020), reducing smoke impacts on vul-
nerable human populations (Long et al. 2018; Schweitzer 
et al. 2019; D’Evelyn et al. 2022).

Recently, the US Environmental Protection Agency 
(EPA) tightened the National Ambient Air Quality Stand-
ard (NAAQS) for fine particulate matter  (PM2.5) from 
12 to 9  µg  m-3. Many of the counties that will fall out 
of attainment with this standard are in forest-fire prone 
regions of the western US (Supplemental Table  1). The 
largest concentration of these counties is in California, 
particularly in the Central Valley and Sierra Nevada. This 
area has experienced several extreme wildfires (e.g., 2015 
Rough Fire, 2020 Creek Fire, 2020 SQF complex) but 
has extensive SFZ potential (Fig.  2). In an earlier 2016 
regulation, known as the Exceptional Events Rule (Sup-
plemental Table  1), the EPA provided a clear pathway 
to exclude emissions from ‘exceptional events’, which 
include prescribed burning and ‘uncontrolled’ wildfire, in 
determining regulatory compliance. However, treatment 
of emissions from wildfires managed for other than full 
suppression is not explicitly addressed in the Exceptional 
Events Rule. To provide necessary clarity, the EPA might 
consider expanding its Exceptional Events Rule to include 
all SFZ fires.

Another challenge with SFZs is the available workforce. 
Although the federal agencies have been hiring more fire-
fighters, workforce capacity is still highly limited. Fire 
crews are often scarce when intentional fire would be 
most ecologically beneficial because this period, early 
to mid-fall, is also peak wildfire season in some regions 
of the country. Identifying and incorporating SFZs into 
National Forest plans and planning forest-wide pre-
scribed fire projects, however, could motivate managers 
and appropriators to fund the hiring of needed crews that 
are dedicated to applying and working with ecologically 
beneficial fire within defined locales. Continued reliance 
on suppression firefighters to provide the needed work 
force during optimal burn conditions will continue to fall 
far short of the needs. A dedicated workforce is needed 

to develop high-end, proactive skill in working with con-
trollable managed fire, prescribed fire, and cultural burn-
ing (Anderson 2005).

An increase in intentional prescribed and cultural 
burning could lead to year-round, place-based employ-
ment, providing fire personnel with continuous work and 
a home base. This will not appeal to all firefighters, but 
it would diversify work options for those seeking steady 
work without having to constantly travel to and stay at 
distant wildfires. This might be a means of increasing the 
hiring of Tribal fire practitioners and a catalyst for allow-
ing Tribes to work across jurisdictional boundaries. As 
there is more collaboration with Tribes, fire personnel 
would gain better appreciation of what local areas and 
resources are important to Tribes and how ecologically 
beneficial fire can be best applied and managed to meet 
cultural objectives.

Conclusion
Wildfire and drought are dramatically changing western 
US landscapes, making a reactive, suppression-focused, 
fire-by-fire approach insufficient for altering emerg-
ing wildfire regimes under rapidly changing climate 
conditions. Wildfire and climate change are currently, 
and will continue to be, the largest, most substantial 
change agents in western US forests, and climate change 
will continue to increase burned area over the com-
ing century (Abatzoglou et  al. 2021). Adequately scaled 
increases in forest restoration can multiply the amount 
of beneficial fire on the landscape while simultaneously 
reducing the risk of large and destructive megafires. SFZs 
would serve as fire “sinks”, reducing landscape fuel con-
nectivity and potential burn transmission into the WUI. 
In forested landscapes, maintaining a large fuels-reduced 
area (i.e., 25–50%, Hessburg et al. 2019; Povak et al. 2023) 
would reduce the extent and negative impacts of many 
contemporary wildfires. SFZs are the most direct, effi-
cient, and rapidly scalable path to meeting these target 
areas ahead of the next wildfire.

While there are inherent risks to working with rather 
than against fire, there is no risk-free future. The sin-
gle greatest risk is to continue living with the threats of 
wildfires that escape initial suppression and often lead 
to increasingly large and severe wildfires. Risks associ-
ated with prescribed burning are likely the smallest, but 
constrained burn windows will keep prescribed fire foot-
prints very small in comparison to wildfires (Miller et al. 
2020). Intentionally using beneficial fire in SFZs can pro-
vide an initially intermediate level of risk, but the level 
will steadily decline as more area is managed by fire in 
the backcountry. There is likely no lower risk alternative 
than this. The risks associated with the no-action alter-
native (continued aggressive fire suppression) need to be 



Page 11 of 13North et al. Fire Ecology           (2024) 20:50  

honestly and openly assessed, and communicated (Calkin 
et  al. 2014; Prichard et  al. 2021; Hessburg et  al. 2021). 
These are the highest risks of all. SFZs would allow man-
agers to proactively and effectively mitigate wildfire risk 
while restoring forest ecosystems and their resilience.
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