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James Johnston, Ph.D., declares as follows: 

1. I am over 18 years of age and submit this declaration in support of the amicus 

curiae brief filed on my behalf. I have personal knowledge of the matters stated herein and, if 

called as a witness, could and would competently testify thereto. 

2. I am an Assistant Professor in the College of Forestry at Oregon State University. 

I have received two post-graduate degrees from Oregon State University: a Master of Science in 

Forest Resources and a Doctor of Philosophy in Forest Science. I have research experience with 

historical forest conditions, natural and anthropogenic disturbances of forest health, and interior 

dry and mixed conifer forests. As with the rest of my involvement with this proposed amicus 

curiae brief, I make this declaration in my personal capacity. 

3. Attached as Exhibit A to my declaration is a true and complete copy of a letter I 

have written to the Court, with feedback from some of my colleagues, that expresses my 

opinions on Plaintiffs’ arguments pertaining to scientific controversy in this matter. Collectively, 

the signatories have been at the forefront of forest science in the Pacific Northwest for decades. 

Each of the additional signors are widely respected forest scientists, many of whom work at 

renowned universities or well-known public interest organizations. Although listed with their 

current professional titles, each has signed only in their individual capacity and does not speak 

on behalf of their employer with this letter. In addition to myself, those signing in agreement 

with the letter include: 

1. Derek Churchill, Ph.D., Forest Health Scientist, Washington State Department of 

Natural Resources 

2. Don Falk, Ph.D., Professor, University of Arizona School of Natural Resources and 
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the Environment 

3. Jerry Franklin, Ph.D., Professor Emeritus, College of Forest Resources at University 

of Washington 

4. Keala Hagmann, Ph.D., Research Ecologist, Applegate Forestry LLC 

5. Lori D. Daniels, Ph.D., Professor, Department of Forest and Conservation Sciences at 

the University of British Columbia 

6. Matthew Hurteau, Ph.D., Professor, Department of Biology at the University of New 

Mexico 

7. Meg Krawchuk, Ph.D., Associate Professor, College of Forestry at Oregon State 

University 

8. Norm Johnson, Ph.D., Professor Emeritus, College of Forestry at Oregon State 

University 

9. Peter M. Brown, Ph.D., Director, Rocky Mountain Tree-Ring Research 

10. Robert W. Gray, Fire Ecologist, R.W. Gray Consulting, Ltd. 

11. Scott Stephens, Ph.D., Professor of Fire Science, University of California Berkeley 

12. Susan Prichard, Ph.D., Fire Ecologist, University of Washington School of 

Environmental and Forest Sciences 

13. Thomas H. Deluca, Ph.D., Dean, College of Forestry at Oregon State University 

14. Trent Seager, Ph.D., Director of Science, Sustainable Northwest 
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 I hereby certify that I electronically filed the foregoing with the Clerk of the Court for 

the United States District Court, District of Oregon, Pendleton Division using the CM/ECF 

system on February 10, 2023.  I further certify that all participants in the case are registered 

CM/ECF users and that service will be accomplished by the CM/ECF system. 
 

DATED this 10th day of February, 2023. 

s/ Greg A. Hibbard  
Greg A. Hibbard, OSB No. 183602 
David O. Bechtold, OSB No. 133019 
 
Attorneys for Proposed Amicus Curiae James 
Johnston, Ph.D. 
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February 1, 2023 
 
Honorable Andrew D. Hallman 
United States District Court, District of Oregon, Pendleton Division 
104 S.W. Dorion Avenue 
Pendleton, OR 97801 
 
Re:  Greater Hells Canyon Council, et al. v. Homer Wilkes, et al. 

USDC District of Oregon Case No. 2:22-CV-00859-HL 
 

Dear Honorable Andrew D. Hallman: 
 

We are forest ecologists who have conducted extensive empirical and theoretical 

research that describes historical forest conditions, changes to forests over time, and the 

effects of fire, fire exclusion, logging, and other disturbances on forests. Although we write 

to the Court in our personal capacity, we work for public universities and non-

governmental organizations (federal agency policies prohibited our colleagues employed 

by the Forest Service from participating in this brief). Much of our research has been 

conducted in interior dry and moist mixed conifer forests. Many of us work closely with 

Forest Service managers and community stakeholders to design and implement restoration 

projects and monitor the ecological outcomes of these projects. Some of us consulted 

extensively with the Forest Service in development of the amendment in question and 

several of us prepared detailed comments on the draft Environmental Assessment (EA) for 

the Screens Amendment.  

We are submitting this letter to address concerns raised by Plaintiffs about scientific 

controversy. As we explain below, although a handful of independent researchers make a 

number of claims that give the appearance of controversy, there is no meaningful 

controversy among the scientific community with respect to changes to forests over time 

or the effects of common restoration actions.  
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Some of us recently completed three invited review articles as part of a special issue 

of Ecological Applications that speak directly to the issue of scientific controversy raised by 

Plaintiffs. We have included those papers with this letter for the Court’s consideration.  

I. The eastside screens and the 21-inch rule amendment. 
 

In 1995, the Forest Service adopted an amendment to forest plans governing the 

management of national forests in eastern Oregon and Washington that were outside the 

Northwest Forest Plan area. This amendment, commonly referred to as the “21-inch rule,” 

stated:  

Outside of LOS[*], many types of timber sale activities are allowed. The intent is still 
to maintain and/or enhance LOS components in stands subject to timber harvest 
as much as possible, by adhering to the following standards: a) Maintain all 
remnant late and old seral an -inch dbh that currently 
exist within stands proposed for harvest activities.  

 
The amendment was designed to be in place for 12 to 18 months until adoption of a 

new ecosystem management plan. That plan was written but never formally adopted, and 

the 21-inch rule remained in place until 2021. In the 25+ years since the 21-inch rule was 

adopted, much has changed. The number of trees >21 inches diameter at breast height 

(DBH) has increased by 17% (EA at 102). Mortality of old trees and degradation of valuable 

habitat has increased significantly as a direct consequence of increasing density of forests 

and drought, wildfire, and insect disturbance (EA at 104-105). In response, in January 2021 

the Forest Service adopted a new amendment governing management of 7.9 million acres 

on the Fremont-Winema, Deschutes, Ochoco, Malheur, Umatilla, and Wallowa-Whitman 

national forests (“eastside forests”). This amendment replaces the 21-inch rule and states: 

Outside of LOS, many types of timber sale activities are allowed. The intent is still to 
maintain and/or enhance a diverse array of LOS conditions in stands subject to 

 
* LOS stands for late and old structure and refers to forests with older trees.  
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timber harvest as much as possible, by adhering to the following plan components: 
Managers should retain and generally emphasize recruitment of old trees and 
large trees, including clumps of old trees. Management activities should first 
prioritize old trees for retention and recruitment. If there are not enough old trees 
to develop LOS conditions, large trees should be retained, favoring fire tolerant 
species where appropriate. Old trees are defined as having external morphological 

large trees will be identified through best available science. Management activities 
should consider appropriate species composition for biophysical environment, 
topographical position, stand density, historical diameter distributions, and spatial 
arrangements within stands and across the landscape in order to develop stands 
that are resistant and resilient to disturbance.  

 
In essence, the blanket prohibition on cutting trees >21 inches DBH has been 

replaced by a guideline that emphasizes protection of old trees (d

years of age) and protection of large trees (

).  

II. Alleged scientific controversy about historical forest conditions and effects of 
the new amendment. 

 
Plaintiffs allege that replacement of the 21-inch rule with a new rule for protection 

of large and old trees is “highly controversial and will yield uncertain effects” (Plaintiffs’ 

Motion for Summary Judgement (MSJ) at iii). Many of Plaintiffs’ arguments about scientific 

controversy (Plaintiff’s Memorandum in Support of MSJ at 25-36) appear to be a straw man 

designed to confuse salient issues rather than accurately characterize the state of the 

science. We believe that Plaintiffs’ arguments are designed to give the impression of 

scientific controversy where no meaningful controversy among scientists exists. As we 

wrote in a recent invited review in Ecological Applications (“Evidence for widespread 

changes in the structure, composition, and fire regimes of western North American forests”, 

Hagmann et al. 2021): 
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Perpetuating invalidated methods and inferences based on them fosters 
confusion and controversy, which undermine scientific credibility and impede 
the development of relevant and timely policy and management options. … 
Objective scientific evaluation can aid in differentiating warranted from 
unwarranted uncertainties and enable timely paradigm shifts to policies and 
management actions that favor fire- and climate-adapted forests and human 
communities.  

 
Below, we briefly discuss several issues that we believe are important from the 

standpoint of the scientific literature about changes to forests over time and the effects of 

forest restoration treatments.  

A.   The historical condition of eastside forests. 
 

The overwhelming majority of research and observations show conclusively that 

eastside Oregon and Washington forests have undergone dramatic ecological changes and 

that these changes have left valuable resources vulnerable to uncharacteristic disturbances 

including: old-growth trees; wildlife habitat; vital water supplies and culturally important 

food; medicinal resources; and material resources for Indigenous tribes (as discussed by 

the Klamath Tribe in its comments on the Screens Amendment EA). In our view, the Forest 

Service in the EA and decision notice (DN) made reasonable conclusions from the scientific 

literature about the historical condition of eastside forests, changes to these forests over 

time, and the need for restoration. 

In their Memorandum in Support of MSJ, Plaintiffs refer to a non-peer reviewed 

report from Drs. DellaSala and Baker (the DellaSala/Baker report). Plaintiffs claim this 

report shows that “some researchers and the agency [] falsely conclude that Eastside 

forests were predominately open park-like pine forests, when, in fact, fire regimes and 

forest structure and composition were much more complex;” and “[d]enser closed canopy 

forests were more prevalent, and shade tolerant trees were more common… than 
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acknowledged in the EA” (Memorandum in Support of MSJ at 28 (quoting DellaSala/Baker 

report) (alterations in original)).  

These claims are specious. The plain language of the Forest Service’s amendment 

does not contemplate returning all or most extant eastside forests to an open, park-like 

condition. To the best of our knowledge, the EA does not claim that eastside forests 

historically consisted entirely, or for the most part, of open park-like pine forests. The 

research that we authored and that was cited in the EA does not claim that eastside forests 

consisted entirely, or for the most part, of open park-like forests. To the best of our 

knowledge, the EA does not claim, and our research and our colleagues’ research cited in 

the EA does not claim, that shade-tolerant trees were not a component of historical stands.  

On the contrary, our peer-reviewed work and the work cited in the EA 

acknowledges significant variability in historical forest structure and composition, 

including the presence of shade-tolerant grand fir in some historical stands. The Forest 

Service’s EA correctly points out that although there was significant variability in historical 

forests, the number of shade-tolerant trees and the proportion of shade-tolerant trees as a 

percentage of total stand biomass have increased significantly in the past 150 years (see 

our research and colleagues’ research cited in the EA, including Hagmann et al. 2021, 

Hessburg et al. 2021, Johnston et al. 2021, Hessburg et al. 2020, Lindsay and Johnston 2020, 

Hagmann et al. 2019, Heyerdahl et al. 2019, Merschel et al. 2018, Hagmann et al. 2018, 

Johnston et al. 2018, Johnston 2017, Hagmann et al. 2014, Merschel et al. 2014, Hagmann et 

al. 2013).  

Plaintiffs claim that the non-peer reviewed report by Drs. DellaSala and Baker 

“explains in detail the problems with major studies the agency relies on to support its 
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decision and highlights the scientific debate” (Memorandum in Support of MSJ at 29). The 

DellaSala/Baker report is full of mischaracterizations of other scientists’ research and 

contains no meaningful theoretical or empirical rebuttal of our findings or our colleagues’ 

findings. We believe the major point of the DellaSala/Baker report is simply to confuse the 

reader. Mischaracterizing other researchers’ work and then attacking that 

mischaracterization is in the nature of knocking down a straw man and does not 

demonstrate the existence of meaningful scientific controversy. The tactics of this report—

a barrage of critiques not rooted in the substance of the scientific literature—have been 

analyzed in two recent papers designed to help policymakers distinguish scientific 

misinformation from accurate and actionable science. We recommend these papers (Jones 

et al. 2022 and Peery et al. 2019, see citations below) to the Court.  

Plaintiffs allege that “other data sources (Baker (2012), Hessburg et al (2007), 

others) made contrary findings regarding the historical presence of grand firs” 

(Memorandum in Support of MSJ at 29). This argument is a straw man. The scientific 

literature cited in the EA does not deny that grand fir was historically present on the 

landscape; it simply states that there is significantly more grand fir today than existed 

historically. Hessburg et al. 2007, according to the author, does not contradict the findings 

of the EA (Hessburg et al. 2020, Spies et al. 2018, Stine et al. 2014). The EA explicitly 

acknowledges that the methods presented by Baker (2012) produce different findings 

about the extent of grand fir in historical stands than the vast majority of peer-reviewed 

studies. The EA also correctly points out that a variety of studies have shown Baker’s 

methodology to overestimate historical forest density (EA at 57; see also e.g., Hagmann et 

al. 2021, Levine et al. 2019, Johnston et al. 2018, Levine et al. 2017).  
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In summary, although it is clear that Drs. Baker, DellaSala, and others do not accept 

the scientific consensus about historical eastside forest conditions, this does not imply that 

there is meaningful or significant scientific controversy. As we wrote in a recent synthesis 

(“Evidence for widespread changes in the structure, composition, and fire regimes of 

western North American forests”, Hagmann et al. 2021) that summarizes the state of the 

science about historical forests and changes to forests over time: 

Based on the strength of evidence, there can be little doubt that the long-term 
deficit of abundant low- to moderate-severity fire has contributed to 
modification of seasonally dry forested landscapes across western North 
America. The magnitude of change in fire regimes and the resultant increases in 
forest density and fuel connectivity have increased the vulnerability of many 
contemporary forests to seasonal and episodic increases in drought and fire, 
exacerbated by rapid climate warming. 

 
B.   Effects of the new amendment. 

 
Plaintiffs assert that the effects of implementing the new amendment are highly 

uncertain because the modeling effort undertaken by the Forest Service is “fatally flawed” 

(Memorandum in Support of MSJ at 33). They believe the Forest Service’s modeling effort is 

fatally flawed in large part because we ourselves (Drs. Franklin, Johnson, and Seager), in 

comments on the Forest Service’s draft EA, asked the Forest Service to clarify typical tree 

retention during thinning operations. The Forest Service offered a clarification in the final 

EA, and we believe that the modeling exercise described in the final EA provides a 

reasonable basis for evaluating environmental effects of silviculture that makes use of the 

new amendment. The Forest Vegetation Simulator (FVS) has been the tool of choice for 

several decades when estimating effects of thinning and other harvests on resulting stand 

conditions and their vulnerability to disturbances. 
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Throughout their motion for summary judgment, Plaintiffs imply that replacing a 

blanket prohibition on cutting trees >21 inches DBH with a guideline that emphasizes 

protection of old trees (all trees 

imultaneously involves considerable 

uncertainty and significant environmental impacts. We are aware of little or no meaningful 

debate or controversy in the scientific literature about the importance of large and old 

trees. Crafting guidelines for the protection of large and old trees was among our explicit 

recommendations in the attached review in Ecological Applications (Hessburg et al. 2021) 

(internal citations omitted): 

Most research reveals that broadly conserving large and old fire-resistant trees 
and replacing those that were removed or killed by harvest, drought, insects, 
pathogens, and wildfires provides a strong backbone of resilient structure and 
habitat to seasonally dry pine and mixed-conifer ecosystems.  

 
We have participated in the design and implementation of dozens of Forest Service 

projects that have thinned tens of thousands of acres of forest, including treatments that 

 inches DBH but younger than 150 years of age. In general, 

the effects of these treatments are relatively predictable and reduce uncertainty with 

respect to future disturbances and effects of disturbances on wildlife habitat, water quality, 

and carbon stocks. We do not believe that the Forest Service’s EA or decision notice 

mischaracterized the state of the science relevant to environmental effects of these 

treatments or made unreasonable assumptions.  

In their objections to the new guidelines, Plaintiffs are essentially requesting that 

the court maintain the status quo ante of forest management and forest conditions. We 

explicitly address claims made by Plaintiffs about uncertainty in effects of restoration and 

the relative risks of restoration vs. no-action in two recent invited syntheses (“Adapting 
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western North American forests to climate change and wildfires: 10 common questions” 

and “Wildfire and climate change adaptation of western North American forests: a case for 

intentional management”; Hessburg et al. 2021, Prichard et al. 2021). We wrote:  

The precautionary principle can become the “paralyzing principle” given 
irreducible uncertainty about risk of loss associated with action and no-action 
alternatives (Sunstein 2003). The loss of 30 million mature and old pine trees 
during a recent extreme drought in south-central California (Asner et al. 2016) is 
a stark reminder of the pitfall of requiring unduly high certainty despite decades 
of established science showing the efficacy of treatments that foster resilient 
forest structure and composition (Henson et al. 2018, Fettig et al. 2019).  
 
… 
 
Scientific knowledge is always growing and incomplete. However, a 
preponderance of evidence suggests that proactive management can prepare 
many landscapes for future wildfires and the maintenance work they can 
provide. This would also reduce emphasis on high-maintenance solutions and 
the overarching and increasingly burdensome role of wildfire suppression and 
its expenditures.  
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We, the undersigned, agree with and submit the contents of this letter for the Court’s 
consideration. Although listed with our current professional titles, we have signed only in 
our individual capacities and do not speak on behalf of our employers with this letter. 
Signatures are included on the following pages. 
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Resources 

Don Falk, Ph.D., Professor, University of Arizona School of Natural Resources and the 
Environment 

James Johnston, Ph.D., Assistant Professor, College of Forestry at Oregon State University 

Jerry Franklin, Ph.D., Professor Emeritus, College of Forest Resources at University of 
Washington 

Keala Hagmann, Ph.D., Research Ecologist, Applegate Forestry LLC 

Lori D. Daniels, Ph.D., Professor, Department of Forest and Conservation Sciences at the 
University of British Columbia 

Matthew Hurteau, Ph.D., Professor, Department of Biology at the University of New Mexico 

Meg Krawchuk, Ph.D., Associate Professor, College of Forestry at Oregon State University 

Norm Johnson, Ph.D., Professor Emeritus, College of Forestry at Oregon State University 

Peter M. Brown, Ph.D., Director, Rocky Mountain Tree-Ring Research 

Robert W. Gray, Fire Ecologist, R.W. Gray Consulting, Ltd. 

Scott Stephens, Ph.D., Professor of Fire Science, University of California Berkeley 

Susan Prichard, Ph.D., Fire Ecologist, University of Washington School of Environmental 
and Forest Sciences 

Thomas H. Deluca, Ph.D., Dean, College of Forestry at Oregon State University 

Trent Seager, Ph.D., Director of Science, Sustainable Northwest 
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______________________________________________________ 

Robert W. Gray 

Date: _______________________________________________February 7, 2023
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Date: _______________________________________________ 
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Matthew Hurteau, Ph.D. 

As requested by Matthew Hurteau, Ph.D., I affixed the signature above. 

/s Eliza Hinkes______________ 
Eliza Hinkes, Paralegal
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Name: _Peter M. Brown_______________ 
Date: __Feb 3 2023___________________ 
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Abstract. Implementation of wildfire- and climate-adaptation strategies in seasonally dry
forests of western North America is impeded by numerous constraints and uncertainties. After
more than a century of resource and land use change, some question the need for proactive
management, particularly given novel social, ecological, and climatic conditions. To address
this question, we first provide a framework for assessing changes in landscape conditions and
fire regimes. Using this framework, we then evaluate evidence of change in contemporary con-
ditions relative to those maintained by active fire regimes, i.e., those uninterrupted by a century
or more of human-induced fire exclusion. The cumulative results of more than a century of
research document a persistent and substantial fire deficit and widespread alterations to
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ecological structures and functions. These changes are not necessarily apparent at all spatial
scales or in all dimensions of fire regimes and forest and nonforest conditions. Nonetheless,
loss of the once abundant influence of low- and moderate-severity fires suggests that even the
least fire-prone ecosystems may be affected by alteration of the surrounding landscape and,
consequently, ecosystem functions. Vegetation spatial patterns in fire-excluded forested land-
scapes no longer reflect the heterogeneity maintained by interacting fires of active fire regimes.
Live and dead vegetation (surface and canopy fuels) is generally more abundant and continu-
ous than before European colonization. As a result, current conditions are more vulnerable to
the direct and indirect effects of seasonal and episodic increases in drought and fire, especially
under a rapidly warming climate. Long-term fire exclusion and contemporaneous social-
ecological influences continue to extensively modify seasonally dry forested landscapes. Man-
agement that realigns or adapts fire-excluded conditions to seasonal and episodic increases in
drought and fire can moderate ecosystem transitions as forests and human communities adapt
to changing climatic and disturbance regimes. As adaptation strategies are developed, evalu-
ated, and implemented, objective scientific evaluation of ongoing research and monitoring can
aid differentiation of warranted and unwarranted uncertainties.

Key words: climate adaptation; Climate Change and Western Wildfires; ecosystem management; fire
exclusion; forested landscapes; frequent fire; high-severity fire; landscape restoration; multi-dimensional fire
regimes; multi-scale spatial patterns; reference conditions; wildfire adaptation.

INTRODUCTION

Social and ecological impacts of large and intense wild-
fires present enormous challenges to land and resource
managers of western North America (Franklin and Agee
2003, North et al. 2015, Moreira et al. 2020, Hessburg
et al. 2021). In the near term, wildfire frequency, area
burned, and area burned at high severity will likely con-
tinue to increase as the climate warms; however, despite
recent climatically driven increases in area burned, fire
deficits in seasonally dry forests remain high (reviewed by
Hessburg et al. 2021). After more than a century of fire
exclusion (Fig. 1), increased density, abundance, and con-
tinuity of live and dead vegetation interact with increased
seasonal warming and drying to drive wildfire severity
(Miller et al. 2009b, Steel et al. 2015, Parks et al. 2018,
Parks and Abatzoglou 2020). While modern wildfire
management suppresses most fire starts, those that exceed
suppression capacity account for the majority of burned
area, often during the most extreme fire weather (North
et al. 2015, Moreira et al. 2020). A paradigm shift that
recognizes wildfire and extreme fire weather as inevitable
and characteristic of seasonally dry forested ecosystems
may better foster fire- and climate-adapted forests and
human communities (Moreira et al. 2020).
Some restoration of low- and moderate-severity fire is

occurring (Parks et al. 2014, Stevens-Rumann et al.
2016, Walker et al. 2018a, Brown et al. 2019, Kane et al.
2019, Mueller et al. 2020). However, as described above,
current live and dead fuel loads and management
emphases diminish the likelihood of recapturing the
once extensive influence of low- and moderate-severity
fires. Departures from the successional patterns that
resulted from and supported active fire regimes (i.e.,
those uninterrupted by more than a century of human-
induced fire exclusion) have left many forests vulnerable
to the direct and indirect effects of seasonal and episodic
increases in drought and fire, especially under a warming

climate (Allen et al. 2002, Noss et al. 2006, Daniels
et al. 2011, Chavard�es et al. 2018, Keane et al. 2018,
Stephens et al. 2018a, Bryant et al. 2019).
Fire regime changes also influence other pattern-

process interactions and ecosystem functions, including
primary productivity relations, carbon and nutrient
cycling, evapotranspiration and distributed hydrology,
and the movement and persistence of organisms (Turner
1989, Bowman et al. 2009). Thus, implementation of sci-
entifically credible adaptation strategies can benefit
numerous social values, including quantity and quality of
water supply, stability of carbon stores, and air quality
(Stephens et al. 2020) as well as Indigenous fire steward-
ship and food security (Lake and Long 2014, Norgaard
2014, David et al. 2018, Sowerwine et al. 2019).
Proactive management informed by historical and con-

temporary forest and fire ecology can strengthen resis-
tance to disturbance and better align forest ecosystems
with rapidly changing climatic and disturbance regimes
(reviewed by Hessburg et al. 2021, Prichard et al. 2021).
Reducing the abundance and connectivity of fuels that
accumulated over more than a century of fire exclusion
can moderate ecosystem transitions and provide numer-
ous ecological and socioeconomic benefits (reviewed by
Prichard et al. 2021). Indigenous fire stewardship prac-
tices can inform active management that achieves shared
values to benefit tribes, local communities, and the
broader society when tribes contribute to leadership and
management of collaborative restoration partnerships
(Lake et al. 2018, Long and Lake 2018, Long et al. 2020).
Implementing adaptation strategies at scales sufficient

to alter contemporary disturbance regimes and recover
other ecosystem functions associated with widespread
low- and moderate-severity fires involves significantly
increasing active management of forested landscapes
(Spies et al. 2006, North et al. 2015, Stephens et al.
2016, Barros et al. 2017). Uncertainty, trade-offs, and
risks are inevitable components of both action and
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inaction, whether proactive or reactive; ongoing
research, multi-party monitoring, and adaptive manage-
ment seek to address these components and build trust
in proactive management (reviewed by Hessburg et al.
2021, Prichard et al. 2021). While integral to the devel-
opment of knowledge, dissent in the scientific literature
can contribute to conflict, confusion, and lack of con-
sensus in stakeholders, e.g., environmental and conserva-
tion organizations and the general public (Maier and
Abrams 2018). When fostered by incomplete assessment
of the best available science (Esch et al. 2018), this lack
of consensus may unnecessarily delay development and
implementation of constructive new solutions and poli-
cies (reviewed by Hessburg et al. 2021).
To aid those engaged in designing, evaluating, and

implementing science-based adaptation options, we eval-
uate lingering uncertainties about the high-severity com-
ponent of historical and contemporary fire regimes (e.g.,
see Moritz et al. 2018). We first provide a framework for
objectively assessing change in the structure, composi-
tion, and fire regimes of seasonally dry, fire-excluded
forested landscapes. We then review key aspects of more
than a century of research and observations of changes
in forest conditions and fire regimes and the influence of
those changes on contemporary processes and functions.
We contrast the evidence of change with evidence sug-

gesting that management that reduces forest density to
mitigate high-severity disturbance lacks sound ecological
support. Over the past two decades, the ecological and
policy implications of these publications (e.g., Baker and
Ehle 2001, Williams and Baker 2012, DellaSala and
Hanson 2019) have garnered substantial attention and
fostered confusion about the best available science. To
aid evaluation of the relative merit of this body of
evidence and counter-evidence to contemporary

management, we also synthesize independent, peer-
reviewed evaluations of methodologies used in the
counter-evidence publications.

FRAMEWORK FOR EVALUATING CHANGE

Terms of reference

Forest types.—We focus on temperate forests of interior
western North America (Fig. 2). This biogeoclimatically
diverse region supports a wide range of forest types com-
posed of broadleaf and coniferous species. Dominant
species on the dry end of the gradient include ponderosa
and Jeffrey pine (Pinus ponderosa and P. jeffreyi) and
some oak species (Quercus spp.). As moisture increases
or fire frequency decreases, species with higher shade tol-
erance and lower drought and fire tolerance increasingly
dominate; these include Douglas-fir (Pseudotsuga men-
ziesii); western larch (Larix occidentalis); sugar, western
white, and southwestern white pine (Pinus lambertiana,
P. monticola, and P. strobiformis); incense-cedar (Caloce-
drus decurrens); and grand and white fir (Abies grandis
and A. concolor). As mean annual temperatures decrease
with elevation or cold air drainage, forests are increas-
ingly dominated by lodgepole pine (Pinus contorta);
aspen (Populus tremuloides); red, silver, and subalpine fir
(Abies magnifica, A. amabilis, and A. lasiocarpa); moun-
tain hemlock (Tsuga mertensiana); Engelmann spruce
(Picea engelmannii); or whitebark pine (Pinus albicaulis).
Using Landfire (Rollins 2009) Biophysical Settings, we

classify these forest types as either cold, moist, or dry
(Fig. 2, Appendix S1). We exclude rainforests, coastal
forests, and Douglas-fir–western hemlock (Tsuga hetero-
phylla) forests of the Coast Ranges and the west slope of
the Cascade Mountain Range. These mesic and coastal

FIG. 1. Across western North America, fire frequency decreased substantially following expansion of colonization by Euro-
peans, intensive livestock grazing, decimation of Indigenous populations and suppression of Indigenous burning in the late 19th
century. The combined record of fire occurrence from more than 800 forest and woodland sites, the largest network of tree-ring-
based fire-scar chronologies in the world, illustrates this regionwide decrease in fire frequency. Reprinted from Swetnam et al.
(2016) with the author’s permission.
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forests are typically associated with infrequent high-
severity fire; however, a growing body of research sug-
gests that low- to moderate-severity fire also likely
affected their resistance and resilience (Daniels and Gray
2006), particularly in drier portions of their range (Spies
et al. 2018b) and where Indigenous people commonly
burned the forest (Pellatt and Gedalof 2014, Hoffman
et al. 2017, 2019). Resilience is the capacity of an

ecosystem to recover its essential characteristics (includ-
ing taxonomic composition, structure, ecosystem func-
tion, and process rates) following a disturbance, whereas
resistance is the property of an ecosystem to remain
essentially unchanged when disturbed (Grimm and Wis-
sel 1997). Additionally, forest types dominated by
Douglas-fir, western hemlock, and western redcedar
(Thuja occidentalis) do occur in the interior east of the

FIG. 2. (a) Summer available moisture and Interior Columbia Basin Ecosystem Management Project (ICBEMP) sampled area,
(b) cold, moist, and dry forest types, and (c) fire regime group (FRG) classes. FRG classes reflect strong regional variation in bio-
geoclimatic conditions between northern and southern North America generally and between the Rocky Mountain ecoregions and
those dominated by lower elevations. FRG I, fire return interval ≤ 35 yr, low and mixed severity; FRG III, fire return interval 35–
200 yr, low and mixed severity; FRG IV, fire return interval 35–200 yr, replacement or high-severity; FRG V, fire return interval >
200 yr, any severity. Portions of the study area that extend into Mexico and Canada are not shown in b and c because Landfire data
are not available for these regions. Data sources are (a) Hogg’s Climate Moisture Index (Hogg 1997) from ClimateWNA (Hamann
et al. 2013, climatewna.com); (b,c) Landfire (Rollins 2009, landfire.gov).
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Cascade crest, often mixed with the mesic or cold forest
species listed above.

Reference conditions.—The concept of “departure” neces-
sitates knowledge of past conditions and their variability,
often referred to as “reference conditions” or the historical
or natural “range of variation” (Morgan et al. 1994, Hess-
burg et al. 1999b, Swetnam et al. 1999, Keane et al. 2009).
Comparison of contemporary conditions with reference
conditions provides insight into the magnitude, rate, and
direction of change (Higgs et al. 2014). Timing of fire
exclusion (Fig. 1) varied widely, but commonly accompa-
nied disruption of Indigenous burning and expansion of
unregulated grazing of livestock by European settlers,
often many decades to more than a century prior to mech-
anized fire suppression, logging, and land development
(Marlon et al. 2012, Swetnam et al. 2016).
Reference baselines are commonly constrained to two

to four centuries prior to widespread colonization by
Europeans (ca. 1850). Climate and potential vegetation
patterns in this period were broadly similar to those of
the early 20th century, and data sources with high tem-
poral resolution, e.g., tree-rings and fire scars, can be
used to reconstruct environmental conditions for this
period (Morgan et al. 1994, Falk et al. 2011). Palaeoeco-
logical and archaeological evidence provide insight into
the influence of climate variation (Betancourt et al.
1990, Whitlock and Bartlein 1997, Beaty and Taylor
2009, Marlon et al. 2012, Swetnam et al. 2016, Bigio
et al. 2017) and Indigenous resource and fire use (Kaye
and Swetnam 1999, Klimaszewski-Patterson and Mens-
ing 2016, Roos et al. 2021) as drivers of change over
longer time frames. Areas with relatively intact forest
conditions or fire regimes (i.e., active fire regimes) pro-
vide insight into how historical forests and landscapes
might have operated under contemporary climate and
disturbance regimes (Stephens and Ful�e 2005, Collins
et al. 2009). Evaluation of landscape-level forest struc-
ture and composition with high spatial resolution, how-
ever, relies more heavily on conditions that existed in the
early to mid-20th century, the timeframe of the earliest
available aerial and oblique photos (Hessburg et al.
2000). Since no single approach addresses all relevant
scales of observation, multiple lines of independent cor-
roborating evidence are needed to quantify spatial and
temporal variation in reference conditions.

Multi-scale, multi-proxy records increase inference space

While individual methods are particularly well suited
for evaluating aspects of forest conditions and distur-
bance regimes at specific temporal and spatial scales
(Wiens et al. 2012, Morgan et al. 2014, Yocom Kent
2014), multi-proxy studies can compensate for limita-
tions in each data source (Swetnam et al. 1999, Daniels
et al. 2017). Incorporating several lines of evidence (e.g.,
multi-scale and multi-proxy studies, meta-analyses, or
simulation models) can increase confidence in results,

broaden inference space, clarify the existence and extent
of change, and provide insight into change mechanisms
(Whitlock et al. 2004, Taylor et al. 2016).
Multi-proxy, multi-scale research also reveals that,

when considered in isolation, lack of evidence of change
at any single scale of observation or in any single sam-
pled attribute may mislead interpretation of the degree
of ecosystem departures. For example, studies conducted
at plot or patch-scales may fail to capture variability of
vegetation conditions and fire severity across larger
landscapes (Marcoux et al. 2015). Thus, while change in
one or more aspect of a fire regime, e.g., percentage of
land affected by high-severity fire, may have occurred, it
may not be evident at all scales of observation. Similarly,
while the percentage of the land area affected by high-
severity fire may not have changed, spatial patterns of
high-severity fire may have (Collins et al. 2017). Reliance
on any one methodology or scale of observation is insuf-
ficient to understanding the scope of changes given the
multi-scale complexities of climate–vegetation-
disturbance feedbacks and their influence on patterns
and processes (Falk et al. 2019).

Forest conditions exist at multiple spatial scales.—Spatial
patterns of vegetation reflect strong linkages between
biogeoclimatic conditions, disturbance and succession
processes, and plant physiology that vary over space and
time. Here, we consider the dominant factors operating
at three spatial scales (Fig. 3): broad (>10,000 ha), meso
(100 to 10,000 ha), and fine (<100 ha). Each scale of
observation is important to understanding vegetation
change, subsequent interactions with disturbance pro-
cesses (i.e., fire, drought, insects, and pathogens), and
potential future conditions (Keane et al. 2009, Wiens
et al. 2012, Hessburg et al. 2019). To assess whether for-
est vegetation conditions are trending away from a given
baseline, it is essential to consider changes at several spa-
tial scales and in cross-scale linkages (sensu Wu and
Loucks 1995).
At broad scales, forests exist within a patchwork of

nonforest physiognomic types, including herbland/grass-
land, shrubland, woodland or savannah, and bare
ground. Physiognomic types generally reflect the range
of temperature, precipitation, solar radiation, soil, and
geomorphic conditions to which they are best adapted.
However, overlapping disturbances occurring in rapid
succession, e.g., frequent fire, can override site potential,
leading to relatively stationary patches of nonforest on
forest-capable sites (Coppoletta et al. 2016, Prichard
et al. 2017, Coop et al. 2020, McCord et al. 2020).
At meso-scales, heterogeneous patterns of forest and

nonforest structures and compositions reflect the history
of interacting and overlapping disturbances combined
with succession and stand dynamics processes (Perry
et al. 2011, Hessburg et al. 2016, 2019) as well as biogeo-
climatic conditions, e.g., soil types (Winthers et al.
2005). The result is a mosaic of forest successional
patches that reside within the larger physiognomic
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patchwork. As with physiognomic types, frequent distur-
bance can override site potential and inhibit succession
to closed-canopy forests or dominance by fire-intolerant
species (Agee 1996, 1998, Hessburg et al. 2005, North
et al. 2009, Stine et al. 2014).
At fine scales, physiological and anatomical traits of

tree, shrub, and herb species and interactions with soils
influence community structure and composition, canopy
and gap dynamics, variation in fuel load, and fire sever-
ity (North et al. 2002, Meyer et al. 2007, Reynolds et al.
2013, Strahan et al. 2016, Laughlin et al. 2017, Stevens
et al. 2020). These include traits that determine interac-
tions with fire for individual trees (e.g., bark thickness
and needle shape) and populations (e.g., reproduction
and germination strategies). Overlapping disturbances
also modify the imprint of previous events at fine spatial
scales (Hansen et al. 1991, Franklin and Van Pelt 2004).
Thus, in forests that burned frequently, variation in suc-
cessional stages typically occurred at very fine spatial
scales (<1 ha) resulting in a mosaic of individual trees,
clumps of trees, and openings, rather than patches or
stands (Franklin and Van Pelt 2004, Kaufmann et al.
2007, Larson and Churchill 2012, Churchill et al. 2013,

2017, Lydersen et al. 2013, Fry et al. 2014, Ng et al.
2020).

Fire regimes are multi-dimensional.—Multiple dimen-
sions of individual fires (Hessburg et al. 2021: Table 1)
interacting in a relatively persistent pattern over long
periods of time collectively comprise a holistic notion of
a fire regime (Agee 1996, Sugihara et al. 2018). Fire fre-
quency and severity are major drivers of ecological and
evolutionary response (Keeley 2012). However, limiting
definitions of fire regimes to the frequency and severity
that dominate a given area (e.g., frequent low-severity or
infrequent high-severity) oversimplifies ecological under-
standing of wildfire regimes, and impedes detection of
departures and projection of future conditions (Brown
et al. 2008, Collins et al. 2017). Multiple other aspects
of fire regimes (e.g., area burned, seasonality, spatial
complexity) must also be considered to understand the
natural variability of active fire regimes and evaluate
departures (Daniels et al. 2017).
Fire severity is often measured as the percentage mor-

tality of tree biomass (e.g., tree basal area or canopy
cover) after each fire event. Conventional definitions of

FIG. 3. At broad (>10,000 ha), meso (100 to 10,000 ha), and fine (<100 ha) scales, spatial patterns of vegetation are influenced
by biogeoclimatic conditions, disturbance and succession processes, and plant physiology. Heterogeneity is evident at each spatial
scale and can influence the spread of disturbances (e.g., fire) and the movement of resources (e.g., water and sediment) as well as
species. Area shown is west of Fort Collins, Colorado, USA.
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TABLE 1. A sample of the regional syntheses and meta-analyses providing multi-proxy, multi-scale assessments of historical and
contemporary forest and fire ecology.

Region and description Citations

Western North America
More than 800 fire-scar studies documented abrupt decline in fire
frequency in the late 19th century and provide ecological insights
into variation in top-down and bottom-up drivers of historical fire
regimes.

Falk et al. (2011), Swetnam et al. (2016),
Daniels et al. (2017)

Substantial departures in contemporary fire regimes and live and dead
vegetation patterns across dry, moist, and cold forested landscapes
increase vulnerability of forest ecosystems to drought and fire.

Hessburg et al. (2019)

Canada
Development and paradigm shift in wildland fire research over
past 50 yr.

Coogan et al. (2020)

Climate change impacts on fire regimes and impacts of
contemporary fire regimes on social and ecological systems.

Coogan et al. (2019)

Western United States
Variation in fire activity over the past 3,000 yr. Marlon et al. (2012)
Fire deficit relative to area expected to burn without fire suppression
given contemporary climate 1984–2012; area burned and fire severity
increased 1985–2017.

Parks et al. (2015), Parks and Abatzoglou (2020)

Influence of traditional tribal perspectives on ecosystem restoration. Long et al. (2020), Roos et al. (2021)
Correspondence between conifer species traits conferring fire resistance
and independent assessments of historical fire regimes.

Stevens et al. (2020)

Human influence on contemporary fire regimes. Balch et al. (2017)
Evaluation of conifer regeneration up to 69 yr post fire. Stevens-Rumann and Morgan (2019)

Colorado and Wyoming Front Ranges
Historical and contemporary ecology of ponderosa pine and dry
mixed-conifer forests.

Addington et al. (2018)

Fire regimes in ponderosa pine forests. McKinney (2019)
Historical and contemporary ecology of selected national forests. Dillon et al. (2005), Meyer et al. (2005a, b),

Veblen and Donnegan (2005)
Southwestern United States
Historical and contemporary ecology of ponderosa pine and dry
mixed-conifer forests and forest–grassland landscape complexes.

Reynolds et al. (2013), Dewar et al. (2021)

Sierra Nevada bioregion of California
Historical and contemporary ecology of ponderosa and Jeffrey pine and
mixed-conifer forests.

SNEP (1996), North et al. (2009, 2016),
Safford and Stevens (2017),
van Wagtendonk et al. (2018a)

Historical and contemporary ecology of red fir and subalpine forest
types.

Meyer and North (2019), Coppoletta et al.
(2021)

Northeastern California plateaus
Historical and contemporary ecology of dry conifer forests. Riegel et al. (2018), Dumroese and Moser (2020)

Northern California
Historical and contemporary ecology of forested landscapes. Skinner et al. (2018), Stephens et al. (2018b,

2019), Bohlman et al. (2021)
Pacific Northwest
Departures in contemporary fire regimes. Reilly et al. (2017), Metlen et al. (2018), Haugo

et al. (2019)
Historical and contemporary ecology of ponderosa pine forests in
Oregon and Washington; vulnerability of contemporary forests and
expanding wildland urban interface to increasing drought and fire
severity.

Merschel et al. (2021)

Historical and contemporary ecology of moist mixed conifer forests in
seasonally dry landscapes in Oregon, Washington, and Northern
California.

Perry et al. (2011), Spies et al. (2018b, 2019),
Stine et al. (2014), Hessburg et al. (2016)

Columbia River Basin in northwestern United States
The Interior Columbia Basin Ecosystem Management Project
(ICBEMP) used standard aerial photogrammetric methods, repeat
photo-interpretation, and a quantitatively representative sampling
scheme to build a data set of wall-to-wall, meso-scale landscape
reconstructions for 337 watersheds, mean area 9,500 ha. ICBEMP also
incorporated broad-scale succession and disturbance simulation
modeling calibrated with the meso-scale results.

Lehmkuhl et al. (1994), Huff et al. (1995),
Hann et al. (1997), Hessburg et al. (1999, 2000,
2005), Wisdom (2000). Raphael et al. (2001),
Hessburg and Agee (2003)
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fire regimes (e.g., Agee 1996) generally reflect the cumu-
lative abundance of low- (<20%), moderate- (20–70%),
and high- (>70%) severity fire in individual fire events at
broad temporal and spatial scales. However, each of
these severity classes (as well as other commonly used
terms like mixed or variable severity), encompass a wide
range of potential ecological outcomes, i.e., the differ-
ence between outcomes at either end of the severity gra-
dient in each of these classes can be substantive.
Additionally, these severity classes do not consider spa-
tial patterns of fire severity; without them, however,
assessment of the ecological impacts of fire events is
incomplete (Miller and Quayle 2015, Collins et al. 2017,
Shive et al. 2018, Walker et al. 2019).

EVALUATING EVIDENCE OF CHANGE

The cumulative results of more than a century of
research and observation from numerous disciplines
document regional and subregional variation in histori-
cal and contemporary forest and fire ecology (Table 1).
Here, we focus on key elements from this vast body of
work to illustrate the magnitude of change in forested
landscapes. Comprehensive reviews of departures within
and among forest types and regions are available in
existing syntheses, meta-analyses, and regionwide studies
(Table 1).
We begin with a landscape evaluation of change in veg-

etation spatial patterns and fire regimes across 61 million
ha (Hann et al. 1997, 1998) that encompass the highest
concentration of cold and moist forest in the interior
western United States (Fig. 2). Landscape assessments
that evaluate a broad variety of attributes of fire regimes
and forest conditions can reduce the risk of oversimplify-
ing or misrepresenting spatiotemporal variability in fire
severity and forest conditions. The substantial departures
documented in this assessment underscore those docu-
mented in numerous other studies both within this region
and in predominantly warmer, drier ecoregions (Table 1).
We also consider changes in extent of nonforest, which
can reflect significant changes in disturbance processes
over space and time (Perry et al. 2011, Hessburg et al.
2016, 2019, Coop et al. 2020).
Next, we review evaluations of departures from

active fire regimes. As physical evidence of fire occur-
rence, fire scar records remain a primary means of
exploring historical fire ecology. Networks of fire-scar
studies emerging from the cumulative results of a cen-
tury of tree-ring studies enable insights into landscape
and climate controls on fire (Falk et al. 2011). Along
with novel research designs for evaluating den-
drochronological records of fire history (Farris et al.
2010, Tepley and Veblen 2015, Greene and Daniels
2017, Naficy 2017), landscape-level assessments and
simulation models encompassing multiple forest types
can address concerns that sampling bias of fire-scar
studies favors detection of low-severity fire regimes
(e.g., see arguments in Hessburg et al. 2007).

Throughout, we reference results of landscape succes-
sion and disturbance models, which provide an impor-
tant means of extrapolating geographically limited
historical data across large areas, over long time periods,
under diverse climatic conditions, and over a wide range
of fuel characteristics (Bradstock et al. 1998, Keane
et al. 2004, Barros et al. 2017). Simulation modeling
allows ecologists to integrate what is currently known to
evaluate hypotheses that enhance our collective under-
standing of fire and its distributed effects (Spies et al.
2017, Barros et al. 2018, Keane 2019). Landscape suc-
cession and disturbance models combine fire history and
biotic information about forest species as parameters
(Keane 2019, Loehman et al. 2020) to inform simula-
tions of past, present, and future landscape-wildfire
dynamics (Keane et al. 2004, He et al. 2008). Perhaps
most importantly, these models can inform and evaluate
management scenarios; they can be used to simulate
multiple future climate, management, and exotic species
scenarios that can then be compared with simulated his-
torical conditions under a consistent framework to eval-
uate risks, trade-offs, and uncertainties (Keane 2019).

Forest and nonforest conditions are significantly departed

The Interior Columbia Basin Ecosystem Management
Project (hereafter, ICBEMP) documented widespread
forest expansion and densification between early (pri-
marily 1930s–1950s) and late (primarily 1990s) 20th cen-
tury (Hann et al. 1997, 1998, Hessburg et al. 2000,
2005). The ICBEMP encompassed the range of interior
forest environments distributed across Washington,
Idaho, Montana, Oregon, and northern California.
Using repeat photo-interpretation, standard aerial pho-
togrammetric methods, and a quantitatively representa-
tive sample (337 watersheds, mean area ˜10,000 ha), the
ICBEMP meso-scale assessment (Hessburg et al. 1999a,
2000, 2005, Hessburg and Agee 2003) evaluated change
in forest landscape patterns across the 20th century, and
the effects of those changes on fuel and fire regime con-
ditions. The results of this meso-scale assessment were
used to calibrate broadscale simulations of changes
across the entire ICBEMP area (Keane 1996, Hann
et al. 1997).
Both assessments (repeat photo-interpretation and

simulation modeling) found that high-severity distur-
bances at lower frequencies and low- and moderate-
severity disturbances at higher frequencies collectively
reduced total forested area and perpetuated relatively
widespread herbland/grassland, shrubland, woodland,
and, often, open-canopy forest, which tended to sup-
port high fire spread rates, low flame lengths, and low
fireline intensities under most fire weather conditions
(Keane 1996, Hann et al. 1997, Hessburg et al. 2016,
2019). By the late 20th century, dry, moist, and cold
forest landscapes had become more densely forested,
resulting in homogenization of previously diverse forest
and nonforest successional conditions, elevated
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vulnerability to contagious disturbances, and loss of
key habitats (Wisdom 2000, Raphael et al. 2001). These
changes were apparent despite extensive logging in the
mid to late 20th century and impacts of fire exclusion
evident by the 1930s in some areas. By the late 20th
century, the area likely to support fire regimes of low-
severity had been reduced by 53%, mixed-severity
remained roughly the same (although it shifted to sites
that supported low-severity fire regimes prior to fire
exclusion), and high-severity had nearly doubled
(Fig. 4, Keane 1996).
In studies spanning western North America, the

extensive influence of frequent low- and moderate-
severity fires in maintaining open-canopy dry forests
and woodlands has been repeatedly documented
(Table 1). Although not as prevalent, departures associ-
ated with the loss of low- to moderate-severity fire are
also documented in moist and cold forests. Examples
include lodgepole pine in the foothills of the Rocky
Mountains in Alberta (Amoroso et al. 2011) and in
cold-air drainages in the central Oregon Pumice Plateau
ecoregion (Heyerdahl et al. 2014, Hagmann et al. 2019);
mixed-conifer and subalpine forests in the Canadian
Cordillera (Marcoux et al. 2015, Chavard�es and Daniels
2016, Rogeau et al. 2016) and southwestern United
States (Margolis and Malevich 2016, Johnson and Mar-
golis 2019); red fir forests in California’s Sierra Nevada
ecoregion (Meyer et al. 2019), and the ICBEMP study
area (Fig. 2) described above. As in the ICBEMP area
(Fig. 4), increased surface fuel loads and canopy con-
nectivity in mid-elevation forests likely influence the fre-
quency of crown fire spread into more mesic high-
elevation forests in the southwest as well (O’Connor
et al. 2014a).
Oblique and aerial imagery from the early 20th century

document abundant nonforest cover in dry, moist, and
cold forest landscapes. The William Osborne survey of
Oregon and Washington in the 1930-1940s (Fig. 5)
encompasses nearly 1,000 panoramas (120°) taken on rid-
getops and at fire lookouts, and the Geological Survey of
Canada systematically collected approximately 120,000
high-resolution oblique images from 1880 to 1950 across
the mountains of western Canada (Higgs et al. 2009; pho-
tos available online).28 As in the ICBEMP assessment,
repeat photography from other regions shows substantial
landscape change through expansion and densification of
forest and consequent reduction in open-canopy forest
and nonforest. Examples include high-elevation ecosys-
tems in the Pecos Wilderness, New Mexico (deBuys and
Allen 2015); pine and mixed-conifer forest over
100,000 ha in northern Sierra Nevada, California (Lyder-
sen and Collins 2018); ponderosa pine in the Black Hills,
South Dakota (Grafe and Horsted 2002) and Colorado
Front Range (Fig. 6; Veblen and Lorenz 1991); and wide-
spread change across elevations in the Canadian Rocky

Mountains (Rhemtulla et al. 2011, Fortin et al. 2019,
Stockdale et al. 2019a, Trant et al. 2020).
From broad- to fine-scales (Fig. 3), the nonforest

patchwork influences landscape resilience and fire deliv-
ery to adjacent forest types. Flashy fuels, such as grami-
noids in grasslands, open-canopy forests, and sparse
woodlands, may readily spread fire to adjacent cover
types (Gartner et al. 2012, Conver et al. 2018, Prichard
et al. 2018). Moreover, flashy fuels are typically the first
to recover moisture content in the hours after sunset,
making them important to restricting the diurnal flow
of some wildfires (Simpson et al. 2016). Fine-scale tree-
less openings, highly variable in shape and abundance
(Figs. 5, 6), provided numerous functions, including
nutrient cycling and fostering biodiversity, in addition to
influencing the delivery of fire to adjacent areas (North
et al. 2005b, Larson and Churchill 2012, Churchill et al.
2017, Matonis and Binkley 2018, LeFevre et al. 2020).
Changes to spatial patterns of landscape and forest
structure (Figs. 5, 6) also influence aspects of the hydro-
logic cycle (e.g., evapotranspiration, soil water dynamics,
snow interception, snow water equivalent, and snow
melt timing), which can substantially reduce water avail-
able to downstream ecosystems (Boisram�e et al. 2017b,
2019, Schneider et al. 2019, Singer et al. 2019, Ma et al.
2020, Rakhmatulina et al. 2021).
Multiple factors, including fire exclusion, have con-

tributed to a reduction of nonforest cover and expan-
sion of dry, moist, and cold closed-canopy forest since
the early 19th century (Hessburg and Agee 2003,
Chavard�es et al. 2018, Eisenberg et al. 2019, Hessburg
et al. 2019, Stockdale et al. 2019a). While the depar-
tures described above may not be evident in all sam-
pled areas or at all spatial scales, the preponderance of
evidence demonstrates that the landscape surrounding
apparently unchanged ecosystems has very likely
changed even if a particular patch has not. In other
words, fuel loads and continuity may be higher than
historical levels for a landscape although not necessar-
ily for all patches in that landscape.

Fire regimes are significantly departed

One of the key findings to emerge from nearly every
tree-ring reconstruction of fire history is a widespread
reduction in fire frequency in the 20th century (Fig. 1)
compared to preceding centuries (Falk et al. 2011, Mar-
lon et al. 2012, Swetnam et al. 2016, Coogan et al.
2020). Paired tree-ring and sedimentary charcoal-based
fire histories from the same locations show 20th-century
decreases in fire occurrence that are unprecedented in
recent millennia (Allen et al. 2008, Beaty and Taylor
2009, Swetnam et al. 2009).
Frequent fire reduces the intensities and severities of

subsequent fires by maintaining tree densities and live
and dead fuel loads at levels below those that local site
productivity could readily support (Reynolds et al. 2013,
Stine et al. 2014, Safford and Stevens 2017, Addington

28maps.tnc.org/osbornephotos/ and iamwho.com/cdv2/pages/
byname.htm
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et al. 2018, Battaglia et al. 2018). Overlapping fires lim-
ited the spread of crown fire and other contagious pro-
cesses (e.g., insect outbreaks and disease epidemics,
Hessburg et al. 1994, 1999b) by reinforcing discontinuities

in canopy cover, species composition, tree size and age
classes, and surface fuel abundance (Roccaforte et al.
2008, Collins et al. 2009, Ful�e et al. 2012a, van Wagten-
donk et al. 2018b). Absence of frequent fire provides

FIG. 4. Broadscale (1-km2 pixel) map of transitions from historical (ca. 1800) to late 20th century fire-severity classes in the
Interior Columbia Basin. Adapted from Hessburg et al. (2005).
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opportunities for abundant tree recruitment, particularly
on more productive sites (Merschel et al. 2014, Johnston
2017) and during wet periods (Taylor 2000, Brown and
Wu 2005, Brown 2006, Battaglia et al. 2018).

Simulations of wildfire and vegetation dynamics show
that when fire is excluded from frequent-fire ecosystems,
tree density increases; the proportion of fire-intolerant
species increases; surface, ladder, and canopy fuels

FIG. 5. Repeat photography from 1936 and 2018 demonstrates departure in spatial patterns of wet and dry meadows and cold for-
est successional conditions resulting from the densification and expansion of forest cover under the influence of fire exclusion, Eagle
Cap Wilderness, Wallowa Mountains, Oregon. Bottom pair shows close-up of area outlined in red in the top pair. Top photo in each
pair is a U.S. Forest Service 120-degree Osborne panorama dated 7 September 1936, National Archives and Records Administration,
Seattle, Washington, USA. Bottom photo in each pair taken from 9,000 feet on 18 September 2018. Copyright 2018 John F. Marshall.
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FIG. 6. Repeat photography from 1900 to 1910, 1985, and 2016 illustrates densification and expansion of ponderosa pine cover
under fire exclusion in hills west of Boulder, Colorado (Veblen and Lorenz 1991). Photo credits: 1900–1910, Louis C. McClure
Courtesy Denver Public Library, Western History Collection, MCC-306; 1985, T. T. Veblen and D. C. Lorenz; 2016, T. T. Veblen.
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accumulate; and water available for forest growth decli-
nes (Wallin et al. 1996, Wimberly and Kennedy 2008,
Diggins et al. 2010). These conditions can foster large
and intense fires with effects that are not often observed
in simulated historical ranges (Hann et al. 1997, Keane
et al. 2009, 2018, Holsinger et al. 2014, Loehman et al.
2017, Haugo et al. 2019, Stockdale et al. 2019b). Corre-
spondingly, forest succession and disturbance modeling
projects lighter fuel loads and fewer high-intensity fires
when departures from active fire regimes are low (King
et al. 2008, Riggs et al. 2015).
Stands and landscapes with relatively intact or

restored fire regimes (i.e., active fire regimes) provide
insight into how historical forests and landscapes oper-
ate under contemporary climate and disturbance
regimes (Cort�es Monta~no et al. 2012, Yocom Kent et al.
2017, Arizpe et al. 2021, Dewar et al. 2021, Murphy
et al. 2021; and sources in Prichard et al. 2021: Table 2).
Contemporary forests with relatively intact fire regimes
experienced the climate variations of the 19th and 20th
centuries, but do not exhibit changes in structure and
composition comparable to fire-excluded forests (Ste-
phens and Ful�e 2005, Lydersen and North 2012, Paw-
likowski et al. 2019). Similarly, forests with relatively
intact fire regimes have not experienced the increased
severity of disturbance events observed on comparable
areas affected by fire exclusion (Rivera-Huerta et al.
2016, Murphy et al. 2021).

Broader impacts of fire regime departures

Modern wildfire suppression extinguishes essentially
all fire starts except those that overwhelm fire suppres-
sion capacity and can only be extinguished when aided
by a significant change in the weather (North et al.
2015, Moreira et al. 2020). Despite increasing suppres-
sion efforts, both area burned and area severely burned
have increased as temperatures and widespread drought
accelerated near the end of the 20th century (Westerling
et al. 2006, Abatzoglou and Williams 2016, Parks and
Abatzoglou 2020). Nonetheless, burned area in most
forested ecosystems is still much lower than would be
expected based on fire–climate relationships (Stephens
et al. 2007, Ful�e et al. 2012b, Marlon et al. 2012, Mallek
et al. 2013, Parks et al. 2015, Taylor et al. 2016).
Contemporary fires burn in landscapes with greater

forest density and connectivity, surface fuel accumulation,
and proportion of small trees relative to larger, more fire-
resistant trees, all of which contribute to more severe fires
(Graham et al. 1999, 2004, Jain and Graham 2007). An
eight-fold increase in annual area burned at high-severity
occurred between 1985 and 2017 in western U.S. forests
(Parks and Abatzoglou 2020), and fuels (i.e., live and
dead vegetation) have been implicated as the primary dri-
ver of stand-replacing fire in most regions of the western
United States (Steel et al. 2015, Parks et al. 2018).
Departures from forest structures and compositions
maintained by active fire regimes also contributed to

uncharacteristically high levels and patterns of mortality
during recent severe droughts (Bentz et al. 2010, Fettig
et al. 2013, 2019, Stephens et al. 2018a). During those
same droughts, however, stands with lower live basal area
or density experienced lower tree mortality rates than
stands with higher basal area or density for a given mois-
ture regime, especially on drier sites (Rivera-Huerta et al.
2016, Young et al. 2017, Restaino et al. 2019).
High-severity fire is an essential component of many

forested landscapes, not only through the provision of
unique snag and complex early seral habitats (Swanson
et al. 2011), but also through its influence on numerous
other ecosystem functions, including nutrient and hydro-
logical cycles and the rate and abundance of debris flow
and sediment deposition (Bisson et al. 2003). However,
constraints imposed on the relative abundance and patch
sizes of high-severity fire by active fire regimes in dry,
moist, and cold forests are also critical to maintaining
the diverse and unique ecosystem characteristics of sea-
sonally dry forested landscapes (Fig. 4, Table 1). Given
widespread reductions in nonforest in the 20th century,
some conversion of forest to nonforest area may aid
recovery of ecosystem functions associated with active
fire regimes, as seen where wildland fire was restored
after nearly a century of fire exclusion (Boisram�e et al.
2017a). Additionally, some cover type conversions are
inevitable as landscapes adjust to a warming climate,
perhaps particularly in southwestern North America
(Falk 2013, Loehman et al. 2018, Field et al. 2020).
Studies of contemporary fires demonstrate, however,

that high-severity fire is overrepresented in forests histor-
ically characterized by frequent low- to moderate-
severity fire regimes (Table 2). Increased frequency of
high-severity fire in these forest types is a concern for
many reasons, including the likelihood that areas burned
at high severity often reburn at high severity (Thompson
et al. 2007, Lydersen et al. 2017, Prichard et al. 2017,
Collins et al. 2018, Coop et al. 2020, Povak et al. 2020)
even after a century of fire exclusion and forest succes-
sion (Taylor et al. 2020). Spatial patterns of high-
severity fire in these forests are also a key departure of
contemporary fire regimes (Hessburg et al. 1999a, 2015,
2019, Ful�e et al. 2014, Reilly et al. 2017, Stevens et al.
2017). Even in forest types historically dominated by
infrequent high-severity fire, fire severity patterns have
likely changed given the suppression of most fire starts
and absence of fires spreading in from adjacent forest
and nonforest (Fig. 4; Perry et al. 2011, O’Connor et al.
2014, Johnson and Margolis 2019).
In landscapes historically dominated by frequent low-

and moderate-severity fires, increases in high-severity
fire are further reducing the abundance of large and old
fire- and drought-tolerant trees (Table 2). These once
prevalent trees, are currently rare and “endangered”
(Stephens et al. 2016, Miller and Safford 2017, Reilly
et al. 2018). Large and old fire- and drought-tolerant
trees were heavily logged in the 20th century (Hessburg
and Agee 2003, Brown and Cook 2006, Naficy et al.
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TABLE 2. High-severity fire effects in recent fires exceed the pre-fire exclusion range of variation in landscapes historically
dominated by frequent low- and moderate-severity fires.

Citation Key findings Forest type Methods Study area

Mallek et al.
(2013)

In lower and middle elevation
forests, area burned at low- to
moderate-severity fire is
substantially lower than
expected while severity in
recent fires is much higher
than estimated for conditions
prior to fire exclusion. Fires of
all severities are at a deficit in
upper elevation forests.

Lower (oak
woodlands to
ponderosa and
Jeffrey pine),
middle (mixed conifer),
and upper (red fir and
subalpine forest)
elevation forests.

Compared fire severity
distributions in modern
(1984–2009) fires based on
relative delta normalized
burn ratio (RdNBR) with
pre-fire exclusion fires
based on average of
LANDFIRE Biophysical
Settings (BPS) and
Stephens et al. (2007).

Sierra Nevada
and southern
Cascade Ranges,
California

O’Connor et al.
(2014)

Conversion of more than 80%
of landscape from frequent
low- to mixed-severity fire
regime to one of infrequent
moderate- to high-severity fire.
Current high fuel loads shift
climate drivers of fire
behavior: (1) extreme drought
no longer necessary for fire
spread to mesic forest types
and (2) antecedent moist
conditions no longer necessary
for spreading fires.

Pine and dry mixed
conifer

Compared fire size and
severity distributions in
modern (1996 and 2004,
RdNBR) fires with size
and severity of fires prior
to 1880 reconstructed from
a gridded tree-ring
sampling network.

Pinale~no
Mountains,
southeastern
Arizona

Harris and
Taylor (2015)

Increases in tree density, basal
area, and fuels due to fire
exclusion since 1899 shifted
fire regime from frequent low
severity to mixed severity.

Mixed conifer Compared fire severity in
2013 (RdNBR) with fire
severity prior to 1899
reconstructed from
documentary records,
radial growth of tree rings,
fire-scars, and tree-age
structure.

2013 Rim Fire,
Yosemite
National Park,
California

Yocom-Kent
et al. (2015)

Largest (>1,000 ha) high-
severity patches in modern
(2000–2012) fires exceeded
those reconstructed for
1,400 ha study area; however,
cannot rule out stand-
replacing fire prior to mid-
1700s

Mixed conifer and aspen Compared high-severity fire
patch size in modern (2000
–2012) fires reconstructed
from ground-truthing of
satellite imagery with
historical fires
reconstructed from fire-
scar and tree-age data.

North Rim,
Grand Canyon
National Park,
Arizona

Fornwalt et al.
(2016)

Tree(s) >200 yr old present in
4% area after fire compared to
70% before fire.

Unlogged ponderosa
and ponderosa–
Douglas-fir

Compared 2013 aerial
imagery to pre-fire age
structure in randomly
selected polygons.

2002 Hayman fire,
Colorado

Rivera-Huerta
et al. (2016)

Following 30 yr of fire
suppression, increasing high-
severity patch size; fires
remain easy to suppress and
predominantly low.

Jeffrey pine and mixed
conifer

Quantified area burned at
high-severity in fires from
the onset of fire
suppression (roughly 1984)
to 2010. RdNBR threshold
of 652 indicates ≥90%
reduction in basal area.

Baja California,
Mexico

Bigio et al.
(2010, 2017)

2002 Missionary Ridge fire was
the most extensive and severe
fire event in at least the past
2,600 yr in this steep,
mountainous terrain.

Ponderosa and Gambel
oak (Quercus gambelii)
to mixed conifer

Compared fire-related
deposition from debris
flow and sediment-laden
floods following the 2002
fire with alluvial-sediment
records covering 3,000 yr.

2002 Missionary
Ridge fire, San
Juan Mountains,
Colorado

Reilly et al.
(2017)

High-severity fire effects in 23–
26% of burned area in 1985–
2010 exceeded expectations in
most fire history studies.

Ponderosa pine and
mixed conifer

Compared fire severity
distributions for modern
fires (1985–2010, RdNBR)
with expected distributions
derived from fire history
studies; RdNBR burn
severity thresholds were
derived from pre- and
post-fire CVS inventory
data.

Oregon and
Washington
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2010), and populations have continued to decline due to
direct and indirect effects of drought stress, bark beetle
outbreaks, and wildfire (Bentz et al. 2010, Fettig et al.
2013, 2019, McIntyre et al. 2015, Lydersen et al. 2017,
Stephens et al. 2018a, Restaino et al. 2019, van Mant-
gem et al. 2020). Bark beetle outbreaks, accentuated by
high forest density that exacerbates drought stress and
facilitates infestation, continue to reduce average tree
size and age in ponderosa and Jeffrey pine forests as
bark beetles preferentially target larger individuals (Fet-
tig et al. 2019, cf. Hood et al. 2020).
Recent trends in high-severity fire effects may con-

tribute to further departures and present impediments to
forest regeneration due to limitations on seed dispersal

capacity and altered site conditions (Stevens-Rumann
et al. 2018, Davis et al. 2019, Stevens-Rumann and
Morgan 2019), particularly in the case of short interval
reburns (Stephens et al. 2018a, Coop et al. 2020). Con-
straints on tree regeneration may be an inevitable conse-
quence of a warming climate. Note, however, that
regeneration in semiarid forest–steppe ecotones exhib-
ited resilience to recent low-severity fires but not high-
severity fires (Harris and Taylor 2020). Additionally,
recent work shows that the biogeochemical impacts of
high-severity fires are much longer-lasting than previ-
ously assumed, leading to concern that increased high-
severity burning will negatively impact soil organic car-
bon and nutrient cycling (Dove et al. 2020).

TABLE 2. Continued

Citation Key findings Forest type Methods Study area

Safford and
Stevens (2017)
(Fig. 6 adapted
from Miller
and Safford
2008)

Area burned at high severity in
modern fires exceeded
estimates of area burned prior
to European colonization.

Ponderosa and
Jeffrey pine and mixed
conifer

Compared modern fires
(1984–2004, RdNBR) with
Landfire BPS model
estimates of high-severity
fire extent prior to
European colonization.

Sierra Nevada,
California

Walker et al.
(2018)

For areas that burned under
extreme fire weather, sites
lacking recent prior fire
overwhelmingly converted to
non-forest; more than half the
total fire area is >50 m from
surviving seed source.

Ponderosa and
mixed conifer

Compared burn severity in
2011 (dNBR) on sites that
had not burned in >100 yr
with sites previously
burned in prescribed fire
and wildfire events that
approximated fire
frequency prior to fire
exclusion.

2011 Las Conchas
fire, northern
New Mexico

Hagmann et al.
(2019)

Stand-replacing fire effects in
23% of burned area in 1985–
2015 compared to 6% in 1918.

Ponderosa pine,
lodgepole pine, and
mixed conifer

Compared extent of stand-
replacing fire (RdNBR
threshold of 962) for 1985–
2015 fires (61,188 ha) with
extent of burned area with
no live trees >15 cm dbh
following fires that burned
>78,900 ha in 1918.

Pumice Plateau
ecoregion,
Oregon

Haugo et al.
(2019)

High-severity fire effects in 36%
of burned area in 1984–2015
exceeded 6–9% expected
historically.

Frequent low-
severity, FRG I

Compared area burned at
high severity in modern
(1984–2015, RdNBR) fires
using previously validated
thresholds for low,
moderate, and high burn
severity classes with
simulated historical fire
regime using BPS models
in LANDFIRE.

Oregon and
Washington

Nigro and
Molinari (2019)

Average proportion burned at
high severity in modern (2000
–2016) fires more than 1.5
times greater than historical
estimates; largest patch sizes
larger than those recorded
since 1900.

Ponderosa and
Jeffrey pine and
mixed conifer

Compared area burned at
high severity in modern
(2000–2016) fires using
RdNBR threshold for
≥90% reduction in basal
area with LANDFIRE
BPS and relevant
literature.

Sky island forests,
southern
California

Taylor et al.
(2020)

In 2008, proportionally more
mortality occurred in low and
mid-elevation forests and less
in high-elevation forests than
in the 19th century.

Unlogged low and
mid-elevation
ponderosa pine,
oak, and mixed
conifer forests and
high-elevation red
fir forests.

Compare spatial patterns of
fire severity in 2008 fire
(RdNBR) burning under
moderate weather with
those of the late 19th
century reconstructed
from tree-ring and
documentary records.

Cub Creek
Research
Natural Area,
northern
California
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EVALUATING EVIDENCE OF LACK OF CHANGE

In this section, we review publications that suggest the
preponderance of evidence misrepresents or overgeneral-
izes departures from active fire regimes. These publica-
tions then suggest that management actions aimed at
recapturing the influence of abundant low- and moderate-
severity fire lacks a sound ecological foundation. Over the
past two decades, independent research groups have eval-
uated the methods and inferences proposed by these pub-
lications and documented multiple weaknesses. Despite
demonstrated methodological biases and errors, new
papers employing those methods, or results and conclu-
sions derived from them, continue to pass peer review. To
aid evaluation of this body of counter-evidence, we apply
the same framework used above to evaluate evidence of
change in forest conditions and fire regimes. We also syn-
thesize peer-reviewed evaluations of the methods used in
counter-evidence publications.

Misrepresented historical forest conditions

Publications based on novel methods for estimating
historical forest density (Williams and Baker 2011) from
early land surveys conducted by the General Land
Office (GLO) have suggested that densities and fire
severities of dry forests were higher and more variable
than previously thought (Table 3). As described below,
limitations of both GLO data and the methods used
undermine this conclusion. Additionally, as Ful�e et al.
(2014) observed, existing research documented even
greater heterogeneity in historical forest conditions,
including higher densities, than was reconstructed from
GLO data. Conflating high-frequency, low-severity fire
regimes with homogeneity misrepresents the heterogene-
ity of those systems and disregards critical ecosystem
functions associated with fine-scale spatial patterns in
uneven-aged, predominantly open-canopy forests domi-
nated by mature and old trees (Table 1).
Valid methods exist for deriving density estimates

from spatial point patterns, such as GLO bearing trees
(Cogbill et al. 2018). However, the extremely low sam-
pling density of this national land survey limits reliable
estimates to the average forest density for a large area.
The typical spacing of 0.8 km between GLO survey
points and a maximum of two or four trees per point
yields a sample of, at most, eight trees per 260 ha.
Levine et al. (2017) documented roughly 50% accuracy
given a minimum of 50 GLO survey points (roughly
3,000 ha). Hanberry et al. (2011) documented accuracy
of �10% given GLO survey points in 10–20 townships
(90,000–180,000 ha) depending on the number of bear-
ing trees per point.
Thus, even when using independently validated meth-

ods, estimates of average density at such coarse spatial
scales mask substantial heterogeneity in forest conditions
at fine- and meso-scales. These records cover essentially
all of the western United States, however, and can provide

valuable insights into landscape change at coarse scales.
For example, Knight et al. (2020) reconstructed average
tree density for the floristically diverse Klamath Moun-
tains at township (roughly 9,320 ha) resolution and docu-
mented substantial departures from historical conditions,
including forest densification and loss of oak woodlands.
Williams and Baker (2011) proposed a method for

estimating average tree density for three and six pooled
GLO survey points (roughly 260 and 520 ha, respec-
tively). However, due to the lack of a correction factor
that accounts for the number of trees used to estimate
density at individual sampling points, methods devel-
oped by Williams and Baker (2011) overestimated tree
densities by 24–667% for contemporary stands with
known densities (Levine et al. 2017, 2019). Levine et al.
(2017, 2019) enabled independent evaluation of their
methods and data by archiving all GLO estimator code
and data on publicly accessible websites; data and code
supporting Williams and Baker (2011) are not similarly
accessible (Stephens et al. 2021). Independently vali-
dated methods for estimating tree density from point
data were shown to yield estimates that were less biased
(Levine et al. 2017) as well as more consistent with tree-
ring reconstructions and less than half as large (John-
ston et al. 2018) as those produced using Williams and
Baker (2011) methods.
Density estimates based on Williams and Baker (2011)

methods are also inconsistent with tree-ring reconstruc-
tions and early 20th-century timber inventory records
for areas where the data overlap (Tables 3–5). Counter-
evidence publications have suggested that tree-ring
reconstructions might overrepresent the historical influ-
ence of low- to moderate-severity fire (Table 4) and that
early timber inventories (which systematically sampled
10–20% of the area of relatively large landscapes) are
biased, inaccurate records of historical tree densities
(Table 3). Like all data sets, dendroecological recon-
structions and early timber inventories have limitations.
However, as described below and in Tables 3–5, indepen-
dent research groups have tested methodological con-
cerns about underrepresentation of high-severity fire
effects and the capacity of early timber inventories to
represent early 20th century forest conditions and shown
them to be unfounded. Dendrochronological reconstruc-
tions and early timber inventories demonstrate consis-
tency with each other and with other independent data
sources (Scholl and Taylor 2010, Stephens et al. 2015,
Hagmann et al. 2017, 2019).
When comparing study results, accounting for ecologi-

cally relevant differences in site conditions or methodolo-
gies is essential. However, counter-evidence publications
consistently do not account for these differences
(Tables 3–6). One of many such comparisons involves a
study of ponderosa pine on two 1-ha plots each of which
was intentionally selected because it contained >75 trees
per hectare >250 yr old (Morrow 1985). Baker and Han-
son (2017) compared average tree density in these two
selectively sampled hectares (Morrow 1985) with average
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tree density for >50,000 ha of mixed-conifer forest from a
systematic sample of 20% of the area in an early timber
inventory (Hagmann et al. 2014). Williams and Baker
(2011) and Baker and Williams (2018) also compared
average tree density in these two selectively sampled hec-
tares (Morrow 1985) with average density estimated for
520 ha from GLO land survey data. Average tree density
in two selectively sampled 1-ha plots cannot credibly be
assumed to represent average densities for the substan-
tially larger areas in these comparisons, particularly given
abundant documentation of fine- and meso-scale varia-
tion in historical forest and landscape structure (Table 1).
The low sampling density and, hence, low spatial reso-

lution of GLO land survey data precludes analysis of the
spatial patterns that influence disturbance severity or
response to disturbance in forests and forested land-
scapes. Validated methods for deriving estimates of aver-
age tree density from GLO data may support conclusions

about changes in average tree density or composition at
broad spatial scales (e.g., Knight et al. 2020). However,
objective conclusions about lack of change in forest con-
ditions and fire regimes require additional lines of evi-
dence. Multi-scale analysis of forest conditions and fire
regimes (including spatial patterns in tree clumps, canopy
gaps, forest successional types, physiognomic types, and
stand-replacing fire) is essential to avoid misleading inter-
pretations of the degree of ecosystem departures.

Misrepresented fire regimes

Counter-evidence publications have also posited that
the high-severity component of contemporary wildfires
is consistent with historical fire regimes based on the
suggestions that high-severity fire was common histori-
cally (Tables 4 and 5) and modern wildfire severity is
overestimated (Table 6). These assertions are

TABLE 3. Publications presenting (1) counter-evidence asserting that forests were denser than previously thought and (2)
evaluations of methods and inferences in counter-evidence publications.

Counter-evidence Evaluation of counter-evidence

Citations Counter-premise Citations Implications of evaluation

Williams and Baker
(2011)
Baker and Williams
(2018)

Novel methods
provide estimates of
tree density from
point data, i.e.,
General Land
Office (GLO)
records of bearing
trees.

Levine et al. (2017,
2019)

Multiple existing plotless density estimators (PDE)
provided less biased estimates than the PDE developed
by Williams and Baker (2011), which overestimated
known tree densities by 24–667% in contemporary
stands.

Knight et al. (2020) Methods supported by PDE sampling theory and
multiple accuracy assessments further demonstrate the
potential for misrepresentation of historical tree density
by biased estimators used at resolutions substantially
smaller than the minimum recommended for ˜50%
accuracy.

Williams and Baker
(2012)

Historical forests
were denser than
previously
documented.

Johnston et al.
(2018)

Existing methods for estimating tree density from point
data (Morisita 1957, Warde and Petranka 1981) yielded
densities more consistent with tree-ring reconstructions
and less than half as large as estimates using Williams
and Baker (2011) methods.

Williams and Baker
(2012)
Baker (2015a, b, 2012,
2014)

Historical forests
were denser than
previously
documented.

Hagmann et al.
(2013, 2014, 2017,
2019), Collins et al.
(2015), Stephens
et al. (2015, 2018c),
Battaglia et al.
(2018), Johnston
et al. (2018)

Consistent with the finding that Williams and Baker
(2011) methods overestimate tree density (Levine et al.
2017, 2019, Johnston et al. 2018, Knight et al. 2020),
early timber inventory records and tree-ring
reconstructions for the same study areas documented
substantially lower tree densities than those estimated
using Williams and Baker (2011) methods.

Hanson and Odion
(2016)

Managing for dense,
old forest and high-
severity fire is
consistent with
historical
conditions.

Collins et al. (2016) Fundamental errors compromise assertions about
historical conditions, including: (1) inappropriate use of
coarse-scale habitat maps and (2) inaccurate
assumption that areas lacking timber volume in early
inventories indicate past high-severity fire.

Odion et al. (2014),
Baker (2015a, b)
Baker and Hanson
(2017)

Spatially extensive
early timber
inventories and bias
in their use and
interpretation
misrepresent
historical
conditions.

Stephens et al.
(2015), Collins
et al. (2016),
Hagmann et al.
(2017, 2018, 2019)

Fundamental errors compromise conclusions, including:
(1) use of previously discredited methods (Williams and
Baker 2011) to estimate tree density from GLO data as
a baseline comparison; (2) incorrect assumptions about
the methodological accuracy of early timber
inventories; (3) inappropriate comparisons of studies of
vastly different spatial scales, forest types, and diameter
limits; (4) unsubstantiated assessment of bias in the
locations of early timber inventories; and (5)
unwarranted assumptions about vegetation patterns as
indicators of fire severity.
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compromised by methodological errors leading to
underestimation of historical fire frequency, overestima-
tion of historical fire severity, and underestimation of
contemporary fire severity, as described in this section.
Additionally, without consideration of all dimensions of
a fire regime, one cannot objectively conclude that eco-
logically relevant departures have not occurred. For
example, while fire regimes may not differ in one dimen-
sion (e.g., abundance of high-severity fire), they may dif-
fer in other dimensions (e.g., size or complexity of
patches of high-severity fire). Similarly, while the domi-
nant fire severity class (e.g., moderate) may not have
changed for a given area, median percent mortality may
have (e.g., a shift from 30% to 70%).

Underestimated historical fire frequency.—Dendroeco-
logical methods for reconstructing spatial point patterns
of fire history have well-documented strengths and limi-
tations (Stokes and Dieterich 1980, Baisan and Swetnam
1990, Falk et al. 2011, Daniels et al. 2017). Fire scars
record low-severity (non-lethal) fire at a specific place

and time; however, absence of a scar on nearby trees
may indicate either that the area did not burn or that it
burned without scarring (i.e., absence of evidence is not
evidence of absence; Fig. 7c). A common approach to
overcoming this uncertainty is to composite fire scar
dates from multiple trees. As more trees are sampled, the
probability of detecting additional fires increases and
eventually plateaus (Falk and Swetnam 2003). As trees
are sampled across larger landscapes, the composite
mean fire interval (CMFI) may be reduced as more fire-
scar dates are found, especially in forests that historically
experienced numerous relatively small fires (Collins and
Stephens 2007). To avoid overestimating fire return
intervals based on point sampling, researchers recom-
mend (1) limiting compositing of fire dates to relatively
small areas where fuel and topographic conditions would
likely have resulted in generally uniform burning condi-
tions; (2) collecting numerous samples to saturate the list
of fire dates, reporting the point fire interval, and
demonstrating a sampling plateau (Falk and Swetnam
2003, Van Horne and Ful�e 2006); (3) using minimum

TABLE 4. Publications presenting (1) counter-evidence asserting that tree-ring reconstructions overestimate fire frequency and
rotation and (2) evaluations of methods and inferences in counter-evidence publications.

Counter-evidence Evaluation of counter-evidence

Citations Counter-premise Citations Implications of evaluation

Baker and Ehle
(2001, 2003)
Ehle and Baker
(2003), Kou and
Baker (2006a, b),
Baker (2006, 2017),
Dugan and
Baker (2014)

Tree-ring
reconstructions
misrepresent historical
fire regimes by
overestimating fire
frequency and extent
because (1) unrecorded
fires (e.g., fires that did
not scar trees) increase
uncertainty of mean
fire interval (MFI); (2)
interval between pith
(origin) and first fire
scar should be
considered a fire-free
interval and included in
calculations of MFI;
(3) targeted sampling
of high scar densities
biases MFI; (4) mean
point fire interval
(mean of intervals
between fire scars
weighted by the
number of fire scars)
may more accurately
represent historical fire
rotation than MFI
(mean interval between
all fire scars).

Collins and Stephens
(2007)

Unrecorded fires (fire did not scar the tree) may
contribute to underestimation, not overestimation, of
fire frequency and extent in frequent fire systems.
Probability of scarring decreased when intervals
between successive fires were short in areas burned by
up to four late 20th-century fires. Absence of scar
does not indicate absence of fire.

Brown and Wu
(2005), Van Horne
and Ful�e (2006)
Brown et al. (2008)
Stephens et al.
(2010), Yocom
Kent and Ful�e
(2015)
Meunier et al. (2019)

Including origin-to-first-scar interval erroneously
inflates MFI. Not all trees that survive fire are
scarred. As an ambiguous indicator of fire-free
interval, it should not be included in calculations of
MFI. Additionally, tree establishment may not
indicate a stand-replacing disturbance in dry forests
where regeneration is strongly associated with climate.

Ful�e et al. (2003)
Van Horne and Ful�e
(2006)
Farris et al. (2010,
2013)
O’Connor et al.
(2014)

Complete, systematic (gridded), and random sampling
at stand, watershed, and mountain range scales have
repeatedly demonstrated fire frequencies similar to
those derived from targeted sampling within forest
types and scales. In direct comparison studies, no
evidence was found that targeted sampling of fire-
scarred trees biased MFI estimates. Targeted
sampling reconstructed fire parameters comparable
to those derived from systematic sampling of both a
subset of the trees and all trees in a study area and
from independent 20th-century fire atlases.

Farris et al.(2010)
Huffman et al.
(2015)

Rather than overestimating fire frequency as suggested
in counter-premise papers, MFI may underestimate
fire frequency, especially where small fires were
abundant.

Van Horne and Ful�e
(2006)
Farris et al. (2013)

Composite mean fire intervals (CMFI, e.g., fires
recorded on 25% of samples) are relatively stable
across changes in sample area or size. See the section
on “Underestimated historical fire frequency” for a
more detailed summary of CMFI and the highly
problematic and inherently biased alternatives
proposed in counter-evidence publications.
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TABLE 5. Publications presenting (1) counter-evidence asserting that modern wildfires are not unlike historical fires because
severity of historical fires is underestimated and (2) evaluations of methods and inferences in counter-evidence publications.

Counter-evidence Evaluation of counter-evidence

Citations Counter-premise Citations Implications of evaluation

Shinneman and
Baker (1997)

Based on early forest
inventory age data sets,
“nonequilibrium” areas
of extensive, high-
severity fires in the
Black Hills led to
landscapes dominated
by dense, closed-
canopy forests.

Brown (2006) Tree-ring reconstructions of ponderosa pine forest age
structures and fire regimes across the Black Hills found
synchronous regional tree recruitment largely in response
to pluvials and longer intervals between surface fires,
especially during the late 1700s/early 1800s, which is when
early inventory data report similar patterns of recruitment.
No evidence of crown fires was found in relation to past
fire dates.

Baker et al. (2007) Most ponderosa pine
forests in the Rocky
Mountains were
capable of supporting
high-severity crown
fires as well as low-
severity surface fires.

Brown et al.
(2008)

Tree-ring reconstruction of ponderosa pine forests in the
Black Hills of South Dakota (included in Baker et al.
2007) demonstrated that roughly 3.3% of the study area
burned as crown fire between 1529 and 1893; however, tree
density in most stands in 1870 could not have supported
crown fire.

Williams and Baker
(2012), Baker
(2012, 2014)

Fire severity inferred
from tree density by
size class estimated
from GLO bearing
trees (Williams and
Baker 2011) and
surveyors’ descriptions
suggests low-severity
fire dominated only a
minority of ponderosa
and mixed-conifer
forests.

Levine et al.
(2017, 2019)

Plotless density estimator used by Williams and Baker
(2011) overestimated known tree densities due to a scaling
factor that does not correct for the number of trees
sampled and therefore systematically underestimates the
area per tree relationship.

Ful�e et al.
(2014),
Merschel et al.
(2014),
O’Connor et al.
(2017)

Substantial errors of method and interpretation invalidate
inferences about historical fire severity. These include (1)
tree size is an ambiguous indicator of tree age; (2) tree
regeneration is an ambiguous indicator of disturbance
severity, particularly in dry forests where climate
conditions strongly influence regeneration; and (3) lack of
direct documentary evidence (e.g., primary observation) of
extensive crown fire in historical ponderosa pine forests has
been widely noted for nearly 90 yr.

Stephens et al.
(2015),
Huffman et al.
(2015), Miller
and Safford
(2017),
Hagmann et al.
(2019)

Multi-proxy records documented substantially lower levels
of high-severity fire in ponderosa and Jeffrey pine and
mixed-conifer forests in overlapping study areas.

Baker (2012), Baker
and Hanson (2017)

Estimates of area
burned at high severity
in Hessburg et al.
(2007) validate
estimates derived using
Williams and Baker
(2011) methods.

Hagmann et al.
(2018), Spies
et al. (2018a)

Inappropriate comparisons are not validation. Baker (2012)
limited assessment of high-severity fire to tree mortality in
dry forests whereas Hessburg et al. (2007) estimated high-
severity fire in the dominant cover type whether that be
grass or tree for “moist and cold forest” type, with lesser
amounts of dry forests

Odion et al. (2014) Modern, high-severity
crown-fires are within
historical range of
variation. Inferred fire
severity from current
tree-age data for
unmanaged forests in
the U.S. Forest Service
Inventory and Analysis
(FIA) program.
Compared inferences
about modern fire
severity to estimates of
historical forest
conditions and fire
severity inferred using
Williams and Baker
(2011) methods.

Ful�e et al.
(2014), Levine
et al. (2017,
2019), Knight
et al. (2020)

Overestimation of historical tree density and unsupported
inferences of fire severity from GLO records weaken
conclusions based on Williams and Baker (2011) methods.

Stevens et al.
(2016)

Substantial errors of method and interpretation invalidate
inferences about historical fire severity. These include (1)
FIA stand age variable does not reflect the large range of
individual tree ages in the FIA plots and (2) recruitment
events are not necessarily related to high-severity fire
occurrence.

Spies et al.
(2018a, b)

In contradiction of the counter-premise, Odion et al.
documented only three patches of high-severity fire larger
than >1,000 ha in Oregon and Washington in the early
1900s, which account for 1% of the area of historical low-
severity fire regime managed under the Northwest Forest
Plan.
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sample depths to account for periods when fire records
may be missing; and (4) proportional filtering of fire
dates to distinguish smaller from larger fires (Swetnam
and Baisan 1996).
The efficacy of these methods has been repeatedly

demonstrated, often through direct testing of criticisms
raised in counter-evidence publications (Table 4). For
example, to evaluate Baker and Ehle (2001) assertions
that targeted sampling of high fire scar densities biases
MFI, Van Horne and Ful�e (2006) compared targeted,
random, and grid-based sampling of fire-scarred trees to
a census of all fire-scarred trees (n = 1,479) in a 1-km2

area. Given a minimum sample size of 50 trees (3%), all
methods accurately reproduced the mean fire interval of
the census of all fire-scarred trees. Farris et al. (2013)
also found a high degree of accuracy across multiple
sampling regimes. Similarly, Farris et al. (2010) tested
Baker and Ehle (2001) assertions that fire-scar histories
overestimated fire frequency by giving undue importance
to small fires. First, Farris et al. (2010) demonstrated
that spatially distributed fire-scar samples accurately
reconstructed the existing spatial and temporal record of
mapped fire events >100 ha that occurred from 1937 to
2000. Contrary to Baker and Ehle (2001) assertions, Far-
ris et al. (2010) found that fires <100 ha were more com-
mon in the record of mapped fire events than suggested
by dendrochronological reconstruction. Fire-scar
records for hundreds of studies across western North
America are archived on publicly accessible databases
(Falk et al. 2011), which enables independent evaluation
of methods and inferences. Fire-scar data supporting
counter-evidence publications (Tables 4 and 5) are not
similarly accessible.
Compositing of fire-scar records has proven to be a

reliable, repeatable, and robust method (Heyerdahl et al.
2001, Ful�e et al. 2003, Taylor and Skinner 2003, Van
Horne and Ful�e 2006, Hessl et al. 2007, Farris et al.
2010, 2013, O’Connor et al. 2014a). However, counter-
evidence publications present and support the use of
alternative methods that are problematic to calculate and
biased (Table 4). For example, Kou and Baker (2006a)
proposed an “all-tree fire interval” (ATFI) metric that
includes a “scarring fraction” (SF, estimated fraction of
unscarred trees) to derive a “population mean fire

interval” (PMFI). Few studies have tried to estimate SF
(Kou and Baker 2006a); thus, few estimates of ATFI are
available (Baker 2017). Additionally, as acknowledged by
Kou and Baker (2006a: Accessory Publication), ATFI
will always be much longer than any MFI, even for non-
composited MFIs based on individual trees.
ATFI and SF are inaccurate indicators of historical

fire occurrence. ATFI and SF depend on the false
assumption that absence of scarring indicates absence of
fire (Table 4). Reconstructing SF for each fire in a his-
torical record is not feasible given that scarring can vary
considerably with variations in weather and live and
dead fuels between and within individual fires (Fig. 7a).
Studies that have estimated SF (cited in Baker 2017)
used data from recent fires that burned after a century
or more of fire exclusion (Fig. 1) and are, therefore, not
representative of historical fuel or fire behavior condi-
tions. Additionally, ATFI inflates mean fire intervals by
equating tree age with the period of fire regime analysis,
thereby including origin-to-first-scar and time-since-
last-fire intervals (Table 4, Fig. 7b). Abundant evidence
indicates that origin-to-first-scar intervals are not reli-
able indicators of fire-free intervals and should be omit-
ted from calculations of MFI (Table 4). Similarly, time-
since-last-fire intervals that overlap more than a century
of fire exclusion (Fig. 1) are not credible representations
of fire frequency in active fire regimes (Figs. 1, 7).

Overestimated historical fire severity.—The indicators of
high-severity fire events used in counter-evidence publi-
cations (e.g., average stand age, abundance of small trees,
and presence of shrub fields) are ambiguous given ample
viable alternative explanations for those conditions, as
described below and in Table 5. High tree regeneration
densities do not necessarily indicate prior fire events, a
concept well-documented by the densification that has
occurred in the absence of fire during the long 19th- to
21st-century period of fire exclusion (Hessburg and Agee
2003, Ful�e et al. 2014, Merschel et al. 2014, O’Connor
et al. 2017). Nonetheless, publications from Shinneman
and Baker (1997) to those based on Williams and Baker
(2011) use this metric to infer high-severity fire extent
(Table 5). Climatic drivers of regeneration are often dis-
associated with disturbance events (Brown and Wu

TABLE 5. Continued

Counter-evidence Evaluation of counter-evidence

Citations Counter-premise Citations Implications of evaluation

Baker and Hanson
(2017)

Stephens et al. (2015)
underrepresented the
historical extent of
high-severity fire in
their interpretation of
surveyor notes in early
timber inventory.

Hagmann et al.
(2018)

Substantial errors of method and interpretation invalidate
inferences about the historical extent of high-severity fire.
Inferences were based on (1) inappropriate assumptions
about the size and abundance of small trees given the
ambiguity of data describing small trees in the 1911
inventory, (2) averaging of values derived from different
areas and vegetation classifications, and (3) inappropriate
assumption that the presence of chaparral (common on
sites with thin soils and high solar radiation) indicates
high-severity fire.
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2005, North et al. 2005a, Brown 2006, Brown et al.
2008, Swetnam and Brown 2010, Heyerdahl et al. 2014).
Moreover, widespread livestock grazing promoted abun-
dant regeneration by exposing mineral soil, reducing
competition from grasses and herbs for resources (Rum-
mell 1951, McKelvey and Johnston 1992, Hessburg and
Agee 2003), and reducing fire spread by disrupting fuel
continuity (Savage and Swetnam 1990, Belsky 1992, Bel-
sky and Blumenthal 1997, Swetnam et al. 2016). Simi-
larly, while shrub fields may be a legacy of type
conversion after high-severity forest fires, other factors
also maintained shrubs and constrained forest develop-
ment, including frequent fire (Knapp et al. 2013, Guiter-
man et al. 2018), Indigenous resource management
(Marks-Block et al. 2021), and biophysical conditions,
e.g., thin soils and high solar radiation (Stephens et al.
2015). Thus, multi-proxy evidence and meta-analyses are
often needed to reconstruct site history and more credi-
bly evaluate changes to forest conditions.
Other methodological errors also contribute to overes-

timation of historical fire severity in counter-evidence
publications (Table 5). As described above, inferences
based on historical tree densities estimated from GLO
land survey data using Williams and Baker (2011) meth-
ods warrant reconsideration given methodological errors
documented by multiple independent research groups
(Table 3). Further, estimates of high-severity fire extent
in Hessburg et al. (2007) do not validate estimates based
on Williams and Baker (2011) methods because they are
not comparable (Spies et al. 2018b: 132–137), despite
assertions to the contrary (Table 5). Estimates of area

burned at high-severity using Williams and Baker (2011)
methods are derived from inferred tree mortality while
estimates derived from early aerial imagery (Hessburg
et al. 2007) reflect mortality of the dominant cover type
whether it be tree, shrub, or grass. Similarly, the use of
average stand-age in contemporary Forest Inventory and
Analysis (FIA) data by Odion et al. (2014) compromises
inferences about the historical extent of high-severity fire
due to the failure of this metric to account for the pres-
ence of older trees in the plot and the fact that tree age is
not a reliable indicator of high-severity fire (Stevens
et al. 2016).

Underestimated contemporary fire severity.—Estimates
of contemporary fire severity in counter-evidence publi-
cations are compromised by non-standard definitions of
high-severity fire and the capacity of the data to produce
credible estimates of high-severity fire (Table 6). Odion
and Hanson (2006) used data sets not designed to mea-
sure tree mortality (e.g., Burned Area Emergency
Response data sets, BAER), which precludes ecologi-
cally meaningful comparisons with studies that classify
fire severity as percentage of tree basal area or canopy
cover killed (Safford et al. 2008). Hanson et al. (2009)
used a higher severity threshold than recommended in
the literature cited in support of their methods (Miller
et al. 2009a), which yielded lower estimates of area
burned by high-severity fire and weakened inferences
based on comparisons with studies using the regionally
calibrated threshold (Spies et al. 2010). Hanson and
Odion (2014) suggested that previous assessments had

TABLE 6. Publications presenting (1) counter-evidence asserting that modern wildfires are comparable to historical fires because
severity of modern fires is overestimated and (2) evaluations of methods and inferences in counter-evidence publications.

Counter-evidence Evaluation of counter-evidence

Citations Counter-premise Citations Implications of evaluation

Odion
and
Hanson
(2006)

High-severity fire was rare in recent fires in
the Sierra Nevada based on analysis of
Burned Area Emergency Response
(BAER) soil burn severity maps.

Safford et al. (2008) BAER maps greatly underestimate stand-
replacing fire area and heterogeneity in
burn severity for vegetation. BAER maps
are soil burn-severity maps, not vegetation
burn-severity maps.

Hanson
et al.
(2009)

Changes in conservation strategies for
Northern Spotted Owl (NSO) were
unwarranted due to overestimation of
high-severity fire in the NSO recovery
plan.

Spies et al. (2010) Use of a higher relative delta normalized
burn ratio (RdNBR) threshold
substantially increased misclassification
errors and reduced estimates of high-
severity fire extent. Hanson et al. (2009)
used an RdNBR threshold of 798 rather
than 574 as recommended in the literature
(Miller et al. 2009) they cited as the
source of the threshold used.

Williams
and
Baker
(2012)

Severity distributions in recent fires do not
depart from historical.

Steel et al. (2015),
Guiterman et al. (2015),
Reilly et al. (2017), Steel
et al. (2018)

Extent and spatial patterns of fire severity
in some recent fires have departed from
pre-fire exclusion range of variation for
some forest types.

Hanson
and
Odion
(2014)

Previous assessments overestimate extent of
high-severity fire in modern fires.

Safford et al. (2015) Use of coarse-scale, highly inaccurate, and
geographically misregistered vegetation
map and averaging across unrelated
vegetation types and diverse ownerships
undermine confidence in Hanson and
Odion (2014).
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overestimated the extent of high-severity fire in modern
fires; however, the use of a coarse-scale, highly inaccu-
rate, and geographically misregistered vegetation map
and averaging across unrelated vegetation types and
diverse ownerships undermine confidence in this sugges-
tion (Safford et al. 2015).

Misrepresented breadth and depth of change

A vast body of research progressively developed over
more than a century, conducted at multiple spatial
scales, and drawing on numerous intersecting lines of
evidence underpins current scientific understanding of

FIG. 7. A comparison of mean fire interval calculations using a fire history plot from Mount Rushmore National Memorial
(Brown et al. 2008). (a) Fire-demography diagram of trees collected from n-tree variable radius plot. Data are cross-dated results
from the 30 live (≥20 cm dbh) and dead trees nearest to a randomly selected grid point. Horizontal lines represent time spans of
individual trees. Plot area is 0.11 ha, determined as a circular plot with radius of distance to farthest tree sampled. (b) Mean and
range of fire intervals for this plot estimated by different methods. Top panel shows mean composite fire intervals (MCFI) using
scar-to-scar intervals composited across all trees in the plot from 1580 to 1890 (11 total intervals). Fire dates used for interval calcu-
lation were those with minimum sample depth of five trees because of possible missing fire-scar records with fewer trees (i.e., the
period between 1501 and 1580). Middle panel shows point mean fire intervals (point MFI) using scar-to-scar intervals recorded on
all trees (27 total intervals). Bottom panel shows point MFI including origin-to-first scar (O-S) intervals on individual trees (45
total intervals). Including time-since-last fire intervals would further increase Point MFI. (c) An example of an unscarred tree of
approximately the same age as a close neighbor with 14 fire scars. In a plot area of only 0.11 ha (panel a), all trees must have experi-
enced fire at or very close to their stems for all fire dates listed but did record the event as a fire scar.
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the effects of prolonged fire exclusion on contemporary
fire regimes and forest conditions. Given that evidence
of change may not be apparent at all spatial scales or in
all aspects of forest conditions and fire regimes, the con-
clusion that pattern-process interactions in fire-excluded
forested landscapes have not departed from those char-
acterizing active fire regimes requires strong evidence
from multi-scale, multi-dimensional, multi-proxy evalua-
tions. As demonstrated in the multiple independent
assessments reviewed here (Tables 3–6), inferences sup-
ported by these counter-evidence publications are weak-
ened by multiple methodological errors and warrant
critical reevaluation. We conclude that these counter-
evidence publications do not meet minimum standards
for “best available science” to inform land and resource
management on public lands (Esch et al. 2018).

CONCLUSIONS AND MANAGEMENT IMPLICATIONS

Based on the strength of evidence, there can be little
doubt that the long-term deficit of abundant low- to
moderate-severity fire has contributed to modification
of seasonally dry forested landscapes across western
North America. The magnitude of change in fire regimes
and the resultant increases in forest density and fuel con-
nectivity have increased the vulnerability of many con-
temporary forests to seasonal and episodic increases in
drought and fire, exacerbated by rapid climate warming.
While some ecosystems within these landscapes have
been less directly altered by fire exclusion, they may be
indirectly affected by alteration of the surrounding land-
scape and consequent changes to ecosystem processes,
including disturbance and hydrological regimes. These
substantial departures as well as on-going wildfire exclu-
sion threaten numerous social and ecological values,
including quantity and quality of water supply, stability
of carbon stores, and air quality (Stephens et al. 2020),
as well as culturally important resources and food secu-
rity (Norgaard 2014, Sowerwine et al. 2019).
Long-term fire exclusion leads to the loss of informa-

tional (species life history traits) and material (biotic
and abiotic structures such as seeds and nutrients)
legacies (Johnstone et al. 2016) that may compromise
fire-dependent diversity and the capacity of forested
ecosystems to resist or recover after wildfires, especially
under climate change (Franklin et al. 2000, Reilly et al.
2019, Krawchuk et al. 2020). Among these legacies are
mature and old trees, in particular, open-canopy forests
of mature and old conifers and hardwoods, which pro-
vide unique ecosystem functions and which were once
substantially more prevalent (Spies et al. 2006, Kolb
et al. 2007, Long et al. 2015, Franklin et al. 2018, Long
et al. 2018, Hanberry and Dumroese 2020). As climate
continues to warm and burned area increases, early seral
habitat will likely be created in abundance. However,
recapturing the once extensive influence of the low- and
moderate-severity fires that shaped and maintained
these ecosystems for millennia requires a paradigm shift

from strategies favoring fire suppression to those favor-
ing fire-adapted forests and communities (reviewed by
Hessburg et al. 2021, Prichard et al. 2021).
Perpetuating invalidated methods and inferences

based on them fosters confusion and controversy, which
undermine scientific credibility and impede the develop-
ment of relevant and timely policy and management
options. For example, counter-evidence reviewed here
was used to support contentious conclusions in a meta-
analysis of the impacts of high-severity fire on California
Spotted Owls (Strix occidentalis occidentalis; Lee 2018).
The authors of many of the studies included in that
meta-analysis subsequently demonstrated methodologi-
cal weaknesses in the meta-analysis that undermine
those conclusions (Jones et al. 2020a). Unwarranted
uncertainty about the use of high-severity burn areas by
California Spotted Owls (Jones et al. 2019, Peery et al.
2019) has detrimentally impacted the management of
this sensitive species (Stephens et al. 2019, Jones et al.
2020b). Objective scientific evaluation can aid in differ-
entiating warranted from unwarranted uncertainties and
enable timely paradigm shifts to policies and manage-
ment actions that favor fire- and climate-adapted forests
and human communities.
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Abstract. Forest landscapes across western North America (wNA) have experienced exten-
sive changes over the last two centuries, while climatic warming has become a global reality
over the last four decades. Resulting interactions between historical increases in forested area
and density and recent rapid warming, increasing insect mortality, and wildfire burned areas,
are now leading to substantial abrupt landscape alterations. These outcomes are forcing forest
planners and managers to identify strategies that can modify future outcomes that are ecologi-
cally and/or socially undesirable. Past forest management, including widespread harvest of
fire- and climate-tolerant large old trees and old forests, fire exclusion (both Indigenous and
lightning ignitions), and highly effective wildfire suppression have contributed to the current
state of wNA forests. These practices were successful at meeting short-term demands, but they
match poorly to modern realities. Hagmann et al. review a century of observations and multi-
scale, multi-proxy, research evidence that details widespread changes in forested landscapes
and wildfire regimes since the influx of European colonists. Over the preceding 10 millennia,
large areas of wNA were already settled and proactively managed with intentional burning by
Indigenous tribes. Prichard et al. then review the research on management practices histori-
cally applied by Indigenous tribes and currently applied by some managers to intentionally
manage forests for resilient conditions. They address 10 questions surrounding the application
and relevance of these management practices. Here, we highlight the main findings of both
papers and offer recommendations for management. We discuss progress paralysis that often
occurs with strict adherence to the precautionary principle; offer insights for dealing with the
common problem of irreducible uncertainty and suggestions for reframing management and
policy direction; and identify key knowledge gaps and research needs.

Key words: Climate Change and Western Wildfires; climate warming; forest landscape changes; Indige-
nous fire use; landscape realignment; landscape resilience; landscape resistance; social-ecological systems;
wildfire regime changes.

INTRODUCTION

Western forests are rapidly changing

Starting in the mid-1980s, area burned in seasonally
dry forests of western North America (wNA) began a
steady rise (Westerling et al. 2006), despite increasing
investment in fire suppression (Calkin et al. 2005). Sea-
sonally dry forests are those pine, dry or moist mixed-
conifer, and cold forests that are available to burn most

years during the wildfire season (refer to forest type defi-
nitions and discussion in Hessburg et al. 2019).
Increased burned area is attributed to combinations of
warmer seasonal temperatures, longer wildfire seasons,
drier summers, below-average winter precipitation and
earlier snowmelt, and increasing human ignitions
(Westerling et al. 2006, Morgan et al. 2008). The inci-
dence of large wildfires has likewise increased across
wNA over the last three decades (Schoennagel et al.
2017, Parks and Abatzoglou 2020), while burned area in
the Inland Northwest and American Southwest has risen
most noticeably over the last two decades (Westerling
2016). These increases are occurring not only in dry pine
and mixed-conifer forests, but also in moist and cold
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forests, and in nearby nonforest vegetation (preforest,
grassland, shrubland, and sparse woodland; Parks et al.
2015). Based on climate change predictions, burned area
in wNA will at least double or triple by mid-century
(McKenzie et al. 2004, Westerling et al. 2011).
While increase in burned area is strongly associated

with climatic warming, changes to other aspects of wild-
fire regimes (Table 1) more directly reflect the influence
of human activities. For example, in many wNA forests,
land and resource management decisions and actions led
to abrupt and persistent declines in fire frequency (and
hence, burned area) beginning more than 170 yr ago.
Decreased fire frequency led to increased continuity and
accumulation of live and dead fuels (Stephens et al.
2009), both of which contribute to increases in fire sever-
ity as burned area increases (Parks and Abatzoglou
2020). Likewise, while human-caused ignitions continue
to contribute to increasing burned area (Balch et al.
2017), they also reflect contemporary land development
and access patterns. With ongoing fire suppression,
lengthening wildfire seasons, and the increased likeli-
hood of extreme fire weather, fire effects are broadly
becoming more severe than those experienced in the last
two centuries (North et al. 2015, Parks and Abatzoglou
2020). As a result, forests developing after large contem-
poraneous wildfires little resemble forests evolving under
a more characteristic wildfire regime (Keane et al. 2002,
Hessburg et al. 2005, Coop et al. 2020).

The challenge of larger and more intense wildfires

The increasing impacts that large and intense wildfires
will have on social and ecological systems will be the
major challenge facing managers of seasonally dry for-
ests over the 21st-century. Prolonged smoke production
and human health effects, chronic soil erosion and mass

wasting, degraded water supplies, loss of cultural and
natural resources, increased greenhouse gas emissions
and reduced carbon storage are all growing issues (Spies
et al. 2014). Management capacity to influence how
much area burns will be somewhat limited (cf. Taylor
et al. 2016), but fuel reduction treatments, including pre-
scribed burning, coupled forest thinning and prescribed
burning, and managed wildfires, are proven methods to
influence the ecological impacts of wildfire, and mitigate
impacts of extreme fire events on social systems (Taylor
et al. 2016; Prichard et al. 2021). To date, mechanical
fuel reduction treatments have been applied to small
portions of wNA forested landscapes (Barnett et al.
2016, Vaillant and Reinhardt 2017, Kolden 2019, Kolden
and Henson 2019). One reason is that land allocations
amenable to mechanical treatments (via their enabling
legislation) represent a dwindling fraction of public
lands (Fig. 1); another is a lack of sufficient experience
with prescribed burning and managing wildfires in front
or backcountry locations. However, scaling-up a broad
variety of fuel reduction treatments can tip landscape
dynamics in favor of more benign fire behavior and
effects (Stevens et al. 2014, Parks et al. 2016, Taylor
et al. 2016, Ager et al. 2020).

The assertion of regional-scale adaptation needs

The need for broad-scale climate and wildfire adapta-
tion across wNA is predicated on two main assertions.
The first is that most seasonally dry forest landscapes,
and some drier coastal forests (Hessburg et al. 2019),
have significantly changed over at least the last two cen-
turies under the influences of curtailed Indigenous burn-
ing before 1850 (Kay 2000, Stewart 2002); wildfire
exclusion (beginning with domestic livestock grazing in
the mid-1850s, Belsky and Blumenthal 1997); and dec-
ades of selection cutting of large, old, early seral tree spe-
cies (Hessburg and Agee 2003, Lydersen et al. 2013). The
resultant stand- to landscape-scale changes in forest
structures and fuels have left these seasonally dry forests
vulnerable to the direct and indirect effects of climate
warming, drought, and wildfire (Allen et al. 2002, Noss
et al. 2006, Keane et al. 2018, Bryant et al. 2019, Hess-
burg et al. 2019). The second assertion is that climate
change and wildfire adaptation treatments implemented
at large regional landscape scales can effectively moder-
ate many ecosystem transitions, conserve greater area
and heterogeneity of forest successional conditions (Mor-
itz et al. 2013, Coop et al. 2020), better foster native bio-
diversity (Raphael et al. 2001, Bisson et al. 2003, Isaak
et al. 2010, Rieman et al. 2010), and maintain essential
and desirable ecosystem services and processes (e.g., see
Dale et al. 2001, Millar et al. 2007, Hurteau et al. 2014).

Public land management: political and paralyzed

As with many topics in conservation biology (Soul�e
1985), active or intentional management of public

TABLE 1. Components of an active fire regime.

Component Definition

Amount total amount of area burned annually or
decadally

Distribution
(severity)

distribution of severity class patch sizes

Distribution
(event areas)

distribution of fire event patch sizes

Frequency average fire return interval, and variation
around the mean

Spatial
distribution

the geographic distribution of fires†

Intensity the energy release from surface and crown
fires at the flaming front

Duration the length of time fires burn‡
Seasonality the time of the year when fires burn

Note: Components may vary by climatic period.
†The spatial distribution of fires is dictated by biophysical

setting, climate, and weather conditions, forest or nonforest
type, ignition probability, and the propensity for reburning.
‡The period of fires is dependent on the climate, weather, and

fuel bed characteristics.
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forestlands often devolves into value-laden discussions
and politicized views of appropriate contexts and frames
of reference (Peery et al. 2019). Here, we define inten-
tional management as the planned application of silvi-
cultural and prescribed fire treatments and managed

wildfire to meet a variety of specific landscape-level
objectives in predefined conditions and contexts. This
can include opportunities in Indigenous communities
for more decentralized stewardship practices related to
resource tending, subsistence activities, and spiritual or

FIG. 1. Map of forested areas and their primary public land management allocations in the western United States. Federal wild-
lands include administratively withdrawn roadless areas, congressionally designated wilderness, and terrestrial habitat reserve net-
works. General forest areas are those remaining that are ostensibly amenable to mechanical thinning and prescribed burning
treatments. Riparian reserves are generally not shown due to map scale, but they represent a significant area in general forest. The
inset map at top right shows an example of riparian reserves in the Swan sub-basin of northwest Montana. Riparian buffers are 100
m on either side of perennial streams and 30 m on ephemeral streams. Most federal wildlands and national parks are available in
concept for using managed wildfires and prescribed burning as fuel reduction treatments, but application of these tools remains
uneven. Data sources for map development are (1) for forested areas, National Land Cover Database, NLCD (2006); https://www.
mrlc.gov/data/nlcd-2006-land-cover-conus) for inventoried Roadless Areas (2001), https://www.fs.usda.gov/detail/roadless/2001road
lessrule/maps/?cid=stelprdb5382437, USDA-FS internal enterprise data layer name: S_USA. InvRoadlessArea_2001; (2) for North-
west Forest Plan Land Use Allocations (2013), https://www.fs.fed.us/r6/reo/landuse/, USDA-FS internal enterprise data layer name:
S_R06.NWFP_LandUseAllocation_2013; (3) for designated Wilderness Areas (2020), USDA-FS internal enterprise data layer
name: S_USA.Wilderness; (4) for Other National Designated Areas (2020), USDA-FS internal enterprise data layer name:
S_USA.PADUS_DESIGNATION; (5) for US National Atlas Federal and Indian Land Areas (last updated 2004), USDA-FS inter-
nal enterprise data layer name: S_USA.OtherNationalDesignatedArea.
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religious observances (Norgaard 2014). In contrast,
under passive management (i.e., continued fire suppres-
sion with little intentional forest or fuel management),
many assume that existing conditions and processes will
naturally sort out an effective remedy without benefit of
intentional management (Carey 2006).
Owing to extensive 20th-century harvest of large trees

and old-growth forests, public trust in forest manage-
ment eroded. In response, an emphasis emerged to con-
serve the victims of that history, large trees and old
forests, and native species and their habitats, by minimiz-
ing further forest management actions. This emphasis is
commonly underscored with policies that emphasize
riparian and terrestrial habitat reserves and related con-
servation areas (Spies et al. 2019, Stephens et al. 2019),
by legal injunction of active management projects (Pri-
chard et al. 2021), and by maintaining a relatively small
footprint of areas available for active management
(Fig. 1). Opposition to active forest management is
reflected in statements like “active forest management is
unwarranted because the effects of fire exclusion and
forest changes are overstated; . . .is ineffective and coun-
terproductive; . . . should be focused on the wildland
urban interface; or wildfires alone can do the work of
fuel treatments.” On the other hand, support for active
management from the commercial sector suggests that
“forest thinning alone can mitigate wildfire severity; for-
est thinning and prescribed burning can solve the prob-
lem; or managed wildfires hold no real promise.” Each
statement polarizes debates and oversimplifies the prob-
lems and the solutions (Prichard et al. 2021). Given
rapid climate change and a legacy of excluding most nat-
ural and Indigenous ignitions, effective forest landscape
restoration and adaptation strategies are more complex
and nuanced than any of these statements imply.

Advocacy and objectivity: is it one or the other?

The polarization and politicization of scientific evi-
dence impedes implementation of effective land manage-
ment plans, policies, and management by raising the
volume of the disagreement; obscuring the line between
facts, opinions, and legal requirements; creating the
impression that knowledge is more uncertain than it is;
and increasing the time to resolution. Wellerstein (2018)
argue that the premise of science as apolitical is simply a
myth, since all science takes place and is supportedwithin
a highly political environment. Nonetheless, when scien-
tists affiliate themselves with one-sided or partisan views
and activism, they inevitably minimize their value and
that of the applied science (Lackey 2007, Pielke 2007).
Scientists are increasingly asked to comment on forest

policy and management recommendations. Facilitating
communication among stakeholders of public land man-
agement by providing practical access to the best-
available science can more effectively ensure scientifically
credible decision-making (Komatsu and Kume 2020).
However, while some encourage scientists to be

responsible informants for species or ecosystem conser-
vation (e.g., Lach et al. 2003), others worry that their
objectivity in conservation or ecological research may be
compromised (e.g., Scott et al. 2007), especially during
volatile times, and with arguments that are already
polarized or politicized.
Garrard et al. (2016) argue that scientists are not com-

promised when they transparently evaluate policies or
recommendations for their consistency with the best
available science, its weight of evidence, and any associ-
ated uncertainties. A systematic evaluation of best avail-
able science would include careful examination of
Indigenous and western data, information, knowledge,
and wisdom from a variety of locally and regionally rele-
vant sources (Varghese and Crawford 2020). Garrard
et al. (2016) further suggest that in the face of serious
societal, economic, or existential issues, “the standard of
debate about conservation is impoverished when scien-
tists with relevant knowledge remain silent outside the
pages of their academic journals.”
Peery et al. (2019) provide a framework for evaluating

agenda-driven science and a case example of controversy
in the scientific literature that has impacted management
of the California spotted owl and its habitats. They dis-
cuss professional norms for scientist engagement with
management and policy issues and conclude “that inten-
tionally engaging in activities outside of these profes-
sional norms to promote desired political outcomes, as
part of either the production or dissemination of science
. . .constitute[s] agenda-driven science.”
Recent controversy involving the creation and dissem-

ination of agenda-driven science is creating uncertainty
for forest managers and policy-makers throughout
wNA. Contributing to the controversy are publications
that challenge the significance of forest condition and
wildfire regime changes, and the advisability of proactive
management without addressing the core arguments
(e.g., compare Hessburg et al. [2020] and Mildrexler
et al. [2020] and their discussion of trade-offs between
wildfire dynamics, carbon sequestration, and forest
adaptation to climate warming). To aid those engaged in
designing, evaluating, and implementing science-based
adaptation options, we examine the strength of evidence
pertaining to these topics.
We first provide a framework for characterizing and

evaluating changes in forest conditions and fire regimes
in Hagmann et al. (2021). We then review the strength of
evidence documenting changes or lack thereof. Similarly,
in Prichard et al. (2021), we review the strength of evi-
dence surrounding the usefulness of various passive and
active management treatments to provide remedies to
current conditions. We then discuss 10 key questions
related to application of methods as viable treatments.

FOREST CONDITIONS AND WILDFIRE REGIMES

Advances in fire and landscape science over the past
several decades enable rigorous multi-proxy and multi-
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scale assessments of variation in historical fire regime
and forest vegetation conditions. These insights build on
more than a century of assessment of changing fire
behavior and forest landscape conditions. Beginning in
the 1930s, fire histories based on tree-ring and fire-scar
records have provided high-resolution, cross-dated,
multi-centenary evidence of the spatial point patterns of
fires, which have enabled precise interpretations of fire
frequency associated with recorder trees. While fire-scar
records remain a primary means of exploring historical
fire ecology, more recently developed methodologies and
multi-proxy assessments have expanded the potential to
evaluate broader temporal and spatial patterns. New
insights into complex relations between variations in cli-
mate, fire, and vegetation emerge from multi-proxy and
trans-disciplinary studies that combine sedimentary pol-
len and charcoal records (Higuera et al. 2007), large-
scale tree cohort analyses (Schoennagel et al. 2011),
early 20th-century land system inventories and surveys
(Hagmann et al. 2013, 2014, Levine et al. 2017), land-
scape reconstructions from historical black and white
photographic imagery (oblique, panoramic, stereo photo
pairs, Hessburg et al. 1999, 2000, Stockdale et al. 2015,
2019), forest inventories and land system surveys (Wil-
liams and Baker 2012, cf. Ful�e et al. 2014, Odion et al.
2014, cf. Stevens et al. 2016), and simulation modeling
of landscape succession and disturbance regimes (Keane
et al. 2004, 2018, McGarigal and Romme 2012). Addi-
tionally, trans-disciplinary studies that employ fire-scar
research, climate, archaeological, and ethnographic
studies show that many different Indigenous cultures
were significant contributors to the magnitude and
extent of fire influence on the wNA landscape (e.g., see
Taylor et al. 2016, Lightfoot et al. 2013).
Over the past two decades, a series of publications

using novel techniques has suggested that 19th- to 21st-
century changes in western forests and their fire regimes
have been less substantial than a much larger and more
diverse body of scientific evidence has long indicated.
Hagmann et al. (2021) provide a comprehensive review
of these papers and studies that directly evaluated them.
They show that methods and inferences in these articles
failed independent validation by other research groups
and lend their support to the findings of the larger body
of evidence.

The evidence for change in forest conditions

Hagmann et al. (2021) relied on several hundred
research articles from research groups throughout wNA
that examined historical changes to seasonally dry for-
ests patterns and processes to illustrate key departures
from conditions that existed prior to European coloniza-
tion. They found that changes in forest successional
landscapes are significant in all forest types, whether dry,
moist, or cold. Changes are prominent at tree, patch,
and local and regional landscape levels, and these
changes explain important shifts in numerous habitats

and ecosystem processes. Conditions of nonforest vege-
tation (grasslands, shrublands, sparse woodlands) are
likewise altered as a consequence of fire exclusion and
forest encroachment. While some forest and nonforest
ecosystems may not have been directly altered by fire
exclusion, the magnitude of changes suggests that it is
likely that all were indirectly impacted by alteration of
the landscape ecology and disturbance regimes that sur-
round them. Based on a preponderance of scientific evi-
dence, there can be little doubt that long-term fire
exclusion and other associated social-ecological influ-
ences contributed to extensive modification of land-
scapes across wNA, and that the magnitude of the
departures in fire regimes and landscape conditions has
increased the vulnerability of contemporary forested
landscapes to fire and drought-related stressors.

The evidence for change in fire regimes

Hagmann et al. (2021) also review the evidence for
changes in the dimensions of fire regimes (Table 1). Fire
exclusion has reduced fire frequency in all forest types,
with the degree of change generally declining with
increasing elevation, owing to orographic effects on
moisture and temperature, and topo-edaphic effects on
insolation. As a consequence, surface and ladder fuel
abundance generally increased in historically fuel-
limited frequent-fire forests, while forest cover at higher
elevations expanded and became more successionally
homogenized (Fig. 2). In both cases, crownfire vulnera-
bility increased. Long-term fire exclusion reduced the
total amount and spatial distribution of wildfires result-
ing in a nearly universal fire deficit in forests (Parks
et al. 2015, Parks and Abatzoglou 2020).

ADAPTING FORESTS TO WILDFIRES AND CLIMATE CHANGE

Prichard et al. (2021) address 10 key questions sur-
rounding active forest management, address the assump-
tion that historical fire regimes were “natural” rather
than cultural, and describe conditions where specific
management actions are appropriate and effective for
adapting current forests to wildfires and climate change.
The authors again use a strength of scientific evidence
approach to show why the answers to the 10 questions
are relatively straightforward. In addition to evaluating
the efficacy of diverse treatments to moderate expected
fire severity, they discuss these questions in the context
of their consistency with more holistic climate- and
wildfire-adaptation strategies that are designed to
achieve many social and ecological benefits. Moreover,
they discuss how methods designed to achieve a single
objective often fail given contemporary goals for multi-
objective landscape management. We summarize their
responses to the 10 questions here.

1) Are the effects of fire exclusion overstated? If so, are
treatments unwarranted and even counterproductive?
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Prichard et al. (2021) dispute all parts of this
question. They reveal four crucial components in
their answer, not the least of which is that
increasing forest resilience and resistance to wild-
fires and climate change provides positive societal
and ecosystem benefits, which overwhelm uncer-
tainties about prior historical conditions. They
also show that intentional forest management is
effective and corrective where practiced, but its
pace and footprint are insufficient to current
needs.

2) Is forest thinning alone sufficient to mitigate wild-
fire hazard? Whether forest thinning achieves
adaptation objectives depends on several factors,
including its timing, location, rate, and spatial
scale. Reducing canopy layering and density limits
crownfire potential, but unless the abundance and
connectivity of surface fuels and fuel ladders is
also reduced, thinning can have limited effective-
ness in mitigating wildfire severity, and may make
matters worse. In forest thinning for adaptation to
climate change and wildfires, emphasis is placed
on residual forest structure, composition, and

understory fuels rather than on the trees that are
removed (Larson and Churchill 2012, Churchill
et al. 2013).

3) Can forest thinning and prescribed burning achieve cli-
mate adaptation? Coupled thinning and prescribed
burning treatments are proven approaches to mitigat-
ing wildfire severity in many seasonally dry forests,
but they are not appropriate to all forest types, land
allocations, and conditions. These treatments require
regular maintenance application of prescribed or cul-
tural burning to maintain low surface fuel levels and
remove developing fuel ladders. The vast scale of
ongoing fuel reduction necessitates wise use of natu-
rally ignited future fires during moderate fire weather
as well.

4) Should active forest management, including forest thin-
ning, be concentrated in the wildland urban interface
(WUI)? Fuel treatments in the WUI are critically
important as is reducing continued development in
high fire danger areas (Balch et al. 2017, Radeloff
et al. 2018). People living in the WUI have ample
incentive to reduce their vulnerability to wildfires
(Cohen 2000), and many resources are available to

FIG. 2. Top photo: View from atop Slate Peak in northeastern Washington, looking southwest, 1934, George Clisby pho-
tograph, National Archives, Seattle, Washington, USA. The 1934 panoramic view shows extensive evidence of prior wildfires, var-
ied age classes of cold forest, and recently burned and recovering areas. In the same view nearly eight decades later (bottom photo,
2013, John Marshall Photography), note the complete absence of recent fire evidence, widespread ingrowth creating denser forests,
loss of nonforest, and lack of forest successional heterogeneity.
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help them do so (Syphard et al. 2012; resources avail-
able online).7,8 However, this logic, concentrating
treatments in WUI, fails to address interconnected-
ness between social and ecological systems in land-
scapes beyond the WUI. Examples include wildfire
emissions and broad-scale smoke movement in the
atmosphere; water quality and quantity provided by
municipal watersheds distant from population cen-
ters; ember attack on WUI areas from wildfires burn-
ing several kilometers away; wildfire effects on power,
WIFI, and broadband transmission and distribution
networks; and tribal connections to ancestral territo-
ries and resources. It also avoids core decisions
related to human social values for forested landscapes
and long-term ecosystem dynamics. Alternatively,
intentional forest management both within and
beyond the WUI offers the greatest social and ecolog-
ical benefits.

5) Can wildfires on their own do the work of fuel treat-
ments? Many forests are experiencing rapid WUI
expansion, leaving land managers and citizens
increasingly unwilling to accept the risks of managed
wildfires In the backcountry, some wildfires are
allowed to burn under specified conditions to achieve
incident and resource management objectives. How-
ever, the effects of fire exclusion are varied and exten-
sive, and managed wildfire is a spatially imprecise
tool. To increase predictability of outcomes, applica-
tion during benign to moderate fire weather may be
preferred; this, however, necessitates numerous
follow-up treatments to meet objectives, and it broad-
ens the period of landscape vulnerability to more
extreme wildfires. Considering the narrow seasonal
operating window and spatial imprecision concerns,
managed wildfires cannot be a cure-all, but can be
one of several options in a broader toolkit.

6) Is the primary objective of fuel reduction treatments to
assist in future firefighting response and containment?
The central objective of fuel treatments is to moder-
ate fire behavior when fire inevitably returns, not to
stop fire spread or reduce ignitions If fuel treatments
simply improve suppression success, less area is
burned in the short term but more area will escape
control in the future, resulting in deferred risk and
contributing to larger and more often severe wild-
fires.

7) Do fuel treatments work under extreme fire weather?
Many studies show that fuel reduction treatments are
effective at moderating subsequent fire severity, even
under extreme weather Far fewer experimental or
empirical studies challenge this premise. Moreover,
there is strong evidence that some prior burn and
reburn mosaics reduce landscape contagion, which
limits subsequent spread and severity of wildfires.

8)Is the scale of the problem too great? Can we ever catch
up? Given the scale of the area burned by wildfires
each decade compared to area treated, some surmise
that fuel treatments are futile Nevertheless, a large
body of work shows that fuel reduction treatments,
including portions of some past wildfires, effectively
mitigate subsequent fire behavior and effects. It fol-
lows that strategies can be developed to increase rather
than decrease the role of fuel reduction treatments.
The key to defining the locations, spatial scale, timing,
rate of treatment, and methods used is the desired
forest–nonforest conditions that result, their degree of
adaptation to changing climate and fire regime condi-
tions, and the degree of comfort with spatial uncer-
tainty of outcomes. Moreover, coupling Indigenous
cultural burning, fuel reduction, and prescribed fire
treatments furthers Indigenous fire stewardship and
food security (Sowerwine et al. 2019a,b), and recovers
opportunities for tribal engagement in resource man-
agement within their ancestral territories (Long and
Lake 2018, Long et al. 2020).

9) Will planting more trees in wNA forests help to miti-
gate climate change? Widespread tree planting has
been proposed as a key climate change mitigation
(Bastin et al 2019). This premise has poor scientific
support in many fire-prone regions of the world (e.g.,
Grainger et al. 2019, Lewis et al. 2019, Veldman
et al. 2019). An increasing body of evidence reveals
that proactive management to restore more resilient
forest and nonforest structure and composition over
large areas, and diversifying tree planting species
mixes, can more effectively maintain or increase car-
bon stores relative to the effects of modern wildfires
(e.g., see Hof et al. 2017).

10) Is post-fire management needed or even ecologically
justified? Prior to fire exclusion, historical land-
scapes in seasonally dry regions of wNA were the
product of complex mosaics of low-, moderate- and
high-severity fire patches, which yielded highly vari-
able patterns of surviving forest and scattered fire
refugia (ie., unburned patches that functioned as
seed sources for postfire tree regeneration in their
vicinity). After contemporaneous wildfires, this
mosaic is often simplified by large high-severity fire
patches, and fire refugia are operationally burned
out in closing suppression actions. Within one to
two decades after a high-severity fire, dead wood
accumulations contribute to uncharacteristically
high surface fuel loads. Post-fire removal of the dead
understory stems (i.e., those that had previously col-
onized the landscape during the lengthy period of
fire exclusion) by harvest or reburning can mimic
this historical reburn influence, thereby minimizing
surface fuels in some developing new forests
(Stevens-Rumann and Morgan 2016), and reducing
future wildfire vulnerability (Coppoletta et al.
2016). The ecological justification for this post-fire
removal of the smaller dead understory trees can be

7 https://www.nfpa.org/Public-Education/Fire-causes-and-risks/
Wildfire/Preparing-homes-for-wildfire.
8 https://www.usfa.fema.gov/wui_toolkit/wui_planning.html.
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observed in the low surface fuel loads associated
with the frequent reburning of pre-management era
landscapes and modern-day wilderness areas. It is
also clearly revealed in intentional Indigenous cul-
tural burning practices. Indigenous fire stewardship
actively mediated post-fire landscape effects to stag-
ger the availability of desired resources and species
over time, and ensure their quality, quantity, and
abundance (Boyd 1999, Lake and Christianson
2019).

STRATEGIES FOR ADAPTING WESTERN LANDSCAPES

Changes in forested landscapes throughout wNA are
somewhat unique geographically, as are the stories of
change. To consider appropriate climate and wildfire
adaptation strategies, managers are compelled to evalu-
ate current vegetation and fuel conditions, the influences
that precipitated changes in conditions, the magnitude
of the changes, ecological and social constraints to adap-
tation, patch to landscape vulnerability to changing cli-
matic and wildfire regimes, and nonnative species and
any sensitive or endangered species concerns.
Stephens et al. (2010) recommend four strategies for

adapting western landscapes to changing climatic and
wildfire regimes, and they can be applied in a variety of
contexts. They define resistance work as that which miti-
gates expected wildfire effects and protects valued
resources, while realignment work modifies existing con-
ditions to restore key ecosystem patterns and the pro-
cesses they drive. Creating resilient conditions improves
the natural capacity of an ecosystem to respond favor-
ably when unplanned disturbances occur. Finally, they
present response work as any intentional facilitation to
achieve socially and ecologically desirable results that
are otherwise difficult to achieve. Each of these strategies
can play a role in proactive management going forward.
Where their application also considers Indigenous cul-
tural adaptations to climate, vital ecosystem processes,
and active cultural use of fire, there will be greater likeli-
hood that resulting vegetation conditions are strongly
linked to culturally valued resources and services (Power
et al. 2018).

Whether reactive or proactive fire management

Modern wildfire suppression extinguishes essentially
all fire starts except those that overwhelm fire sup-
pression capacity and can only be extinguished when
aided by a significant change in the weather (North
et al. 2015). Fires burning under extreme fire weather
often burn vast areas, much larger than the current
footprint of managed wildfires and other fuel treat-
ment projects. As a consequence, wildfires that escape
initial suppression efforts burn under the most
extreme fire weather conditions and do most of the
vegetation management in wNA ecosystems (Calkin
et al. 2005, North et al. 2015). Appropriately designed

thinning, burning, and managed wildfire treatments,
that are tailored to topo-edaphic conditions would be
helpful additions to this scenario (sensu Taylor and
Skinner 2003, Hessburg et al. 2015). Such treatments
would prepare landscapes for wildfires that will inevi-
tably follow.
Managing wildfires that burn under extreme fire

weather is a blunt management response, which most
often results in failure to meet resource management or
conservation objectives. Science-based strategies for for-
est and fuel management are well known, but lack of
social license and sufficient financial and personnel
resources currently limit fuel reduction programs to a
small percentage of wNA forestlands (Hessburg et al.
2020). Increasing costs of fire suppression and lack of
control during large fire growth days reveals a reactive
management posture that is progressively prone to fail-
ure, despite ever-increasing investments (North et al.
2015, Stephens et al. 2020). Thus, a business-as-usual
approach to wildfire in fire-prone regions will not solve
the current wildfire dilemma (Moreira et al. 2020).
Strategic management of regional landscapes is needed
that establishes topographically sensible (sensu Povak
et al. 2018 and Taylor and Skinner 2003), fire-
maintained, control and anchor points (e.g., see Wei
et al. 2019). This would improve fire manager usage of
future wildfires as adaptation tools.
A more proactive and evidence-based management

goal is to restore active wildland fire regimes and land-
scape resilience to climate change, and actively enable
future wildland fires, prescribed and cultural burning,
and managed wildfire to provide a higher standard of
social-ecological work. To achieve this goal, massive
progress and investment are needed (Madeira and Gart-
ner 2018) to transition management from a reactive to a
proactive, forward-looking stance. Such an approach
allows for the direct adaptation of wildfire regimes by
intentionally crafting landscape patterns that drive more
benign fire behavior and less severe drought effects. This
will require radically increasing the areal extent of
restorative and adaptive fuel reduction treatments as is
appropriate to conditions and land allocations. It will
also require increased use of natural wildfire ignitions
(as above) under moderate fire weather conditions, to
recapture the once extensive moderate influences of
wildfires, and then maintain that progress with con-
trolled (prescribed and cultural) burning and thinning as
needed.

The nested character of regional landscapes holds
adaptation clues

The hierarchical organization of historical wNA land-
scapes influences countless ecosystem functions, includ-
ing scale-dependent spatial and temporal controls that
drive wildfire behavior and effects, and the cross-
connection between levels of organization. Characteris-
tics of this organization and its influence on ecosystem
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functions can inform realignment of current systems
with early 21st-century and projected future climates
(Hessburg et al. 2016, 2019). Three important ideas
associated with that nested structure are that (1) at a
fine spatial scale, species traits and adaptations drive
within-patch structure, composition, and response to
disturbances; (2) cross-connections between fine-scale
patch structure and composition and meso-scale land-
scape patchworks influence fire frequency and severity
because they form the percolation surface where distur-
bance propagates, and the manner of propagation; and
(3) cross-connections between non-forest and forested
landscapes mediate broad spatial patterns of fire behav-
ior attributes and their effects. These three ideas help
shape a scientifically supported landscape adaptation
framework (Hessburg et al. 2015, 2019).
Additionally, we are learning through integration of

western science with traditional ecological knowledge
that Indigenous fire use and broader landscape steward-
ship practices were upheld in tribal communities as
human services for ecosystems. Indigenous tribes
acknowledged and promoted multi-generational contri-
butions to foster landscape resistance and resilience.
Trans-generational fire use also promoted post-fire
recovery of landscapes and habitats where culturally val-
ued drought-tolerant, fire-adapted plant species were
adversely influenced by a fire (Huffman 2013).

BEYOND THE PRECAUTIONARY PRINCIPLE

The precautionary principle holds that when the
potential for adverse effects is unknown or difficult to
quantify; the burden of proof rests on the proponent of
an activity to demonstrate that lack of harm is the most
likely outcome. However, it is virtually impossible to
demonstrate lack of harm for most any activity, includ-
ing no action, especially in a rapidly changing environ-
ment. Moreover, one-sided, or single-issue application of
the principle can overlook desired ecosystem services,
species, and processes that proactive work could have
protected. Given human influence on climate and wild-
fire regimes the world over, a no-action alternative that
purports to let so-called natural processes like modern
wildfires operate unfettered is grossly misleading. These
processes are operating within a human-influenced tem-
plate globally, and their regime characteristics and fuel
conditions have been altered by humans, increasing the
likelihood that large portions of many modern wildfires
are unnatural.
Modern wildfire management dominated by fire sup-

pression is perceived by many as a no-action alternative
when compared to active restoration and adaptation in
planning and management. However, active suppression
of 98% of wildfire ignitions (North et al. 2015) hardly
qualifies as no action, as we have shown earlier. The
small proportion of wildfires that escape containment all
too often rapidly and indiscriminately convert forest to
non-forest conditions. This is an altogether unevaluated

planning outcome, and the recovery of forest structure
and processes can take decades to centuries, if it occurs
at all. Furthermore, fire suppression costs currently
exceed US$2 billion annually, not including loss of life
and property, and detrimental impacts to lifeways,
human health, and livelihoods, while the total annual-
ized economic burden of wildfires ranges from US$71
billion to US$347 billion (Thomas et al. 2017; data
available online).9

The precautionary principle is indeed useful guidance,
but it must be applied equally to what are often mistak-
enly perceived as no-action alternatives. Lacking this
clarity, broad application of the precautionary principle
as a conservation approach can result in greater long-
term harm than more ecologically intuitive remedies, as
can be seen within the Northwest Forest Plan area of the
eastern Cascade and Klamath Mountain regions (Spies
et al. 2019, Stephens et al. 2019). There, networks of
late-successional reserves (LSRs) for the northern spot-
ted owl in seasonally dry, historically frequent-fire for-
ests increase the likelihood of their elimination by
extreme wildfire events (Henson et al 2013, Spies et al.
2018, 2019). There is simply too much at stake to require
unattainable certainty about potential risk of harm or
losses (Wood and Jones 2019).
The precautionary principle can become the “paralyz-

ing principle” given irreducible uncertainty about risk of
loss associated with action and no-action alternatives
(Sunstein 2003). The loss of ˜30 million mature and old
pine trees during a recent extreme drought in south-
central California (Asner et al. 2016) is a stark reminder
of the pitfall of requiring unduly high certainty despite
decades of established science showing the efficacy of
treatments that foster resilient forest structure and com-
position (Henson et al. 2018, Fettig et al. 2019). Absent
150–170 yr of frequent fires, overgrown forest density
conditions produced a massive and predictable die-off
event, facilitated by tree-killing bark beetles and
drought, that proactive implementation of climate- and
wildfire-adaptation strategies could have mitigated (Ste-
phens et al. 2018, Fettig et al. 2019). Remedying such
conditions would have required careful consideration of
changes over the period of fire exclusion, the effects of
climatic changes looking forward, and any related ESA
(Endangered Species Act) concerns.

Dealing with uncertainty

There is much uncertainty to science, including that
surrounding our knowledge of historical and contempo-
rary forest ecology, future conditions, and adaptive for-
est management. In that light, active forest management
projects with objectives of restoring more resilient and
resistant structure and composition can be assessed
using a set of questions to address the relative

9 https://www.nifc.gov/fireInfo/fireInfo_documents/SuppCosts.
pdf.
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uncertainty associated with proactive versus reactive
treatment alternatives. For example, in the context of
changing wildfire regimes and climatic conditions, what
are the uncertainties, trade-offs, and likely consequences
to U.S., Canadian, and Mexican Indigenous and non-
indigenous people, infrastructure, ecosystems, native
species and habitats of

1) Restoring active fire regimes to dry, moist, and cold
forest ecosystems,

2) Continued fire suppression in these same forest
types,

3) Proposed proactive, reactive, and no-action manage-
ment alternatives,

4) Post-fire forest regeneration under action and no-
action alternatives, and

5) Post-fire harvest/non-harvest of the younger fire-
killed trees to mimic reburns?

REFRAMING MANAGEMENT AND POLICY

As demonstrated in literature reviews, the disturbance
ecology of an ecosystem may still be the most valuable
lens through which climate-related events and outcomes
may be understood (Long 2009, Newman 2019, Frank-
lin and Johnson 2013). Over millennia, Indigenous fire
use in many areas amplified fire frequency to reduce the
likelihood of more extreme wildfires and their effects on
culturally valued resources and conditions. This cultur-
ally modified disturbance regime increased the resilience
and resistance of vegetation and landscape conditions to
changing climatic conditions and associated distur-
bances.
More recently, ecological forestry principles recognize

the value of management planning that incorporates the
influence of natural disturbance processes on forest
dynamics (Franklin et al. 2018). Additionally, as shown
by Indigenous experience, natural lightning ignitions can
be supplemented to achieve desired conditions. In uncer-
tain times, management might better focus on the long-
term persistence of that native biodiversity that evolved
within the local, culturally enhanced, disturbance regime,
andwill likely go extinct with rapid or extreme changes to
those regime properties (Newman 2019). Where possible,
adapting local landscapes to conserve key aspects of cul-
turally enhanced disturbance regimes could be vital to
preserving functioning ecosystems and to the native bio-
diversity that requires non-extreme disturbance for its
continued existence (Franklin and Johnson 2012, North
et al. 2014), even where single-species conservation and
broader ecosystem goals may appear to be in conflict at
other scales (Henson et al. 2013).
Managers and scientists have repeatedly proposed

management directions that incorporate knowledge of
disturbance ecology and methods that adequately mimic
and recover local disturbance regimes; however, socioe-
conomic challenges have impeded widespread implemen-
tation of these strategies (Long 2009). Effective direction

would be proactive rather than reactive, recognizing that
just as with human society, all desired ecological out-
comes are not possible in the same place, at the same
time.

Recommendations

In this light, what constitutes adaptation of wNA for-
ests in these uncertain times? Is bias for action rather
than inaction recommended?
Scientific knowledge is always growing and incom-

plete. However, a preponderance of evidence suggests
that proactive management can prepare many land-
scapes for future wildfires and the maintenance work
they can provide. This would also reduce emphasis on
high-maintenance solutions and the overarching and
increasingly burdensome role of wildfire suppression
and its expenditures.

Emphasize whole landscape and multi-scale adaptation.—
Stand management as applied to western U.S. and Cana-
dian public lands typically emphasizes forested areas
where there are commercial opportunities for mechani-
cal treatments in specific stands of trees. This focus
misses many locations where proactive treatments may
be most useful to adapting an entire landscape. Con-
ducting whole landscape evaluations of forest condi-
tions, fire regime departures, and expected future climate
and weather conditions can powerfully aid in defining
those places that would most benefit from adaptation
treatments (North et al. 2009, Hessburg et al. 2013,
2016, Meyer et al. 2021).
Ongoing collaborative partnerships also recommend

that emphasis on timber volume production from pub-
lic lands has a negative influence on partner support
for projects and trust maintenance (Hessburg et al.
2020), and it tends to force the hand of managers to
rank commercial treatments over others that may be
more truly adaptive. Alternatively, management and
planning that emphasizes area restored and adapted
could build trust and a broader base of support, while
still providing timber volume to sustain rural mills
and economies (Rummer et al. 2005). Increasingly,
collaborative restoration partnerships with Indigenous
communities, having tribes as part of the leadership
and management, can increase opportunities for rein-
stating tribal stewardship practices, with tribes, local
communities, and the broader society as beneficiaries
of active management that achieves shared values
(Lake et al. 2018, Long and Lake 2018).

Large and old trees.—Most research reveals that broadly
conserving large and old fire-resistant trees and replac-
ing those that were removed or killed by harvest,
drought, insects, pathogens, and wildfires provides a
strong backbone of resilient structure and habitat to sea-
sonally dry pine and mixed-conifer ecosystems (Spies
et al. 2018, 2019).
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Clumped and gapped trees.—As is appropriate to local
seasonally dry forest types, restoring tree clump and gap
patterns, and increasing area of these conditions will
provide a solid patch-to-local landscape bet-hedging
strategy in a warming future with increasing burned area
(Larson and Churchill 2012, Churchill et al. 2013,
LeFevre et al. 2020).

Successionally heterogeneous forests.—Successional
heterogeneity, whether fine-, meso-, or coarse-grained,
was an historical consequence of patterns of environ-
mental productivity and fire–climate interactions with
vegetation. It reinforced a continual shifting of diverse
but similar patterns of heterogeneity at each scale of
observation. As is appropriate to forest types and phys-
iographic domains, restoring and maintaining forms of
this heterogeneity will encourage a wider variety of wild-
fire and habitat outcomes, and reduce the need for
aggressive fire suppression in many areas (Perry et al.
2011). This can be accomplished by adapting current
spatial patterns of seral stages to more frequent burning
and reburning (Stephens et al. 2020). Indigenous and
Western knowledge can jointly aid in determining how
best to adapt current and projected future conditions.

Using the topo-edaphic template.—Throughout wNA,
topography, geomorphology, lithologies, and soils pro-
vide the template for spatially varying forest cover types,
structural conditions, and their variations (Taylor and
Skinner 2003, Hessburg et al. 2015). Fire exclusion and
other influences have weakened connections to this tem-
plate. Realigning spatial patterns of nonforest and forest
successional pattern conditions (e.g., open vs. closed
canopy, fire-tolerant vs. intolerant species) to this tem-
plate will aid in adapting landscapes to changing climatic
and wildfire regimes. For example, restoring non-forest
and low-density forest cover patches to south-facing
slopes and ridgetops and higher-density forest cover
patches on north aspects and valley bottoms are exam-
ples of strengthening connections to the topographic
template (Hessburg et al. 2015, 2019). These underlying
conditions continually co-create the environments for
disturbance and revegetation as the climate changes
(Taylor and Skinner 2003, Hessburg et al. 2015, 2016).

Forests and their nonforests.—Meadows, shrublands,
savannahs, and preforest conditions result from natu-
ral succession, disturbance dynamics, and reburning
(Prichard et al. 2017). Restoring more characteristic
nonforest-forest patterns in and among all forest
types at fine, meso, and broad scales could signifi-
cantly realign primary ecosystem processes, carbon
storage, and hydrologic regimes with the warming cli-
mate (Shakesby and Doerr 2006). As recent history
has shown, many pre-fire-suppression era nonforest
areas throughout wNA became forested absent active
fire regimes during the mild mid-20th-century cli-
matic period (Hessburg et al. 2019).

RESEARCH NEEDS

The reviews of Hagmann et al. (2021) and Prichard
et al. (2021) show deepening understanding of the fire
and landscape ecology of wNA forests; however, sub-
stantive knowledge gaps remain. Here, we discuss the
following research needs that emerged from this review:.

1) Fortifying future vegetation and wildfire projections
with insights from landscape ecology research Most
continental to regional projections of climate influ-
ence on biotic conditions and physical processes use a
range of intuitive climatic drivers to explain responses
to warming (Rosenzweig et al. 2008, Parks et al.
2015, Abatzoglou and Williams 2016). Outcomes are
presented as ostensibly unaffected by bottom-up or
meso-scale spatial variation in biotic, environmental,
disturbance history, or topoedaphic conditions inher-
ent to the system(s) of interest. From the standpoint
of landscape ecology theory and practice, this
approach misses key cross-scale interactions between
the climate system and highly varying biophysical set-
tings, which are known to modify climate system
inputs and alter spatial and temporal patterns of real-
ized conditions (Wu and Loucks 1995). Hurteau
et al. (2019) for example, showed that future projec-
tions of burned area under climate change, which
accounted for interactions among prior fires on sur-
face and canopy fuel availability, reduced area burned
by 14.3% in the Sierra Nevada compared to projec-
tions where only climate drivers were considered.
Hybrid research and modeling are needed among cli-
mate change scientists and landscape ecologists to
improve projections of vegetation and burned area
changes, and species ranges.

2) Multi-proxy evidence is more informative than single
proxy Observing and integrating knowledge of the
multi-level dimensions of forest landscapes and their
wildfire regimes provides deeper insight into how pat-
terns influence processes, and it improves change
detection (Hagmann et al. 2021). Some regions are
already represented by multi-level studies, but in
some cases, they could be better integrated. Multi-
scale and multi-proxy historical reconstructions are
still needed for other regions of wNA to better under-
stand variations in forest–nonforest relations and suc-
cessional heterogeneity that are better aligned with
changing climatic and wildfire regimes. With these
insights, managers and policy-makers will be better
able to understand how warming and drying may
affect adaptation strategies.

3) More wildfire–forest dynamics carbon research is
needed Recent studies show that strategies for adapt-
ing current forests to wildfires and climate change
may result in more terrestrial carbon storage than
business-as-usual scenarios. The reason is that large
fuel buildup under fire exclusion renders forest car-
bon stores vulnerable to large, high-severity fire
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events (Liang et al. 2018, Hurteau et al. 2019). This
nascent inquiry area deserves significant investment
and increased scope to determine suitable landscape
management strategies, and where they may best
apply.

4) Disturbance–fish-and-wildlife-habitat connections As
Newman (2019) suggests, native species and their
habitats are tied to disturbance regimes of local and
regional landscapes. Our current knowledge of these
species-disturbance regime linkages is weak in many
areas and could be much better understood. Even
where 25 yr of research is available for one of the
most intensively studied bird species, that knowledge
is not preventing population declines for Northern
Spotted Owls (Spies et al. 2019, Stephens et al.
2019). As a result, Henson et al. (2018) advocated a
coarse-filter approach that incorporates disturbance
ecology in management for spotted owl habitat.
Understanding and managing spatial domains to
restore these more functional disturbance regimes is
an intuitive coarse-filter conservation strategy for ter-
restrial and aquatic species.

5) A role for decision support tools Predicting future veg-
etation, climate, and wildfire conditions, and trade-
offs among various habitats and resources across a
set of potential management scenarios is intellectu-
ally and computationally challenging. Considering
the large number of data layers, the one-to-many and
many-to-one interactions among conditions repre-
sented by these layers, and variation in these relation-
ships by scenario thwarts careful evaluation by even
the best planning intellects. Decision support tools
are designed for this complex and integrated planning
environment and are useful for evaluating trade-offs
among changing conditions, outcomes, and manage-
ment scenarios (Kangas and Kangas 2005, Reynolds
et al. 2014). Using such tools, managers and scien-
tists can observe trade-offs and related positive and
negative cascades associated with varied management
scenarios and discover their primary drivers.

6) Innovation and investment in multi-party monitoring
and adaptive management Adaptive forest manage-
ment has been recommended by scientists and man-
agers for decades (Lee 1999), however, it has
functioned more as an abstraction than an applied
reality (Bormann et al. 2007). While adaptive man-
agement provided the core of Indigenous landscape
management methods (Anderson 2013), there are
several key reasons for delayed application in con-
temporary management. Adaptive management
depends on watchful learning; what we today call
ecosystem monitoring, which can be time consuming
and expensive, and results often come after lengthy
delays. Sufficient monitoring is rarely budgeted for,
and consequently, an adaptive process is inhibited.
Without agreement on the monitoring questions and
goals of management, disputes remain unresolved.
Innovation and investment are needed in this area to

develop better methods of multi-party goal setting,
and efficient and inexpensive means of monitoring;
for example, multi-scale photography or remote sens-
ing in addition to intensive plot and survey applica-
tion. Another monitoring approach proposed by
Tribes is to use cultural keystone species as indicators
of ecosystem integrity and function (Garibaldi and
Turner 2004). Results from monitoring a representa-
tive subset of forest conditions and projects could be
extrapolated to similar conditions. This would enable
more rapid learning and implementation, which are
core concerns. Effective learning of this sort will
become more essential as expanding human popula-
tions search for better ways to live sustainably on
increasingly dynamic wNA landscapes.

CONCLUSIONS

Here, we have described how policy and management
choices of the last two centuries yielded forest conditions
throughout much of wNA that are vulnerable to the
effects of rapid climatic warming, including increasing
fire and drought severity. We summarized core messages
of Hagmann et al. (2021) and Prichard et al. (2021),
detailing widespread changes in forested landscapes and
wildfire regimes since the influx of European colonists,
and addressing popular questions about the capacity of
management practices to reverse or mitigate the worst
effects of these changes. We address concerns about the
influence of agenda-driven science and reiterate that the
precautionary principle can become the paralyzing princi-
ple given uncertainty about the risk of losses associated
with action and no-action alternatives. We discussed the
near impossibility of demonstrating lack of harm for
most any action, including inaction, especially in a
rapidly changing environment.
We provided recommendations for reframing forest

and fire management and their related policy underpin-
nings, emphasizing (1) whole landscape and multi-scale
adaptation; (2) protection of large and old fire- and
drought-tolerant trees and old forests; (3) restoration of
clumped and gapped tree patterns at fine and meso spa-
tial scales; (4) creation of successionally heterogeneous
forests; (5) use of topography to realign current condi-
tions to the biophysical template; and (6) restoration of
nonforest conditions. Climate change will create more
nonforest and more young open canopy forest condi-
tions (Parks et al. 2016, Hessburg et al. 2019, Coop
et al. 2020); the opportunity for management is to place
those conditions and patch sizes in locations that pro-
vide the greatest social and ecological benefits while con-
serving and recruiting old trees and old forest where
possible.
Some today call for cultivating pyrodiversity to

advance biodiversity (Parr and Andersen 2006, Taylor
et al. 2012, Bowman et al. 2016). However, not all
heterogeneity is equally well adapted to the topogra-
phy, soils, and varied environmental settings and fire
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regimes of wNA landscapes, and thus may endanger
native biodiversity. Climate and wildfire adaptation
requires structural and compositional patterns and
pattern variations that are in synch with biophysical
settings, reinforce the desired fire regimes, and reduce
undesirable impacts of climatic warming to socioeco-
logical communities.
We close our review with a short list of research

needs. Key among them is the need to better under-
stand the disturbance regimes that native plants and
animals evolved with and through which persistence
occurred even as we act proactively to restore pat-
tern–process interactions and adapt these landscapes
to warming climate. Most legal battles concerning for-
est management today are about native biodiversity,
old tree or old forest conservation, conservation of
threatened and endangered species, and impacts of
timber harvesting. Yet, native species and their habi-
tats are tied to disturbance regimes of local and regio-
nal landscapes and their pattern variations. Our
current knowledge of these species-disturbance regime
linkages is weak, yet these dynamics might become a
focal means of biodiversity conservation (Henson
et al. 2013).
Finally, we discussed how some of these climatic

and fire regime effects were common to landscapes
inhabited by the Indigenous people of wNA, and in
closing, we return to those ideas. Because of signifi-
cant vulnerabilities linked to native wildfire regimes,
Indigenous people intentionally managed wildfire for
millennia to provide a broad variety of life-supporting
resources, food and medicine security, protect lifeways,
sacred places, and deeply held traditions, and to
increase personal safety. This intentional management
was a transgenerational commitment; prior genera-
tions took responsibility for the quality and abun-
dance of desired conditions they passed on to
subsequent generations. Since the mid-1850s, the
majority of EuroAmerican colonists and present-day
citizens have neither practiced this intentional manage-
ment nor passed on a transgenerational commitment.
Yet, we are ever more dependent as a society on the
ecosystem services that functional fire-adapted land-
scapes provide. Given the known risks of modern
wildfires and climate change, embracing the role of
fire and a return to intentional transgenerational man-
agement is of critical importance.
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Abstract. We review science-based adaptation strategies for western North American
(wNA) forests that include restoring active fire regimes and fostering resilient structure and com-
position of forested landscapes. As part of the review, we address common questions associated
with climate adaptation and realignment treatments that run counter to a broad consensus in the
literature. These include the following: (1) Are the effects of fire exclusion overstated? If so, are
treatments unwarranted and even counterproductive? (2) Is forest thinning alone sufficient to
mitigate wildfire hazard? (3) Can forest thinning and prescribed burning solve the problem? (4)
Should active forest management, including forest thinning, be concentrated in the wildland
urban interface (WUI)? (5) Can wildfires on their own do the work of fuel treatments? (6) Is the
primary objective of fuel reduction treatments to assist in future firefighting response and con-
tainment? (7) Do fuel treatments work under extreme fire weather? (8) Is the scale of the problem
too great? Can we ever catch up? (9) Will planting more trees mitigate climate change in wNA
forests? And (10) is post-fire management needed or even ecologically justified? Based on our
review of the scientific evidence, a range of proactive management actions are justified and neces-
sary to keep pace with changing climatic and wildfire regimes and declining forest heterogeneity
after severe wildfires. Science-based adaptation options include the use of managed wildfire, pre-
scribed burning, and coupled mechanical thinning and prescribed burning as is consistent with
land management allocations and forest conditions. Although some current models of fire man-
agement in wNA are averse to short-term risks and uncertainties, the long-term environmental,

Manuscript received 18 November 2020; revised 9 March
2021; accepted 22 March 2021; final version received 4 July
2021. Corresponding Editor: David S. Schimel.

19 E-mail: sprich@uw.eu

Article e02433; page 1

INVITED FEATURE: CLIMATE CHANGE ANDWESTERN WILDFIRES

Ecological Applications, 31(8), 2021, e02433
© 2021 The Authors. Ecological Applications published by Wiley Periodicals LLC on behalf of Ecological Society of America.
This article has been contributed to by US Government employees and their work is in the public domain in the USA.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

 19395582, 2021, 8, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2433, W

iley O
nline L

ibrary on [21/01/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

80

Case 2:22-cv-00859-HL    Document 58    Filed 02/10/23    Page 86 of 115

https://orcid.org/0000-0002-6001-1487
https://orcid.org/0000-0002-6001-1487
https://orcid.org/0000-0002-6001-1487
https://orcid.org/0000-0002-0330-7230
https://orcid.org/0000-0002-0330-7230
https://orcid.org/0000-0002-0330-7230
https://orcid.org/0000-0002-1952-7449
https://orcid.org/0000-0002-1952-7449
https://orcid.org/0000-0002-1952-7449
https://orcid.org/0000-0003-1220-7095
https://orcid.org/0000-0003-1220-7095
https://orcid.org/0000-0003-1220-7095
https://orcid.org/0000-0003-2561-3850
https://orcid.org/0000-0003-2561-3850
https://orcid.org/0000-0003-2561-3850
https://orcid.org/0000-0001-8457-8974
https://orcid.org/0000-0001-8457-8974
https://orcid.org/0000-0001-8457-8974
https://orcid.org/0000-0002-0792-4850
https://orcid.org/0000-0002-0792-4850
https://orcid.org/0000-0002-0792-4850
https://orcid.org/0000-0002-5882-8498
https://orcid.org/0000-0002-5882-8498
https://orcid.org/0000-0002-5882-8498
https://orcid.org/0000-0001-7093-4552
https://orcid.org/0000-0001-7093-4552
https://orcid.org/0000-0001-7093-4552
https://orcid.org/0000-0002-9090-784X
https://orcid.org/0000-0002-9090-784X
https://orcid.org/0000-0002-9090-784X
https://orcid.org/0000-0002-2982-5255
https://orcid.org/0000-0002-2982-5255
https://orcid.org/0000-0002-2982-5255
https://orcid.org/0000-0002-2234-1960
https://orcid.org/0000-0002-2234-1960
https://orcid.org/0000-0002-2234-1960
https://orcid.org/0000-0003-2459-0765
https://orcid.org/0000-0003-2459-0765
https://orcid.org/0000-0003-2459-0765
https://orcid.org/0000-0002-3562-8194
https://orcid.org/0000-0002-3562-8194
https://orcid.org/0000-0002-3562-8194
https://orcid.org/0000-0001-6547-7107
https://orcid.org/0000-0001-6547-7107
https://orcid.org/0000-0001-6547-7107
https://orcid.org/0000-0003-4689-2027
https://orcid.org/0000-0003-4689-2027
https://orcid.org/0000-0003-4689-2027
info:doi/10.1002/eap.2433
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/


social, and cultural consequences of wildfire management primarily grounded in fire suppression
are well documented, highlighting an urgency to invest in intentional forest management and
restoration of active fire regimes.

Key words: adaptive management; carbon; climate change; Climate Change and Western Wildfires; cul-
tural burning; ecological resilience; forest management; fuel treatments; managed wildfire; mechanical thin-
ning; prescribed fire; restoration; wildland fire.

INTRODUCTION

Forested landscapes across much of western North
America (wNA) are significantly departed from histori-
cal structure, species composition, and wildland fire
regime characteristics (Hagmann et al. 2021), and as
such, their resilience and resistance to rapidly changing
wildfire and climatic regimes are compromised (Ste-
phens et al. 2020, Hessburg et al. 2021). Through a vari-
ety of causes, including curtailment of Indigenous
burning practices, livestock grazing, and modern fire
suppression, fire frequency in the 20th century decreased
in many wNA forests (Marlon et al. 2012, Hessburg
et al. 2019). The absence of fire and past forest manage-
ment have led to profound changes in ecosystem struc-
ture, composition, and processes over the last two
centuries (Hessburg et al. 2005, Parks et al. 2015b,
Haugo et al. 2019). As the climate warms, forested land-
scapes face increasing vulnerability to rapid and exten-
sive ecosystem changes from severe, large-scale
disturbances such as persistent droughts, insect out-
breaks, disease epidemics, and high-severity fires (Allen
et al. 2010, Bentz et al. 2010, Crockett and Westerling
2017).
Historically, wildland fires, including human and

lightning ignitions, varied in size, intensity, duration,
and seasonality (Perry et al. 2011, Hessburg et al. 2016).
Patterns of burning and re-burning created mosaics of
severity, species distributions, and resource conditions
within shifting patchworks of forest and nonforest vege-
tation and fuels, thereby limiting the extent of stand-
replacing fire events (Prichard et al. 2017, Nigro and
Molinari 2019, Hagmann et al. 2021). In the context of
fire exclusion and climate change, many fire-prone for-
ests now exhibit high surface, ladder, and canopy fuel
contagion with lasting implications for ecosystem
changes, carbon storage, hydrologic regimes, native bio-
diversity, and terrestrial and aquatic habitats (Ager et al.
2007, Coop et al. 2020).
In recent decades, increased area burned by western

wildfires has been associated with uncharacteristically
large patches of high-severity, stand-replacing fire (Parks
and Abatzoglou 2020, Hagmann et al. 2021). In some
regions, such as the Sierra Nevada Range in California
and eastern Cascades of Washington state, area burned
by high-severity fire is 4–10 times that of historical fire
regimes (Mallek et al. 2013, Reilly et al. 2017). Because
high-severity fire events can be catalysts for vegetation
change, particularly when coupled with warmer and
drier climatic conditions, trends in large wildfires and
burn severity have implications for rapid ecosystem

shifts and declines in valued resources (Kemp et al.
2019, Stevens-Rumann and Morgan 2019, Coop et al.
2020).
There is growing awareness of the vulnerability of many

wNA forests and human communities to changing wild-
fire and climatic regimes (North et al. 2015b, Hessburg
et al. 2016). Under the United States National Cohesive
Wildland Fire Management Strategy (United States
Department of Agriculture and United States Depart-
ment of Interior 2021), multi-entity, cross-jurisdictional
partnerships have formed to increase the pace and scale
of forest adaptation and restorative treatments to pro-
mote broad-based landscape resilience to fire, fire-
adapted communities, and safe and effective wildfire
responses. Similarly, recent large wildfires (>1.2 million ha
in both 2017 and 2018) in western Canada are prompting
re-examination of forest fire management practices and
the need to restore more fire-resilient landscapes (Parisien
et al. 2020, Tymstra et al. 2020). Northern Mexico and
Baja peninsula forests have experienced a much shorter
period of fire exclusion, but a growing fire deficit mirrors
trends in the United States and Canada (Rivera-Huerta
et al. 2016, Yocom Kent et al. 2017).
Over the past two decades, there has been confusion

in some of the scientific literature and popular media
surrounding changes in the nature and extent of forest
and fire regime changes (Hagmann et al. 2021), and the
need for and efficacy of adaptation or restorative treat-
ments. Since some treatments can involve the commer-
cial sale of timber, they can be viewed through the lens
of conflict over the role of timber production on federal,
tribal and private forestlands. The legacy of mistrust
from these conflicts affects how different groups perceive
the science and its application in support of proactive
efforts to increase the resilience of forested landscapes
(Schultz and Jedd 2012, Dubay et al. 2013). Perceived
uncertainty in the science of fuel treatments and adap-
tive forest management has the potential to hinder col-
laborative decision-making, weaken public support for
adaptive forest management, and slow implementation
of needed forest management, particularly where courts
rule that the science is yet unsettled. For example, in a
recent opinion on a proposed forest restoration project,
US State Court of Appeals for the Ninth Circuit Judge
Graber wrote, “The project’s proposed methodology of
variable density thinning is both highly controversial
and highly uncertain.” (BARK et al. v. U.S. Forest Ser-
vice. No. 3:18-cv-01645-MO). Given current warming
trends, changing wildfire regimes, and climate projec-
tions for the balance of this century, the current
slow pace and small scale of adaptive management
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portend that many forest landscapes will experience
uncharacteristic, high-severity wildfires and/or insect
outbreaks before treatments can occur (North et al.
2015b, McWethy et al. 2019). High-severity disturbance
events often have long-lasting impacts, including losses
to ecosystem services and valued resources, shifts to new
ecosystem types, and reduced options for future adapta-
tion (Stevens-Rumann and Morgan 2019).
Under climate change, land development, and the

spread of invasive species, adaptive forest management
is not intended to return systems to historical reference
conditions (Allen et al. 2011, Falk et al. 2019). Nonethe-
less, adaptive strategies prompt managers to define a set
of historical and future reference conditions that can be
used to discern the direction and magnitude of changes
from the current conditions and continuing trends to
develop metrics of success (e.g., see Keane et al. 2009,
Safford and Stevens 2017). An evidenced-based
approach built on data and the scientific method is the
most promising path to promote resilience in forests sub-
ject to future wildfires and climate change (Stephens
et al. 2016, 2020). Given the historical role of Indige-
nous land stewardship on many wNA landscapes, com-
bining western science and Indigenous knowledge
systems is foundational to intentionally restoring and
adapting western forest ecosystems (Kimmerer and Lake
2001, Lake et al. 2017, Roos et al. 2021).
Here, we provide a synthesis of science-based manage-

ment strategies that include restoring active fire regimes
and fostering resilient forest structure and composition.
Through a thorough review of the scientific literature,
we evaluate the relative effectiveness of forest manage-
ment strategies. We then address 10 common questions
about fuel treatments and forest adaptation to changing
climatic and wildfire regimes: (1) Are the effects of fire
exclusion overstated? If so, are treatments unwarranted
and even counterproductive? (2) Is forest thinning alone
sufficient to mitigate wildfire hazard? (3) Can forest
thinning and prescribed burning solve the problem? (4)
Should active forest management, including forest thin-
ning, be concentrated in the wildland urban interface
(WUI)? (5) Can wildfires on their own do the work of
fuel treatments? (6) Is the primary objective of fuel
reduction treatments to assist in future firefighting
response and containment? (7) Do fuel treatments work
under extreme fire weather? (8) Is the scale of the prob-
lem too great? Can we ever catch up? (9) Will planting
more trees mitigate climate change in wNA forests? and
(10) Is post-fire management needed or even ecologically
justified?

Fuel treatments and active forest management

Biophysical context and socio-cultural considerations.—
Much of the literature on adaptive forest management
and fuel treatments in wNA pertains to seasonally dry
pine and mixed-conifer forests, including ponderosa pine
(Pinus ponderosa), Jeffrey pine (P. jeffreyi), interior

Douglas-fir, and mixed-conifer forests of Douglas-fir
(Pseudotsuga menziesii), grand or white fir (Abies gran-
dis, A. concolor), and western larch (Larix occidentalis)
and is concentrated on the western United States. How-
ever, as reviewed by Hagmann et al. (in press), the effects
of fire exclusion are broad reaching and include depar-
tures in oak woodlands, mixed broadleaf-conifer forests,
and cold forests as well. As we address the topics of for-
est and fuel management, it is important to provide the
context, observation scale, and scope of inference of
existing studies to understand where and when active
management may be warranted.
Seasonally dry pine and mixed-conifer forests were

historically dominated by fire- and drought-tolerant
conifers with thick bark; fire-tolerant leaf, branch, and
crown morphology; and other adaptations to surviving
low- to moderate-intensity surface fires (Agee 1996,
Margolis and Malevich 2016, Stevens et al. 2020).
Repeated fires removed fuels and created highly varying
patterns of individual trees, small tree clumps, and vari-
able sized openings (Jeronimo et al. 2019, Kane et al.
2019). These fuel characteristics collectively contributed
to resistance to active crown fires (Ritter et al. 2020) but
allowed for individual tree and tree-group torching. Past
management and fire exclusion caused tree infilling in
many of these forests (Naficy et al. 2016, Hessburg et al.
2019), resulting in substantially denser forests with con-
tinuous layered canopies, homogeneous structure, higher
density of fire-intolerant species, and high surface fuel
loads and fuel ladders connecting surface to crown fuels
(Savage et al. 2013, Battaglia et al. 2018, van Mantgem
et al. 2018).
Many western oak woodlands and mixed hardwood-

pine forests were historically adapted to frequent fire
and actively maintained by Indigenous burning practices
(Lake et al. 2018). In the absence of frequent fire, oak
woodlands and hardwood-conifer forests have been
invaded by conifers and other vegetation (Engber et al.
2011, Hoffman et al. 2019). Due to the often extensive
fuel ladders and surface fuel loads of contemporary
mixed oak-conifer woodlands, reintroducing low-
severity fire in forests now dominated by conifers will
not likely restore oak woodlands to enable an active fire
regime (Barnhart et al. 1996). In some locations, inva-
sion of non-native grasses combined with frequent
human ignitions can lead to a decline in oak woodlands
and mixed hardwood-pine forests, favoring grassland
expansion, and precluding restoration of oak woodlands
(Lilley and Vellend 2009).
Moist mixed-conifer and broadleaf deciduous forests

(e.g., quaking aspen, black cottonwood, and balsam
poplar, Populus tremuloides, P. trichocarpa, and P. bal-
samifera) exist throughout wNA, and where they reside
in drier climatic settings, they occupy moist sites and
valley-bottom locations. These are environments where
dense forests with multi-layered canopies are more typi-
cal. Historically, moderate- and high-severity fires were
common in these topographic settings (Perry et al. 2011,
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Hessburg et al. 2019). However, where moist mixed for-
ests were interspersed between dry pine and mixed-
conifer forest along topographic and edaphic gradients,
low- and moderate-severity fires also commonly
occurred (Hagmann et al. 2014, Johnston et al. 2016,
Merschel et al. 2018, Ng et al. 2020). Historically, fre-
quent fire favored fire-tolerant tree species and open
canopy conditions that were well below carrying capac-
ity of many mixed-conifer forest sites (Hagmann et al.
2021). Indigenous burning also intentionally created
patches of meadows, prairies and seasonally dry wet-
lands in some moist conifer forests (Underwood et al.
2003, Storm and Shebitz 2006). With climate shifting to
warmer and drier conditions, managers may reduce the
vulnerability of these patches by employing variable den-
sity thinning and prescribed fire that favor the likelihood
of low- to moderate fire effects rather than high severity
by creating tree clumps, gaps, and openings within cur-
rently continuous forest canopies (Churchill et al. 2013,
Knapp et al. 2017). Where reducing the risk of large
patches of high-severity fire is the goal, many of the
same strategies used in dry mixed-conifer forests are
appropriate to moist mixed-conifer forests (LeFevre
et al. 2020). However, small patches of dense and older
forest can be embedded within the clumped and gapped
tree patterns, and large patches are especially appropri-
ate on north aspects and in valley bottoms (Perry et al.
2011, Hessburg et al. 2015).
Montane cold forests are dominated by thin-barked

species such as Engelmann spruce (Picea engelmanii),
subalpine fir (A. lasiocarpa), and lodgepole pine (P. con-
torta), and can include white and black spruce (P. glauca
and P. mariana) further north in the Canadian boreal
and subboreal zones (Rowe and Scotter 1973, Agee
1996, Morgan et al. 2008). Departures in these forests
are primarily manifested in a loss of burned and recover-
ing patchworks, loss of seral stage and patch size com-
plexity, and high crown fire potential over broad areas
(Hessburg et al. 2019, Fig. 1) rather than within-patch
changes in tree density and composition. Historical resi-
lience in these forests was largely driven by landscape
heterogeneity in the form of patchworks of nonforest
vegetation (shrublands, wet and dry meadows) and var-
ied successional and surface fuel conditions, which
reduced contagion of dense and layered forests (Stock-
dale et al. 2019). Indigenous fire stewardship in some
cold forests varied post-fire effects to stagger availability
of desired resources. The condition of the valued
resources (e.g., foods, forage for big game, medicines,
basketry materials), fuel loading, and fuel continuity
determined the frequency, seasonality, and locations of
intentionally burning, where lightning ignitions were too
few, or fire effects were insufficient to the maintenance
of resources (Lake and Christianson 2019).

Fuel treatments and how they contribute to forest adapta-
tion.—Stephens et al. (2010) recommend four strategies
for adapting western forest landscapes to changing

climatic and wildfire regimes. They define resistance
work as that which mitigates expected wildfire effects
and protects valued resources, while realignment work
modifies existing conditions to restore key ecosystem
patterns and the processes they drive. Creating resilient
conditions improves the natural capacity of an ecosys-
tem to respond favorably when unplanned or unantici-
pated disturbances occur. Finally, they present response
work as any active facilitation to achieve culturally and
ecologically desirable results that are otherwise difficult
to achieve. Each of these strategies can play a role in
wNA forest management.
As wNA forest ecosystems respond to warmer and

drier summers and longer fire seasons, some areas that
once supported forests will shift to nonforest (Parks
et al. 2019, Coop et al. 2020), and historical fire regimes
that resulted from feedbacks between past climate and
vegetation may no longer be supported (McWethy et al.
2019). With rapid change and ecological surprises, novel
ecosystems and disturbance regimes will emerge, and
there is a high level of uncertainty in future ecological
outcomes. The combined strategies reviewed in Stephens
et al. (2010) can be used to prioritize where adaptive for-
est management may be the most advisable and effective
(Box 1). Furthermore, facilitating ecosystem shifts in
portions of the landscape can benefit resilience at land-
scape and regional scales. For example, certain vegeta-
tion types (e.g., shrub and grasslands) may be more
adapted to future climate conditions and can contribute
to landscape heterogeneity. They also may alter fire
behavior patterns towards a reduction in crown fire initi-
ation and spread
There are two main types of management actions to

modify forest fuels (termed fuel treatments), and they
include (1) reducing surface and canopy fuels via pre-
scribed burning, thinning or other mechanical treat-
ments followed by removal or on-site burning of woody
debris, or (2) rearranging fuels including thinning or
mechanical treatments without slash reduction. Each
type of treatment directs how and where potential energy
is stored and released at the scale of forest patches to
landscapes, and thresholds to burning.

Fuel reduction.—Common fuel reduction treatments
include a combination of (1) forest thinning to reduce
canopy bulk density and ladder fuels, and (2) prescribed
burning or biomass removal to reduce surface fuels,
including logging slash from the thinning event and
prior fuel accumulations (Reinhardt et al. 2008, Kalies
and Yocom Kent 2016). Prescribed burning of logging
slash generally includes piling and burning concentrated
logging slash and broadcast burning dispersed slash.
Forest management projects aimed at fuel reduction in
dry or moist mixed-conifer forests and pine, Douglas-fir,
or oak woodlands are designed to foster the develop-
ment of forest structure, composition, and configura-
tions that are more resilient to drought and
disturbances. These treatments also commonly reduce
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surface fuel loads to promote lower flame lengths, sur-
face fire intensity and spread, and a reduction in crown
fire potential (Agee and Skinner 2005). Forest thinning
in these forest types is aimed at retaining larger, more

fire-resilient tree species, and restoring open canopy
structure. For example, the individuals, clumps, and
openings (ICO) method selects trees and tree groups to
impart spatial heterogeneity to the forest by varying the

FIG. 1. (A) Dry mixed-conifer forests. Theorized responses of seasonally dry mixed-conifer forest biomass to wildfire and three
fire management scenarios under 21st-century climate change. (a) Partial wildfire suppression with only a small fraction of forested
landscape treated each year (˜1%). In this scenario, escaped high-severity wildfires are the dominant change agent with a high prob-
ability of forest conversion to nonforest as represented in the ball and cup figure by a shallow forest basin of attraction and a deep
and broad nonforest basin of attraction. (b) A large percentage of the forested landscape (>50%) is treated either by frequent low
and moderate severity fires or fuel reduction treatments with ongoing maintenance. Large wildfires are infrequent, and fire severity
within the event perimeter is mostly low and moderate severity as represented in the ball and cup figure by a deep and wide forest
basin of attraction and a moderately deep and wide nonforest basin of attraction. (c) Aggressive wildfire suppression with no active
fuel reduction treatments; similar to scenario A but with even a higher likelihood of forest to nonforest conversion. (B) Cold forests.
Wildfire management scenarios represent two levels of wildland fire management under 21st-century climate change. (d) Cold forest
area treated with moderately frequent fires of moderate and high severity. Because large fire events are relatively rare, forest regener-
ation is supported by patchworks of remnant forest, represented by a deep and wide forest basin of attraction. (e) Aggressive fire
suppression with no active fuel treatments. In this scenario, escaped wildfires are the major change agent through large, mostly high
severity fires. Forest regeneration is limited by large, high severity fire events, and conversion to nonforest is common; represented
by a shallow and narrow forest basin of attraction and a deep and broad nonforest basin of attraction.
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distribution of forest and non-forest cover to achieve a
low edge to interior ratio with the goals of refostering
drought tolerance and reducing the probability of crown
fire (Larson and Churchill 2012, Churchill et al. 2017).
Recent evidence suggests that low-intensity fire alone
may not increase resilience because it is not sufficiently
lethal to shade-tolerant species that established during
an extended period of fire exclusion (e.g., Douglas-fir,
grand fir, white fir, incense-cedar [Calocedrus decurrens];
Cocking et al. 2014, Huffman et al. 2018, Eisenberg
et al. 2019). Methods such as ICO are intended to emu-
late the structural patterns maintained by frequent fires
and can be employed where single entry fires may not
achieve restoration goals.
Due to altered stand conditions, restoring an active

fire regime and reducing climate vulnerability often
requires either a managed wildfire that significantly thins
forests, consumes fuels, and favors fire-resistant, larger
trees (Holden et al. 2010, Kane et al. 2015), or coupled
mechanical thinning and prescribed or cultural burning
treatment followed by regular maintenance burning (Ste-
phens et al. 2012). Unplanned wildfires that consume
surface fuels can also be considered fuel reduction treat-
ments under moderate fire weather conditions (North
et al. 2012, Prichard et al. 2017). Mechanical treatments
that involve thinning and off-site biomass transport can
also be effective fuel reduction surrogates where infras-
tructure and economics allow (North et al. 2015a). In all
cases, fuel reduction treatments can be effective at miti-
gating subsequent wildfire behavior and effects for a per-
iod of time after treatment until surface and canopy

fuels accumulate through vegetation growth and deposi-
tion (Keane et al. 2015).
The key to effective fuel reduction is that it creates

gaps in surface and canopy fuel structures and reduces
the potential for contagious crown fire initiation and
spread (Reinhardt et al. 2008, Martinson and Omi 2013,
Fig. 2A). Depending upon the scale of a wildfire event
and the underlying climate and weather conditions, past
fuel reduction treatments can mitigate fire spread and
intensity at very fine to coarse spatial scales (Ful�e et al.
2012, Prichard et al. 2017). For example, in a fire-
maintained pine forest or savanna, frequent understory
burning can maintain low loads of pine needle duff and
litter, fine wood and grass to support low-intensity sur-
face fires. In these forest types, the threshold for high-
severity fire is only crossed during extreme fire weather
and fire behavior, often involving plume-driven fire
spread from adjacent forests (Agee and Skinner 2005,
Lydersen et al. 2014).

Fuel rearrangement.—Without associated reduction of
surface fuels, mechanical thinning and mastication treat-
ments are examples of fuel rearrangement treatments
(Fig. 2B). Commercial or pre-commercial forest thin-
ning reduces the continuity of tree crowns, their bulk
density, and their propensity for spreading crown fire.
Consequently, thinning without prescribed burning is
considered both a reduction of canopy and ladder fuels
and a rearrangement of fuels from the canopy to the for-
est floor (Pollet and Omi 2002). Where canopy thinning
results in augmented surface fuels, fire behavior and

.

Box 1. Defining restorative and adaptive management

Ecosystem restoration is actively assisting the recovery of an ecosystem that has been degraded, damaged,
or transformed (Holl 2020). Adaptive management is a learning-by-doing method of responding to ecosys-
tem changes, informed by effectiveness monitoring (Lyons et al. 2008, Larson et al. 2013b). Recent reviews
examine in detail research on adaptive and restorative forest fuel treatments, including mechanical thinning,
prescribed and Indigenous cultural burning, and management of unplanned ignitions, and their relative effec-
tiveness at mitigating future wildfire spread and severity (Ful�e et al. 2012, Stephens et al. 2012, Martinson
and Omi 2013, Ryan et al 2013, Kalies and Yocom Kent 2016). Across seasonally dry forests, a promising
finding is that treatments involving prescribed or cultural burning or effectively managed wildfires generally
mitigate the spread and severity of subsequent wildfires for a period of time after treatment (5–20 yr, depend-
ing on site productivity, vegetation, and climate), and are often more effective than mechanical treatments
without follow-up prescribed burning (Prichard et al. 2017). Use of these management techniques can there-
fore improve forest resilience and resistance to change under a warmer, drier climate.
Treatments designed to restore or adapt fire-excluded forests to a changing climate must foster ecosystem

resilience and conserve native biodiversity. For example, restoration treatments are often designed to
enhance plant vigor, favor fire-adapted species, and create open forest structures, all with the objective of
increasing resilience and resistance to climatic warming and severe wildfires (Lehmkuhl et al. 2007, Rein-
hardt et al. 2008, North et al. 2012). An added benefit of most restorative treatments is that wildland fuel
hazard is also reduced (Ful�e et al. 2001, Brown et al. 2004). Fire-less fuel reduction treatments rarely
mimic the broad role of fire (Reinhardt et al. 2008), which performs many cultural and ecological func-
tions, e.g., nutrient cycling, facilitating tree regeneration by exposing mineral soils, promoting valued cul-
tural and aesthetic resources (Marks-Block et al. 2019). As a result, any area treated using mechanical fuel
treatments alone rarely restores fire-adapted ecosystems.
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severity can be amplified rather than diminished (Saf-
ford et al. 2009, Prichard et al. 2010). Furthermore,
many fire-excluded forests have elevated surface fuels
associated with more than a century of fire exclusion
(Knapp et al. 2013, Keane et al. 2015). Effective treat-
ment therefore necessitates prescribed burning that is
intense enough to reduce surface and ladder fuels such
that the likelihood of a subsequent intense fire is reduced
(Stephens et al. 2012). Wildfires that result in substantial
tree mortality may offer a short-term fuel reduction, but
over longer time periods (15–25 yr), downed wood accu-
mulations from snag and branch fall can elevate surface
fuels and create conditions for high-intensity reburn
events (Stevens-Rumann et al. 2012, Dunn and Bailey
2016, Johnson et al. 2020). As such, moderate to high-
severity wildfires are generally considered a type of
longer-term fuel rearrangement (Lydersen et al. 2019a).

Development of landscape mosaics.—Intentional manage-
ment of landscapes involves the broad-scale planning and
spatial design of treatments, including determining where
they are most effective on the landscape and assessing
how individual treatments will interact with fire over
space and time (Ager et al. 2010, Falk et al. 2019). Many
historical landscapes, influenced by lightning and Indige-
nous ignitions, supported a hierarchical patchwork of for-
est and nonforest vegetation at coarse spatial scales in
addition to meso- and fine-grained heterogeneity of forest
age classes and vulnerability to fire (Hessburg et al. 2019,
Hagmann et al. 2021). Managed landscape mosaics can
be designed to restore more characteristic patchworks of
open and closed canopy vegetation of different patch
sizes, tree ages, and forest densities, and of fuel contagion
to facilitate restoring fire as a dynamic and beneficial eco-
logical process (Hessburg et al. 2015).
Fuel treatments that modify within-stand structure to

remove small trees and reduce surface fuels while retain-
ing large, more fire-resistant trees and variable stand
structure (Stephens et al. 2021) are most appropriate in
dry pine, dry to moist mixed-conifer forests and oak
woodlands, particularly where there is evidence that

older fire-resistant species have been or are being
replaced by younger fire-sensitive species (e.g., Yocom-
Kent et al. 2015). This mirrors the fine- to meso-scale
(i.e., 1–10,000 ha) heterogeneity in forest structure that
characterized these frequent-fire forest types historically
(Hessburg et al. 2019, Hagmann et al. 2021). In cold
forests characterized by greater landscape-scale hetero-
geneity, fuel treatments including managing unplanned
wildfires may be more appropriate at larger scales, par-
ticularly where landscape-scale heterogeneity has been
lost (Hessburg et al. 2019, Hagmann et al. 2021).
Within this context, reserves and other no-treatment

areas can be designated where fuels are left to accumulate
over time (Fig. 2C). Competing resource management
objectives and consideration of values at risk often inevi-
tably lead to management areas where fuel reduction
treatments are not allowed and wildfires are actively sup-
pressed. Examples include late-successional reserves,
riparian reserves, and other locations where wildland fires
and fuel reduction treatments are restricted to facilitate
habitat development. Over time, surface and canopy fuel
accumulations and wildfire dynamics will threaten the
objectives of these reserved areas (Van de Water and
North 2011, Reilly et al. 2018). Stationary reserves will be
difficult to maintain in areas where wildfires are the dis-
turbance engine that drives the ecosystem.

TEN COMMON QUESTIONS ABOUT ADAPTIVE FOREST MAN-

AGEMENT

Although the need to increase the pace and scale of
fuel treatments is broadly discussed in scientific and pol-
icy arenas (Franklin and Johnson 2012, North et al.
2012, Kolden 2019), there is still confusion and disagree-
ment about the appropriateness of forest and fuel treat-
ments. For example, recent publications have questioned
whether large, high-severity fires are outside of the his-
torical range of variability for seasonally dry forests, and
whether the risk of high-severity fire warrants large-scale
treatment of fire-prone forests (Bradley et al. 2016, Del-
laSala et al. 2017). Others have questioned whether

A CB

FIG. 2. Representative photos of (A) fuel reduction treatment (maintenance surface fire in a previously thinned and burned for-
est); (B) fuel rearrangement (forest residues following mechanical thinning); and (C) fuel accumulation (fire excluded forest with
grand fir infilling around western larch trees). Photo credits: Roger Ottmar, Susan Prichard, and John Marshall.
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intentional management, including forest thinning, is
effective or justified outside of the wildland urban
interface (Moritz et al. 2014, Schoennagel et al. 2017).
Furthermore, debates around the management of fire-
adapted forests are occurring within the context of long
running conflicts over timber production on public
lands, especially federal lands, leading to questions
about science-based benefits of management treatments
where they align with economic incentives (Daniels and
Walker 1995). Currently, management strategies employ-
ing active fire suppression and limited use of fuel reduc-
tion treatments are common for most public land
management agencies.
Among the many challenges to proactive management

on public lands (e.g., funding, adequate and qualified
personnel, smoke impacts, and weather and fuel condi-
tions that fall within burn prescription parameters),
uncertainty in the scientific literature about forest man-
agement and fuel treatments is commonly cited in plan-
ning process-public comment periods (Spies et al. 2018,
Miller et al. 2020). In the following sections, we examine
10 common questions about forest management and fuel
treatments. We summarize them in Table 1 and provide
key citations that examine these questions. For each
topic, we evaluate the strength of evidence in the existing
scientific literature concerning each topic. Our goal is to
help managers, policy makers, informed public stake-
holders, and others working in this arena to establish a
robust scientific framework that will lead to more effec-
tive discussions and decision-making processes, and bet-
ter outcomes on the ground. Additional citations for
each question are listed in Appendix S1.

Are the effects of fire exclusion overstated? If so, are
treatments unwarranted and even counterproductive?

Concerns about forest thinning and other forms of
active management are sometimes based on the assump-
tion that contemporary conditions and fire regimes in
dry pine and mixed-conifer forests are not substantially
departed from those maintained by uninterrupted fire
regimes (Hagmann et al. 2021). This perspective does
not accurately reflect the breadth and depth of scientific
evidence documenting the influence of over a century of
fire exclusion. Support for the suggestion that ecological
departures associated with fire exclusion are overesti-
mated has repeatedly failed independent validation by
multiple research groups (Hagmann et al. 2021). In
addition, these arguments fail to consider widespread
Indigenous fire uses that affected landscape scale vegeta-
tion conditions linked to valued cultural resources and
services, food security, and vulnerability to wildfires
(Lake et al. 2018, Power et al. 2018). As is explored in
the following sections, a number of forest management
and treatment strategies are shown to be highly effective.
Site conditions and history are always important consid-
erations. Moreover, there is no one-treatment-fits-all
approach to forest adaptation.

Evidence from a broad range of disciplines documents
widespread, multi-regional 20th-century fire exclusion in
interior forested landscapes of wNA (see a detailed refer-
ence list and discussion in Hagmann et al. 2021). Collec-
tively, these studies reveal extensive changes in tree
density, species and age composition, forest structure,
and continuity of canopy and surface fuels. Forests that
were once characterized by shifting patchworks of forest
and nonforest vegetation (i.e., grasslands, woodlands,
and shrublands) in the early 20th-century gradually
became more continuously covered in forest and densely
stocked with fuels (Fig. 4).
However, for over two decades, a small fraction of

the scientific literature has cast doubt on the inferences
made from fire-scar based reconstructions and broader
landscape-level assessments to suggest that estimates of
low- to moderate-severity fire regimes from these stud-
ies are overstated. Hagmann et al. (in press) examine
this counter-evidence in detail and identify critical
flaws in reasoning and methodologies in original
papers and subsequent re-application of these methods
in numerous geographic areas. Subsequent research
shows that studies relying on Williams and Baker
(2011) methods for estimating historical tree densities
and fire regimes overestimate tree densities and fire
severity (see also Levine et al. 2017). Moreover, estab-
lished tree-ring fire-scar methods more accurately
reconstruct known fire occurrence and extent. Other
studies, also based on the methods of Williams and
Baker (2011), conflate reconstructed low-severity, high-
frequency fire regimes with landscape homogeneity.
These interpretations disregard critical ecosystem func-
tions that were historically associated with uneven-
aged forests embedded in multi-level fine-, meso- and
broad-scale landscapes. By extension, claims that low-
severity fire regimes are overestimated then imply that
large, high-severity fires were a regular occurrence
prior to the era of European colonization. Such inter-
pretations may lead to the conclusion that recent
increases in high-severity fire are still within the histor-
ical range of variability, and that there is no need of
restorative or adaptive treatments (Hanson and Odion
2014, Odion et al. 2014, Baker and Hanson 2017).
Indeed, research from across wNA has shown that

high-severity fire was a component of historical fire
regimes, and that fires of all severities are currently in
deficit (Parks et al. 2015b, Reilly et al. 2017, Haugo
et al. 2019, but see Mallek et al. 2013). However,
reanalysis of the methods of Baker and others shows
that their methods inherently overestimate fire severity
and the frequency and area affected by high-severity
fire (Ful�e et al. 2014, Hagmann et al. 2021). In addi-
tion, high-severity patches in recent fires are less
heterogeneous and more extensive than the historical
range of variability for forests characterized by low-
and moderate-severity fire regimes (Stevens et al.
2017, Hagmann et al. 2021). Finally, research across
wNA reveals key climate-vegetation-wildfire linkages,
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where fire frequency, extent, and severity all increase
with increasing climatic warming, suggesting that
observed trends in fire patterns are commensurate

with predicted relationships with ongoing climate
change (McKenzie and Littell 2017, Parks and Abat-
zoglou 2020).

TABLE 1. Ten common questions about active forest management.

Question Summary of evidence Key citations

(1) Are the effects of fire
exclusion overstated? If
so, are treatments
unwarranted and even
counterproductive?

Broad-scale evidence of fire exclusion is strong across disciplines
and western forest ecosystems. Although high severity fire was a
component of many historical fire regimes, the frequency and
extent of high severity fire over the past few decades is outside
the range of historical range of variability

Hessburg et al. (2005),
Reynolds et al. (2013), Stine
et al. (2014), Safford and
Stevens (2017), Stephens
et al. (2020), Hagmann et al.
(2021)

(2) Is forest thinning alone
sufficient to mitigate
wildfire hazard?

Thinning alone can sometimes mitigate fire severity, but through
residual logging slash, desiccation of understory fuels, and
increased surface wind flow without accompanying surface fuel
reduction, thinning can contribute to high-intensity surface fires
and abundant mortality

Stephens et al. (2009), Ful�e
et al. (2012), Martinson and
Omi (2013), Kalies and
Yocom Kent (2016)

(3) Can forest thinning
and prescribed burning
solve the problem?

Although thinning and prescribed burning have been shown to be
highly effective, not all forests are appropriate for this treatment
(e.g., thin-barked species common in cold mixed-conifer forests).
This type of fuel treatment is also not appropriate for wilderness
and other roadless areas

DellaSala et al. (2004),
Battaglia and Shepperd
(2007), Reinhardt et al.
(2008)

(4) Should active forest
management, including
forest thinning, be
concentrated in the
wildland urban
interface (WUI)?

The majority of designated WUI is in private ownership and hence
these lands are sometimes more difficult to treat than public
lands. Treating dry and moist mixed-conifer forests beyond WUI
buffers can modify fire behavior and change the intensity of
wildfires arriving at communities

Kolden and Brown (2010),
Bladon (2018), Hallema
et al. (2018), Kolden and
Henson (2019), Schultz et al.
(2019)

(5) Can wildfires on their
own do the work of fuel
treatments?

Unplanned fires that escape suppression often burn under extreme
fire weather and can have severe wildfire effects. In contrast,
prescribed burns and managed wildfires generally burn under
more moderate weather conditions and contribute to variable
fire effects and surface fuel reduction that can mitigate future
wildfire severity

Miller and Safford (2012),
Parks et al. (2015a, 2016),
Prichard et al. (2017),
Stevens et al. (2017), Kane
et al. (2019), Huffman et al.
(2020), Rodman et al. (2020)

(6) Is the primary
objective of fuel
reduction treatments to
assist in future
firefighting response
and containment?

Although fuel reduction treatments can assist in suppression
operations, primarily using fuel treatments to suppress future
wildfires actually contributes to wildland fire deficit. Adaptive
treatments in fire-adapted landscapes aim to restore the patch to
landscape role of fire as an ecological process, reduce fire effects
and need for aggressive suppression when the fire next occurs

Reinhardt et al. (2008), Safford
et al. (2012), Stephens et al.
(2020)

(7) Do fuel treatments
work under extreme fire
weather?

Fire behavior associated with persistent drought, high winds and
column-driven spread are associated with higher burn severity in
western North American forests. However, strong scientific
evidence across dry and moist mixed conifer forests
demonstrates effectiveness at mitigating burn severity, often even
under extreme fire weather conditions

Arkle et al. (2012), Yocom-
Kent et al. (2015), Povak
et al. (2020), Prichard et al.
(2020)

(8) Is the scale of the
problem too great? Can
we ever catch up?

The current pace and scale of treatments is decidedly inadequate to
restore fire-resilient and climate adapted landscapes. However,
evidence strongly supports that expanded use of fuel reduction
treatments can be effective

Collins et al. (2009), North
et al. (2012), Parks et al.
(2015a, 2016), Ager et al.
(2016), Barros et al. (2018),
Liang et al. (2018)

(9) Will planting more
trees mitigate climate
change in wNA forests?

Temperate rainforests and other wet forests have the capacity to
store and sequester high amounts of forest carbon. However,
planting to increase tree density and continuity in fire-prone
forests is unsustainable due to high fire danger, anticipated
climatic water deficits and drought stress

Thompson et al. (2007),
Veldman et al. (2019), Holl
and Brancalion (2020)

(10) Is post-fire
management needed or
even ecologically
justified?

Active forest and fuels management may be required beyond the
initial fire response in order to promote future forest resilience to
disturbance and climate change. Due to fire exclusion,
uncharacteristically dense patches of dead trees may contribute
to high-severity reburns as they fall and create heavy surface fuel
accumulations

Peterson et al. (2015), Lydersen
et al. (2019a), North et al.
(2019)

Note: Western North America is abbreviated wNA.
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Another perspective on this debate contends that
whether historical records can be agreed upon is of ancil-
lary importance. Adaptive forest management and fuel
reduction treatments are primarily aimed at increasing
forest resilience and/or resistance to climate change, fire
and other disturbances, which has positive societal and
ecological impacts that do not require justification based
on historical conditions, particularly given the no-analog
present and future that climate change presents (Freeman
et al. 2017). For example, the most concerning contempo-
rary high-severity fire events are associated with large
patches of complete stand replacement (Miller and
Quayle 2015, Lydersen et al. 2016). In some cases, high-
severity fire events convert forests to shrubland and grass-
land assemblages as alternative stable states in uncharac-
teristically large patches (Falk et al. 2019, Kemp et al.
2019, Stevens-Rumann and Morgan 2019). As such, a
critical forest management concern is that high-severity
wildfires are accelerating rates of vegetation change, forest
conversion, and vulnerability of native habitats in
response to awarming climate.

Is forest thinning alone sufficient to mitigate wildfire
hazard?

While “thin the forest to reduce wildfire threat” is
commonly cited in the popular media, the capacity for
thinning alone to mitigate wildfire hazard and severity is
not well supported in the scientific literature. Thinning
treatments require strategic selection of trees to target
fuel ladders and fire-susceptible trees, along with a sub-
sequent fuel reduction treatment (Jain et al. 2020).
When thinning is conducted without accompanied sur-
face fuel reduction, short and long-term goals may not
be realized.
Thinning from below reduces ladder fuels and canopy

bulk density concurrently, which can reduce the poten-
tial for both passive and active crown fire behavior (Agee
and Skinner 2005). For instance, Harrod et al. (2009)
found that thinning treatments that reduced tree density
and canopy bulk density and increased canopy base
height significantly reduced stand susceptibility to crown
fire compared to untreated controls. Furthermore, large-
diameter trees and snags that provide essential wildlife
habitat and other ecosystem values can be retained and
fuels can be deliberately removed around these struc-
tures using this approach (Lehmkuhl et al. 2015). Where
wood from treatments can be marketed, revenues from
thinning help to sustain broader management goals on
public lands. For example, some landscape restoration
collaboratives seek to reinvest profits from commercially
viable thinning to off-set costs associated with more
labor-intensive manual thinning and prescribed or cul-
tural burning needs (Schultz and Jedd 2012).
Some studies show that thinning alone can mitigate

wildfire severity (e.g., Pollet and Omi 2002, Prichard and
Kennedy 2014, Prichard et al. 2020), but across a wide
range of sites, thin and prescribed burn treatments are

most effective at reducing fire severity (see reviews by
Ful�e et al. 2012, Martinson and Omi 2013, Kalies and
Yocom Kent 2016). On most sites, thinning alone
achieves a reduction of canopy fuels but contributes to
higher surface fuel loads. If burned in a wildfire, these
fuels can contribute to high-intensity surface fires and
elevated levels of associated tree mortality (e.g., Stephens
et al. 2009, Prichard and Kennedy 2012). When trees are
felled and limbed, fine fuels from tree tops and branches
(termed activity fuels) are re-distributed over the treat-
ment area, thereby increasing surface fuel loads (Martin-
son and Omi 2013). Mechanical fuel reduction
treatments of these activity fuels are possible, but in
many locations, biomass removal and utilization (e.g.,
for bioenergy) after thinning treatments can be cost-
prohibitive due to long hauling distances and the eco-
nomic and technological challenges of building new bio-
mass facilities (Hartsough et al. 2008). Mastication
equipment is sometimes used to shred understory trees
and shrubs into smaller woody fragments, which are
then redistributed and left on site (Kane et al. 2009).
However, following mastication, surface fuels are tem-
porarily elevated, and masticated stands that burn in
wildland fires can cause deep soil heating from long-
duration smoldering combustion and elevated fire inten-
sities (Kreye et al. 2014).
Other unintended consequences of thinning without con-

comitant reduction in surface fuels can occur. For instance,
decreasing canopy bulk density can change site climatic
conditions (Agee and Skinner 2005). Wildfire ignition
potential is largely driven by fuel moisture, which can
decrease on drier sites when canopy bulk density is reduced
through commercial thinning (e.g., Reinhardt et al. 2006).
Reduced canopy bulk density can lead to increased surface
wind speed and fuel heating, which allows for increased
rates of fire spread in thinned forests (Pimont et al. 2009,
Parsons et al. 2018). Other studies show no effect of thin-
ning on surface fuel moisture (Bigelow and North 2012,
Estes et al. 2012), suggesting that thinning effects on sur-
face winds and fuel moisture are complex, site specific, and
likely vary across ecoregions and seasons.
In summary, although the efficacy of thinning alone as a

fuel reduction treatment is questionable and site depen-
dent, there exists widespread agreement that combined
effects of thinning plus prescribed burning consistently
reduces the potential for severe wildfire across a broad
range of forest types and conditions (Fig. 3; Ful�e et al.
2012, Kalies and Yocom Kent 2016, Stephens et al. 2021).
Given this broad consensus in the scientific literature, some
authors suggest that forest thinning should be considered
in the context of wildfire hazard abatement, ecological
restoration and adaptation, and revitalization of cultural
burning (Lehmkuhl et al. 2007, Hessburg et al. 2015,
Huffman et al. 2020). Where restoring resilient forest com-
position and structure and reducing future wildfire hazard
are goals of management (Koontz et al. 2020), combined
thinning and burning approaches will provide ecological
and wildfire-risk reduction benefits (Knapp et al. 2017).
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Can forest thinning and prescribed burning solve the
problem?

Fire has been a tool that has been actively used for
millennia. Indigenous burning practices maintained
prairies, oak and pine savannas, riparian areas, mixed-
conifer, hardwood, and dry forests, and high mountain
huckleberry and beargrass assemblages for food, medi-
cine, basketry and other resources (Trauernicht et al.
2015, Roos et al. 2021). Following prolonged fire exclu-
sion, many seasonally dry forest landscapes that were
once frequently burned now are densely stocked with
multi-layered canopies that often require thinning prior
to restoring fire (North et al. 2012, Ryan et al. 2013).
Prescribed burning on its own and in combination with
mechanical thinning are essential fuel reduction treat-
ments with demonstrated effectiveness in reducing fire
severity, crown and bole scorch, and tree mortality com-
pared to untreated forests (Safford et al., 2012a,b, Kalies
and Yocom Kent 2016). Thinning and burning in part-
nership with local Indigenous knowledge and practice
can support culturally valued practices, traditions, liveli-
hoods, and food and medicine security (Sowerwine et al.
2019).
Although the use of prescribed burning, often in com-

bination with mechanical thinning, has been shown to

be highly effective at mitigating wildfire severity and
increasing forest resilience to drought, insects and dis-
ease (Hood et al. 2015), these treatments alone cannot
address forest management challenges across wNA. Fuel
reduction treatments are not appropriate for all condi-
tions or forest types (DellaSala et al. 2004, Reinhardt
et al. 2008, Naficy et al. 2016). In some mesic forests,
for instance, mechanical treatments may increase the risk
of fire by increasing sunlight exposure to the forest floor,
drying surface fuels, promoting understory growth, and
increasing wind speeds that leave residual trees vulnera-
ble to wind throw (Zald and Dunn 2018, Hanan et al.
2020). Furthermore, prescribed surface fire is difficult to
implement in many current mesic forests since fire read-
ily spreads into tree crowns via abundant fuel ladders
and can result in crown fires. In other forest types such
as subalpine, subboreal, and boreal forests, low crown
base heights, thin bark, and heavy duff and litter loads
make trees vulnerable to fire at any intensity (Agee 1996,
Stevens et al. 2020). Fire regimes in these forests, along
with lodgepole pine, are dominated by moderate- and
high-severity fires, and applications of forest thinning
and prescribed underburning are generally inappropri-
ate. However, landscape burning and maintenance of
high elevation forests and meadows is part of cultural
burning, and high-intensity crown fire is used

FIG. 3. Active forest restoration treatment, Sinlahekin Wildlife Refuge, Washington Department of Fish and Wildlife. Top left:
multi-layered, dense dry mixed conifer forest after 100 yr of fire exclusion. Top right: residual forest after a variable density thinning
treatment. Bottom right: treated condition after pile and broadcast burning. Bottom left: post-wildfire photo after the 2015 Lime
Belt fire. Photo credit: John Marshall.
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TABLE 2. Examples of wildfire management of unplanned ignitions and the influence of past wildfires in national parks and
wilderness areas.

Area Management objective Study findings Biophysical setting Reference

North Rim Grand
Canyon National
Park, AZ

Restoring fire; created
strategic fuel
reductions to allow
for natural fire to
return

Fires have thinning effect on
small diameter trees
along with fine fuel and
coarse wood
consumption

dry ponderosa pine
forest and
shrublands; cold
dry mixed conifer
forests

Ful�e and Laughlin
(2007), Stoddard
et al. (2020)

Saguaro Wilderness,
AZ

Sky islands; 30 yr of
repeated wildland
fires

Repeat fires have reduced
small density trees but
medium trees are still
denser than historical
stand structures probably
supported

dry ponderosa pine
forest and
shrublands

Holden et al. (2007),
Hunter et al. (2014)

Hualapai tribal
lands, AZ

Compared fire scars
with modern use of
low-intensity
prescribed burning

Prescribed fires since the
1960s approximate the
frequent surface fires of
historical record but
could incorporate greater
variability in temporal
schedules of burning

Dry ponderosa pine
forests

Stan et al. (2014)

Gila/Aldo Leopold
Wilderness, NM

Restore fire as natural
process

Surface loads and
continuity drive high
fire frequency on
productive sites

Low severity fires beget low
severity fires, and high
severity fires tend to
reburn at high severity in
flammable shrub fields.
Previous fires reduce size
of subsequent fires for a
short period of time

dry ponderosa pine
forest and
shrublands; dry
mixed conifer
forest; some cold
forest

Rollins et al. (2002),
Holden et al. (2007,

2010), Hunter et al.
(2014), Parks et al.
(2014, 2015a, 2016,
2018), Holsinger et al.
(2016)

Zion National Park,
UT

Science-based fire
management plan
including managed
wildfires, prescribed
burning, and
hazardous fuel
reduction

Repeat prescribed fires
reduce probability of
crown fire and increased
grass and forb cover, but
not tree density or shrub
cover

dry ponderosa pine
forest and
shrublands

Brown et al. (2019)

Yosemite National
Park (YNP), CA

Restore fire as natural
process; began with
fires within the park
interior and gradually
worked outward to
allow for more fires
throughout park

High severity burns favor
flammable shrub fields,
which perpetuate high
severity reburns. Low
severity burns perpetuate
low severity burns

Boisram�e et al. (2017),
Collins et al. (2009),
Coppoletta et al.
(2016), Scholl and
Taylor (2010), Thode
et al. (2011), van
Wagtendonk et al.
(2012)

Sequoia and Kings
Canyon National
Parks, Giant
Sequoia National
Monuments, CA

Restore fire as natural
process

In red fir forests, repeated
low- to moderate-severity
fire can restore structural
heterogeneity

Meyer et al. (2015)

Frank Church –
River of No
Return
Wilderness, ID

Restore fire as natural
process

Burn severity is lower
within recent fire areas
and increases with time
since fire. Previous fires
reduce size of subsequent
fires

dry mixed conifer
forests and cold
forests

Teske et al. (2012),
Parks et al. (2014,
2015a, 2016, 2018),
Holsinger et al.
(2016)

Bob Marshall
Wilderness Area,
MT

Restore fire as natural
process

Previous fires reduce size of
subsequent fires

cold mixed conifer
forests, Rocky
Mountains

Belote et al. (2015),
Holsinger et al.
(2016), Keane et al.
(2006), Larson et al.
(2013a), Parks et al.
(2015a, 2016, 2018),
Teske et al. (2012)

Selway-Bitterroot
Wilderness
Complex, ID and
MT

Restore fire as natural
process; moisture
content of large fuels
and tree crowns drive
fire frequency (higher
on drier sites)

Previous fires reduce size of
subsequent fires

cold mixed conifer
and subalpine
forests

Rollins et al. (2002),
Parks et al. (2015a),
2016, 2018), Barnett
et al. (2016a),
Holsinger et al.
(2016), Morgan et al.
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operationally on national forests and parks within the
United States and Canada for landscape restoration
objectives (Table 2).
Even where socially and ecologically appropriate, thin-

ning and low-intensity prescribed burning generally
require repeated treatments to meet fuel reduction objec-
tives. For example, without prior thinning, low-intensity
prescribed fire, on its own, may not consume enough
fuel or cause enough tree mortality to change forest
structure and reduce crown fire hazard (e.g., Lydersen
et al. 2019b). In contrast, prescribed burns in heavy
slash may result in high tree mortality. The first harvest
entry into fire-excluded stands often leaves high surface
fuel loads and dense understories that require one or
more prescribed burning treatments to reduce surface
and ladder fuels (Goodwin et al. 2018, Korb et al.
2020). Thus, it often takes multiple treatments and/or
fire entries, as well as ongoing maintenance, to realize
resilience and adaptation goals (Agee and Skinner 2005,
Stevens et al. 2014, Goodwin et al. 2020). Given the
extent and variability of forest ecosystems that have
experienced prolonged fire exclusion, active forest man-
agement can be only one tool to increase adaptation to
climate and future fires.
Although thinning and prescribed burning have been

shown to be highly effective, the current scale and pace
of these treatments do not match the scale of the man-
agement challenge (Barnett et al. 2016b, Kolden 2019).
Mechanical treatments are constrained by land manage-
ment allocations and their enabling legislation (e.g.,
wilderness and roadless areas), operational constraints
(e.g., steep slopes, distance to roads, costs), and adminis-
trative boundaries (e.g., riparian areas, areas managed
for species of concern). In the central Sierra Nevada for
example, these constraints, combined with large areas of

non-productive timberland that are unsuitable for com-
mercial treatment due to steep slopes or distance from
roads, left only 28% of the landscape available for
mechanical thinning and prescribed burning treatments
(North et al. 2015a). In the remaining area, prescribed
burning alone and/or use of managed wildfires may be
suitable replacement treatments (Boisram�e et al. 2017,
Barros et al. 2018). However, prescribed fire-only treat-
ments are frequently limited by cost, liability, air quality
regulations, equipment availability, personnel capacity
and training, and the need for ongoing maintenance
treatments (Quinn-Davidson and Varner 2012, Schultz
et al. 2019).
In light of these constraints, some researchers and

managers have called for the expanded use of landscape-
scale prescribed burns and managed wildfires in addition
to fuel reduction treatments as a promising approach to
expand the pace and scale of adaptive management
(Question 5). Increasingly collaborative restoration part-
nerships with Indigenous cultures can increase opportu-
nities for re-instating tribal stewardship practices (Lake
et al. 2018, Long and Lake 2018). Under appropriate
weather and safety conditions, and where infrastructure
is not at risk, managed wildfire may serve as a useful
and cost-effective tool for reintroducing wildfire to fire-
excluded forests and achieve broad-scale management
goals.

Should active forest management, including forest
thinning, be concentrated in the wildland urban interface

(WUI)?

A question often asked by land managers is where to
locate fuel treatments to maximize their advantage while
minimizing adverse impacts. The 2000 National Fire Plan

TABLE 2. Continued.

Area Management objective Study findings Biophysical setting Reference

(2017), Teske et al.
(2012)

Banff, Kootenay and
Yoho National
Parks (NP), BC &
Alberta, Canada

Guard fires to allow for
more natural ignitions
to burn within park;
restoration of aspen
and grasslands (bison
habitat)

Multiple prescribed burns
to reduce dense lodgepole
pine (LPP) and allow
aspen to regenerate

cold mixed conifer
and subboreal
forests, Rocky
Mountains

White (1985), Park et al.
(2019)

Wood Buffalo
National Park,
AB and NWT,
Canada

Restore and maintain
fire as natural process

Fire severity is influenced
by pre-fire stand
structure and
composition,
topoedaphic context, and
fire weather at time of
burning. Burned areas
less likely to burn again
for 33 yr, though this
decreases in drought
years

vegetation is
representative of
the western
Canadian boreal
forest

Parks et al. (2018),
Thompson et al.
(2017), Whitman
et al. (2019)

Note: State and province abbreviations are AZ, Arizona; NM, New Mexico; ID, Idaho; MT, Montana; BC, British Columbia;
AB, Alberta; NWT, North West Territory.
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(USDA and USDI 2001) and the 2002 Healthy Forests
Initiative identified the need to reduce wildfire risk to
people, communities, and natural resources. The 2003
Healthy Forests Restoration Act (HFRA, Congress.gov,
2020) then specified that >50% of fuel reduction funding
be spent on projects within the Wildland Urban Interface
(WUI), and it reduced environmental review within
2.41 km (1.5 miles) of at-risk communities. The signifi-
cant increase in homes lost and suppression dollars spent
in the WUI in subsequent years (Mell et al. 2010) has cat-
alyzed extensive research on the WUI environment and
population expansion into wildlands (Radeloff et al.
2018). Subsequent studies demonstrating fuel treatment
effectiveness in the WUI (Safford et al. 2009, Kennedy
and Johnson 2014) and spatial methods for optimizing
WUI fuel treatments (Bar Massada et al. 2011, Syphard
et al. 2012) could be taken to suggest that most fuel
reduction should be implemented in the WUI to protect
homes and lives.
However, prioritizing the WUI-only for fuel reduction

treatments is often too narrow in scope to address
broader landscape-scale objectives. For example,
Schoennagel et al. (2009) found that more than two-
thirds of the area within a 2.5 km radius of at-risk
communities was privately owned and unavailable for
federally funded fuel treatments. This finding partly
elucidates why most hazard reduction fuel treatments
are implemented outside of HFRA designation. Fuel
treatments on federal lands near communities may also
be significantly more difficult, expensive, and risky to
implement, while air quality regulations and associated
risks create disincentives to treating near homes. Alter-
natively, agencies may be able to meet both annual pre-
scribed burning accomplishment targets and ecological
objectives in areas more distant from the WUI with
fewer risks, less money, and fewer personnel (Kolden
and Brown 2010, Schultz et al. 2019). Further, there is
increasing evidence that treating fuels across larger spa-
tial extents in strategically planned wildland locations,
rather than immediately adjacent to WUI, can indirectly
reduce risk to communities (Smith et al. 2016, Bowman
et al. 2020). Benefits of this strategy include increased
initial attack and short-term suppression effectiveness,
reduced crown fire potential and ember production,
reduced smoke impacts to communities, and increased
forest resilience (Ager et al. 2010, Stevens et al. 2016).
Fuel reduction treatments also can support cultural,

ecological, ecosystem service, and management objec-
tives beyond the WUI. For example, treatments that
restore the ecological resilience of old-growth forests and
patches with large and old trees are critical to long term
maintenance of wildlife habitats (Hessburg et al. 2020)
of seasonally dry forests and terrestrial carbon stocks,
and slowing the feedback cycle between fire and climate
change (Hurteau and North 2009). Treatments in water-
sheds that are distant from the WUI and protect munici-
pal and agricultural water supplies are critical to
minimizing high-severity fire impacts that can jeopardize

clean water delivery (Bladon 2018, Hallema et al. 2018).
For example, post-fire erosion and debris flows may
cause more detrimental and longer-term impacts to
watersheds than the wildfires themselves (Jones et al.
2018, Kolden and Henson 2019).
Finally, treated areas outside the WUI can serve as

defensible positions for fire suppression personnel that
can be used to establish control lines or allow for more
flexible suppression strategies, freeing up resources to
protect WUI infrastructure or forests in another area
(Thompson et al. 2017), or can support rapid and orga-
nized evacuation when they are implemented along evac-
uation routes (Kolden and Henson 2019). Across
complex landscapes, it is more effective in the long-term
to prioritize fuel treatments that maximize benefits
across large areas and over long time frames, rather than
constrain them to the WUI.

Can wildfires, on their own, do the work of fuel
treatments?

The use of managed wildfires and co-managing inci-
dents (e.g., suppressing in some areas, and allowing
other areas to burn) is increasingly promoted in the sci-
entific literature (Stephens et al. 2016, Moreira et al.
2020). Managed wildfires are particularly appropriate in
backcountry areas where lack of road access, steep
topography, firefighter safety concerns, or management
designations limit opportunities for active management
(Hessburg et al. 2016, Huffman et al. 2020). However, in
many cases the effects of fire exclusion on increased tree
density, layering, surface fuels, and fuel ladders are
extensive (Meyer 2015). Under these conditions, oppor-
tunities for cultural burning, prescribed burning, and
managed wildfires are limited to days with low to moder-
ate fire weather, and these windows of opportunity are
shrinking under climate change (Westerling et al. 2016).
For the past several decades, land managers have gen-

erally followed one of two strategies to respond to wild-
fires in wNA forests. First, most agencies in the United
States and Canada have followed a policy of aggressive
fire suppression, and this approach is increasingly used
in Mexico (Stephens and Ful�e 2005). Under this policy,
a small fraction of fires that escape suppression (<3%)
are responsible for over 90% of area burned, based on a
1992 to 2015 reference period (Abatzoglou et al. 2018).
Second, some land managers, including those managing
national parks and wilderness areas, have designated
large, remote areas where most wildfires are allowed to
burn under moderate fire weather and fuel conditions
(Huffman et al. 2020). These are termed managed wild-
fires, with the goal of restoring more characteristic fire
regimes and landscape patterns in the context of
incident-specific objectives (Table 2).
In contrast, unplanned fires that escape suppression in

fire-excluded landscapes during extreme fire weather do
not generally restore forest resilience. Landscapes that
are consistently managed with active fire suppression
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typically have a greater area burned at higher severity
than those managed to restore more resilient fire regimes
(Stevens et al. 2017, Rodman et al. 2020). In fire-
excluded forest landscapes, forest surface and canopy
fuels tend to be highly elevated, and despite active fire
suppression, forests may eventually burn under extreme
fire weather, which is becoming more frequent as the cli-
mate warms. For example, Povak et al. (2020) found fire
severity during the 2013 Rim Fire was higher in the
Stanislaus National Forest, much of which had not
burned for >80 yr, compared to Yosemite National Park
where past burn mosaics existed. High-severity burn
patches in fires that escaped suppression are larger and
less complex than in fires managed with less aggressive
suppression tactics (Stevens et al. 2017), and seed
sources for forest regeneration are more often distant,
yielding sparse or non-existent tree regeneration (Shive
et al. 2018, Korb et al. 2019, Stevens-Rumann and Mor-
gan 2019). In dry pine and moist mixed-conifer forests,
subsequent shrub establishment can lead to a cycle of
repeated high-severity fires that perpetuates shrub domi-
nance and a potentially long-term shift in alternative
stable states (Collins et al. 2009, Cocking et al. 2014,
Coppoletta et al. 2016, Coop et al. 2020).
Where managers allow managed wildfires to burn

under prescription, burned areas are typically smaller
and have greater proportions of low- and moderate-
severity burn patches within the fire perimeter, and high-
severity patches are typically smaller (Parks et al. 2014,
Stevens et al. 2017). Within low- and moderate-severity
burn patches, fuels are reduced, and forest structures
resembling more typical historical conditions emerge
(Holden et al. 2007, Huffman et al. 2018, Stoddard
et al. 2020). In some forests, this includes characteristic
patterns of small tree clumps and interspersed openings
(Fig. 4; Kane et al. 2014, 2019, Jeronimo et al. 2019). In
fire-excluded forests, a first entry with managed wildfire
may not meet fuels reduction and management objec-
tives unless allowed to burn at a severity that modifies
stand structure (Huffman et al. 2017). Fire resilient
landscapes are generally created by burning and reburn-
ing, in which prior fires modify the spread, intensity, and
severity of subsequent fires (Prichard et al. 2017, Walker
et al. 2018, Yocom et al. 2019, Koontz et al. 2020).
Promising strategies are emerging to delineate land-

scapes into operational units where decisions about
applying managed fire can be considered before ignitions
even occur (Thompson et al. 2016, Dunn et al. 2017).
Managed wildfires are an important management tool
and they are increasingly recognized as a vital compo-
nent of adaptive management. However, relying solely
on managed wildfires to achieve management objectives
is not possible due to a number of factors that include
current restrictions on the use of managed wildfire in the
WUI or near other infrastructure, limited burn windows
with moderate fire weather, and the potential negative
consequences of allowing fire spread into nearby fire-
excluded areas with elevated fuel loads.

Is the primary objective of fuel reduction treatments to
assist in future firefighting response and containment?

In a review of fuel treatment options for interior west-
ern United States forests, Reinhardt et al. (2008) recom-
mend that the central objective of fuel reduction
treatments should not be to halt fire spread or reduce
ignitions. Rather, fuel reduction treatments could be
implemented to modify fire behavior and mitigate fire
effects (Safford et al., 2012a, b), thereby reinforcing the
initial resilience of the treated stand by further reducing
fuels, introducing greater heterogeneity, and allowing
firefighters to fight fires, as needed, using direct tech-
niques (Stevens et al. 2014, Kalies and Yocom Kent
2016). Under adaptive management, fuel treatments are
not designed to prevent or stop fires but to moderate fire
behavior when fire inevitably returns (Calkin et al.
2014). However, there is a frequent misconception that
fuel treatments should facilitate suppression and limit
the size of wildfires (Table 1; Cochrane et al. 2012,
Schoennagel et al. 2017).
The reasoning behind treating fuels to facilitate fire

suppression activities is circular. If fuel treatments make
suppression more successful, then wildland fuels continue
to accumulate, creating even more hazardous conditions
for the entire landscape. Inevitably, this makes subsequent
suppression more difficult, and more areas will be burned
in fewer, unmanageable events with greater ecological
consequences (Collins et al. 2010, Calkin et al. 2015).
This phenomenon has been described as “the wildland fire
paradox” (Arno and Brown 1991). Rather than creating
conditions where wildfire is easier to suppress, fuel treat-
ments designed within a restoration or climate adaptation
strategy are engineered to allow subsequent wildfires to
burn without the need of full suppression tactics and to
increase opportunities for prescribed or cultural burning.
Typical fuel reduction activities near communities

illustrate the long-term consequences of using treat-
ments with the expressed objective of suppressing
future wildfires. Near communities, fuel reduction
treatments are often explicitly implemented to create
conditions that enhance fire suppression efficacy in
both the surrounding wildland and WUI (Moghaddas
and Craggs 2007). Treatment locations are selected
based on criteria that involve community protection
(Fleeger 2008), suppression concerns (Finney 2001),
and fuel hazards (Schmidt et al. 2008), at stand and
landscape scales (Chung et al. 2013). Suppression
strategies are designed to use treated areas for burnout
operations, anchor points for fire lines, and safe zones
for firefighters. Some of the challenges associated with
this approach are that burnout operations often burn at
high severity (Backer et al. 2004), and most fire line
and safe zone construction involves the cutting of live
and dead trees and mineral soil exposure, all of which
result in conditions that can facilitate the spread of
invasive species where they are present or nearby,
degrade archaeological-heritage sites, and actually
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reduce ecological resilience (Davies et al. 2010). Fur-
ther, if insufficient area is treated on a landscape, the
unexpected behavior of large wildfires will overwhelm
the ability of small fuel treatments to facilitate effective
suppression (Agee et al. 2000, Finney et al. 2001). If
fuel treatments are designed such that the next wildfire
can be allowed to burn with limited or no suppression,
then three economic and ecological objectives might be
achieved: reduced suppression costs and actions;

management of future wildfires as effective fuel treat-
ment maintenance; and favorable ecological outcomes
in areas treated before wildfire.
There is little doubt that fuel reduction treatments can

be effective at reducing fire severity and achieving cultur-
ally and ecologically beneficial effects, if designed and
implemented correctly (Stephens et al. 2009, Ful�e et al.
2012). However, fuel treatments intended only for crown
fire hazard mitigation rarely constitute effective

FIG. 4. Conceptual diagram of low and moderate severity fire effects on post-fire residual structure. Top: frequent fire reduces
surface and ladder fuels. Middle: gradual accumulation of live and dead fuels between fires. Bottom: conditions after prolonged fire
exclusion. Forest is denser and more layered, and high-severity fire is likely. Drawing credit: Robert Van Pelt.
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restoration (Stephens et al. 2020). As the pace and scale
of fuel treatments increase, emphasis on resilient forest
structure and composition, long-term reduction of sur-
face and canopy fuels, and adaptation to climate change
are critical components of treatment objectives rather
than creating conditions that are more conducive to fire
suppression (Hessburg et al. 2019).

Do fuel treatments work under extreme fire weather?

Although extreme fire behavior including strong
winds and column-driven fire spread can overwhelm
individual treatments, there is strong scientific evidence
that even under extreme weather conditions, fuel reduc-
tion treatments are effective at moderating fire severity
across a range of forest types and wildfire events. For
example, Walker et al. (2018) studied the 2011 Las Con-
chas fire in New Mexico that burned under extreme
weather and found that sites that were previously pre-
scribed burned exhibited higher conifer survival (i.e.,
lower severity fire) compared to sites that were not trea-
ted prior to the wildfire. Similarly, Yocom Kent et al.
(2015) found that moderate- and high-severity effects in
the Rodeo-Chediski Fire, which burned under extreme
fire weather, were reduced from 76% in untreated areas
to 57% in prescribed fire, and 38% in thin and burn
treatments. Likewise, Povak et al. (2020) presented evi-
dence that some treated areas experienced lower severity
fire even under the most extreme fire growth period of
the 2013 Rim Fire. Past wildfires also acted as short-
term barriers to fire spread and mitigated fire severity in
mixed-conifer forests of the interior western United
States (Parks et al. 2015a, Stevens-Rumann et al. 2016).
Lastly, two studies in seasonally dry mixed-conifer for-
ests of north-central Washington State found that thin-
ning followed by prescribed burning was an effective
treatment for mitigating wildfire effects under extreme
weather conditions (Prichard and Kennedy 2014, Pri-
chard et al. 2020). Results of these observational studies
are also supported by numerous modelling studies indi-
cating that fuel treatments reduce fire intensity and
effects in dry conifer forests under dry fuels and high
wind speeds (Stephens and Moghaddas 2005, Ager et al.
2007, Vaillant et al. 2009, Johnson et al. 2011).
In forests characterized by moderate- and high-

severity fire regimes, a limited number of studies suggest
that fuel reduction treatments are ineffective at reducing
fire behavior and effects, particularly under extreme
weather conditions (e.g., Graham 2003, Martinson et al.
2003, Schoennagel et al. 2004). The rationale is that fires
burning within moist and cold forest patches are gener-
ally controlled by climate (i.e., a warmer and drier than
average year) and not controlled by fuel within patches
(Turner and Romme 1994, Bessie and Johnson 1995).
However, at larger spatial scales, there is strong evidence
that patchwork burn mosaics resulting from reburns
reduce landscape contagion, and consequently, spread
and severity of wildfires, even under extreme fire weather

(Stine et al. 2014, Parks et al. 2015b, Hessburg et al.
2016, Spies et al. 2018).
Dependent on the forest type and environmental

setting, some fuel treatments are more effective at
reducing adverse fire effects than others, and this can
also contribute to confusion as to whether or not
treatments are effective under extreme fire weather.
Several studies highlight that the most effective fuel
treatments include coupled thinning and burning
(Kalies and Yocom Kent 2016), and emphasize the
importance of retaining large, fire-resistant trees in
dry mixed conifer forests (DellaSala et al. 2004, Agee
and Skinner 2005, Stephens et al. 2009). Furthermore,
other studies showed that fire severity decreased as
wildfires progress further into areas with more treated
area (Arkle et al. 2012, Kennedy and Johnson 2014),
strongly suggesting that small fuel treatments or those
with large perimeter-to-edge ratios are less effective
than larger treatments under extreme fire weather con-
ditions (Kennedy et al. 2019).
Finally, fuel treatments generally are designed to miti-

gate wildfire intensity and effects but they are not neces-
sarily intended to impede fire spread or reduce fire size
(Reinhardt et al. 2008). Consequently, when fires burn
large areas under extreme fire weather some may con-
clude that burned-over fuel treatments were ineffective
(e.g., Schoennagel et al. 2017). However, the occurrence
of large fires does not necessarily suggest that existing
fuel treatments were unsuccessful. Large fires have
always been a part of fire-prone forests, and within large
fire events fuel treatments can allow fires to continue
burning but mitigate fire severity and enhance the
heterogeneity of fire effects.

Is the scale of the problem too great? Can we ever
catch up?

Recent meta-analyses of fuel treatment effectiveness
demonstrate that at landscape and regional scales, fuel
treatments account for only a small fraction (˜1%) of the
area burned by wildfires (e.g., Barnett et al. 2016a, Kol-
den 2019). Therefore, there is some concern that treat-
ments are ineffective because under current prescription
levels, wildfires may not actually encounter treated areas
during the duration of their potential effectiveness
(Odion and Hanson 2006, Rhodes and Baker 2008).
While this is factually accurate at the current pace and
scale of treatment in wNA, the question is not whether
every wildfire can be impacted by fuels treatments, but
whether treatments can be strategically used to multiply
their benefits and promote greater opportunities for
applying wildland fire across landscapes. The scientific
evidence that fuel reduction treatments can mitigate fire
behavior and effects strongly supports a conclusion that
expanding treated areas, including the use of forest thin-
ning, prescribed burning, cultural burning, and managed
wildfires, will lead to greater landscape resilience to
future wildfires.
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Ongoing warming and drying are linked to increasing
large fire occurrence, contributing to large increases in
area burned (Abatzoglou and Williams 2016) and area
burned as high severity (Parks and Abatzoglou 2020) in
wNA in recent decades. Given projected increases in
warming due to climate change, burn probability is
increasing in many wNA forests (Littell et al. 2018, Hur-
teau et al. 2019) along with increasing likelihood that
future wildfires will impact a larger proportion of land-
scapes. In this light, the current pace and scale of fuels
treatments is insufficient to address the scale of fire
exclusion. Furthermore, treated areas require ongoing
maintenance to retain efficacy (Krofcheck et al. 2017,
Vaillant and Reinhardt 2017), making it difficult to
expand treated areas across a landscape without signifi-
cant additional financial and personnel investments
(North et al. 2015a). Thus, the scope, scale, and urgency
of adapting wNA forests to climate change and future
wildfires is immense.
Given the complexity of forest ecosystems, the eco-

nomic and personnel investment required, and the policy
and management constraints, there is no single manage-
ment tool that is adequate to increase the resilience of
wNA landscapes to future wildfires. Coupled thinning
and burning treatments will be especially helpful in dry
pine, oak woodlands, and dry mixed conifer forests,
while restoration of more characteristic forest succes-
sional and nonforest patchworks using managed moder-
ate and high severity wildfires will be key in cold forests.
Forest managers in western Australia have reduced the
frequency of large and severe wildfires, but only after
building extensive landscape networks of strategic treat-
ments (i.e., spatially linked naturally occurring and trea-
ted areas of reduced fuels prior to the outbreak of
wildfires) and by conducting frequent prescribed burn-
ing under moderate fire weather and including Indige-
nous fire use over large areas (Boer et al. 2009,
Sneeuwjagt et al. 2013). Similar approaches are being
used in U.S. national forest, wilderness, and park areas
to allow for more area of managed wildfires (Table 2).
Given limitations on where mechanical thinning, pre-
scribed and cultural burning, and managed wildfire are
practical or allowed, combining these tools over broad
areas can markedly expand treatment extent and reduce
impact of large wildfires.
Fire hazard, burn probability, and fire ecology vary

widely across wNA forest landscapes. Prior knowledge
of cultural burning practices, ignition and weather pat-
terns, vegetation and fuel distributions, and topography
all provide critical information for prioritizing fuel treat-
ments in areas with the highest risk of burning (Ager
et al. 2010, 2016). Near population centers, humans are
often responsible for the majority of wildfire ignitions,
and they provide ignition sources in highly predictable
areas and seasons of the year, when natural ignitions are
rare (Balch et al. 2017, Keeley and Syphard 2018). Igni-
tion pattern and frequency interact with fuels, weather,
and topography to influence fire occurrence, leading to

heterogeneous burn probabilities across a landscape
(Ager et al. 2012, Povak et al. 2018). Using prior knowl-
edge of human and lighting-caused fire starts coupled
with knowledge of the probability of fire spread and
likely severity, managers can identify the areas of any
landscape where uncharacteristic or impactful fires will
likely occur (Parisien and Moritz 2009, Parisien et al.
2012), and decrease the proportion of the landscape that
requires treatment.
There are a number of available tools and approaches

to identify areas that would benefit from strategically
placed fuel treatments. In general, fuel treatments are
not implemented at random, and for good reason (Fin-
ney et al. 2007). A comparison of random vs. strategi-
cally placed treatments showed that a significant
reduction in area could be achieved with strategic place-
ment (Ager et al. 2013, 2016), where that opportunity
exists. Quantifying the probability of high-severity wild-
fire across a given landscape and focusing thinning treat-
ments on high-probability areas can decrease the
required treatment area by >50% (Krofcheck et al.
2019). However, the success of these strategies depends
on maintaining the treatments and reintroducing fire to
a larger portion of the landscape (Agee and Skinner
2005, Barros et al. 2018). Where reserved areas are
abundant or widely distributed, opportunities for spa-
tially optimizing fuel treatments are limited, and consid-
erably more treated area may be required outside of
reserves (Finney et al. 2007).
In summary, justifying inaction based on the scale of

the problem is too large is highly circular. Evidence sup-
ports increasing the pace of treatments to significantly
reduce the area impacted by uncharacteristic wildfire,
even under a changing climate (Liang et al. 2018). For
example, managers can expand areas where burn pre-
scriptions are applied to reduce fuels and increase forest
heterogeneity (Safford et al. 2012a,b, Striplin et al.
2020). The efficacy of these was historically demon-
strated by Indigenous burning practices that amplified
natural lightning ignitions in many seasonally dry for-
ests, thereby modifying active fire regimes and fire
effects, and diversifying the seasonality and frequency of
fires (Crawford et al. 2015, Trauernicht et al. 2015, Tay-
lor et al. 2016). Managed wildfires can also increase for-
est and fuel heterogeneity, constraining subsequent fire
size and severity (Collins et al. 2009, Parks et al. 2015b,
Barros et al. 2018). When used in conjunction with
mechanical treatments and prescribed or cultural burn-
ing, managed wildfire presents an opportunity to
increase the effectiveness of treatments across large land-
scapes (North et al. 2012).

Will planting more trees in wNA forests help to mitigate
climate change?

Tree plantations have long been a debated aspect of
forest management, and more recently, climate change
mitigation (Alig 1997, Chmura et al. 2011). Planting
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after harvest to increase forest productivity were the cen-
tral justifications for past clearcut logging, even as a
growing body of science demonstrated that plantations
(1) did not provide the needed ecological structures or
functional diversity of old-growth forests, (2) were not
necessarily more productive than mature forests (Frank-
lin et al. 2002), and (3) without surface fuel treatment,
could be conducive to high-severity wildfires (Thompson
et al. 2007). Similarly, planting seedlings after post-fire
salvage logging is sometimes used to expedite tree regen-
eration following high-severity fire. Without strategic
management, post-fire plantations may be overstocked,
dominated by a single species (North et al. 2019), lack
tree clumping and canopy gaps, and pose significant
wildfire hazard (Kobziar et al. 2009), particularly with-
out post-harvest slash reduction (Donato et al. 2009).
A recent proposal to combat climate change includes

planting a trillion trees globally, including substantial
reforestation in the western United States (Bastin et al.
2019). The study suggested that these additional trees
would sequester sufficient atmospheric carbon to curb
climate change. Baseline assumptions and findings from
this study have been contested by scientists (Veldman
et al. 2019, Holl and Brancalion 2020) as the study
failed to account for forest interactions with climate,
drought, and wildfire dynamics. In addition to future
disturbance resilience, numerous other barriers currently
impede large-scale reforestation efforts (Fargione et al.
2021).
Across wNA, most of the forest carbon is captured in

moist temperate forests with high precipitation levels
and net primary productivity, including the coastal
ranges along the Pacific Coast, western Cascade and
western Sierra Nevada Mountain Ranges (Hudiburg
et al. 2009). These forests possess complex, heteroge-
neous structures, some of which developed with infre-
quent wildfires. Others, including those in southwestern
Oregon and northern California, were also influenced by
a long legacy of Indigenous burning (Anderson 2013,
Merschel et al. 2014). Because most of the standing bio-
mass in high productivity wNA forests occurs in live
trees, when these forests burn, relatively low levels of car-
bon are initially emitted, with most of the biomass
retained either in standing trees and snags or to newly
downed heavy fuels that slowly release carbon to the
atmosphere through decomposition, unless they subse-
quently burn in a reburn fire event (Stenzel et al. 2019,
Lutz et al. 2020). By contrast, even-aged stands, both
naturally occurring (e.g., lodgepole pine forests) and in
young plantations, are relatively homogeneous in struc-
ture, and with elevated surface fuels, can facilitate high-
intensity, severe fire (Bowman et al. 2019). Climate
change-induced shortening of fire return intervals may
ultimately convert some of these live carbon pools from
sinks to sources (Turner et al. 2019, Foster et al. 2020).
In fire-adapted dry mixed conifer forests, dense tree

plantations are highly susceptible to future wildfires and
drought. However, a promising approach to retaining

and sequestering carbon in dry, fire-prone forests is to
retain existing large-diameter trees and restore charac-
teristic low-severity fire to maintain low-severity fire to
maintain resilient forest structure and composition
(Hurteau and North 2009). It is still debatable whether
prescribed burning and removal of small diameter trees
and ladder fuels will actually increase or decrease above-
ground carbon stores (Campbell et al. 2012, Restaino
and Peterson 2013) and is likely site dependent, but there
is broad scientific agreement that these management
actions are key to increasing forest ecological resilience,
which ultimately stabilizes forest carbon stocks (Hurteau
et al. 2019, Krofcheck et al. 2019, Westlind and Kerns
2021). Managed landscape mosaics will be particularly
critical to maintaining legacy old-growth forests and
minimizing sink-to-source conversions due to fire and
other disturbances (Barbero et al. 2015, Liang et al.
2017). Finally, governmental cap-and-trade and carbon
taxation programs must accurately account for the com-
plex role fire plays in carbon cycle feedbacks and carbon
maintenance, rather than simply characterizing fire as a
net carbon loss (Hurteau et al. 2008, North et al. 2009).
Across wNA forests, tree planting can serve as an

important tool to nudge the trajectory of post-fire land-
scapes towards more climate-adapted tree species or
genotypes, particularly in areas where seed source is lim-
ited (North et al. 2019). However, traditional high den-
sity plantations will often predispose forests to high-
severity fire where pre-commercial thinning and associ-
ated fuel treatments are not implemented, which is
increasingly the case (McCarley et al. 2017). Alterna-
tives to traditional plantations are emerging that are
designed to promote resilience to future fire and drought
from the beginning of the planting process. These
include planting drought-conditioned seedlings reared
from lower-elevation seed stock, planting discontinuous
“founder stands” or “nucleation islands” of trees into
portions of stand-replacing patches far from tree refugia,
and planning for the reintroduction of fire into younger
planted stands as they develop (Peterson et al. 2007,
Landis et al. 2011).

Is post-fire management needed or even ecologically
justified?

Many contemporary wildfires exhibit a range of post-
fire effects (Thode et al. 2011); variable sized patches of
stand-replacing or partial stand replacing fire are
embedded within a matrix of live forest (Stevens et al.
2017). Among large fires, these patches of stand-
replacing fire may themselves contain isolated and vari-
ably sized patches of live trees often referred to as fire
refugia (Meddens et al. 2018, Krawchuk et al. 2020).
Thus, the post-fire landscape can be viewed as a complex
patchwork of interconnected surviving forest, the pro-
duct of low and moderate severity fires, high-severity
patches, and isolated refugia (Coop et al. 2019). How-
ever, these post-fire landscapes are not necessarily on

December 2021 CLIMATE CHANGE ANDWESTERNWILDFIRES Article e02433; page 19

 19395582, 2021, 8, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2433, W

iley O
nline L

ibrary on [21/01/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

98

Case 2:22-cv-00859-HL    Document 58    Filed 02/10/23    Page 104 of 115



resilient trajectories. Fire refugia may be in uncharacter-
istic locations, and active forest and fuels management
are often required after the fire to promote future forest
resilience to disturbance and climate change and to pro-
tect valued cultural resources.
Patches of low- and moderate-severity fire generally

have short-term resistance to future fire due to the
reduction of surface fuels from the first burn (Prichard
et al. 2017). Compared to low-severity fire, moderate-
severity fire events can create a residual stand structure
that more closely approximates historical conditions
(Collins et al. 2011, Huffman et al. 2017). However,
moderate-severity fires that burn through previously
dense forest also leave considerable standing and down
wood, which can lead to elevated fuel loads and high-
severity fire in subsequent reburns (Collins et al. 2018).
Thus, post-fire fuel reduction of the trees that
encroached during the period of fire exclusion can be
warranted to improve the fire resilience of residual for-
ests, including fire refugia.
Smaller refugial patches within larger burned patches

are increasingly recognized as having significant cultural
and ecological value by preserving biological and cul-
tural legacies that can contribute to forest succession via
seed dispersal (Johnstone et al. 2016, Meddens et al.
2018). Small refugia in particular make disproportionate
contributions to reforestation potential within larger
patches of stand-replacing fire (Shive et al. 2018, Coop
et al. 2019). However, isolated tree refugia can have a
significant standing and down fuel component around
their edges due to adjacent high-severity burn effects
(Lydersen et al. 2019a). Given their outsized importance
as biological legacies, surface fuel reduction to “harden”
the edges of refugia may be critical to their future resili-
ence and prioritize refugia retention during wildland
firefighting operations (Meddens et al. 2018).
Large patches of stand-replacing fire are an increasing

focus of research (Coop et al. 2020). Independent of
subsequent fire dynamics, regeneration is challenged by
seed dispersal limitations and a warming climate
(Stevens-Rumann and Morgan 2019). Fuel conditions in
large patches of stand-replacing fire are usually domi-
nated by coarse wood, regenerating shrubs, and hard-
woods, increasing the risk of subsequent high-severity,
and occurrence of long-duration re-burns (Coppoletta
et al. 2016, Prichard et al. 2017). Collectively, these con-
ditions pose a substantial management challenge if the
objective is to restore at least a portion of large burn
patches to conifer forest, as this is unlikely over decades
to centuries without management intervention (Coop
et al. 2020).
Fuels management and regeneration dynamics in

stand-replacing patches are closely related. In high-
severity patches, management to reduce coarse wood
accumulations and flammable shrubs may promote post-
fire tree regeneration and mitigate future fire severity
(Peterson et al. 2015, Lydersen et al. 2019b). In planted
forests, coarse wood presents a different challenge, as

downed logs facilitate seedling survival through shading
and moisture retention (Castro et al. 2011) but pose a risk
to seedlings if they burn (Peterson et al. 2015). Under-
standing the range and variability of historical reburning
would provide essential guidance of restoration targets to
improve the post-fire resilience of regenerating land-
scapes.
Strategic tree planting can be used to encourage the

re-establishment of some post-fire landscapes and for
climate change adaptation, particularly where condi-
tions are not favorable to natural regeneration (see pre-
vious question). Post-fire mechanical thinning (e.g.,
salvage logging) is often driven by economic and safety
considerations but may have some ecological benefits in
terms of reduced future surface fuel loads and fire haz-
ard 10–20 yr post-fire (Peterson et al. 2015). Future
research in this area is warranted to investigate the
impacts of variable density harvests and how potential
ecological tradeoffs vary over time (e.g., Ritchie et al.
2013).

CONCLUSIONS

During this time of rapid environmental change, the
impacts of climatic changes on forests and their associ-
ated fire regimes cannot be overstated. In addition to the
increased incidence of large wildfires, tree mortality asso-
ciated with persistent drought and die-off events, chronic
forest insect outbreaks, and increasingly common tree
regeneration failures are all critical management consider-
ations (Stephens et al. 2016, Coop et al. 2020). In a
majority of cases, forest management and fuel reduction
treatments will not return landscapes to any historical
condition or fire regime, nor is that a particularly useful
premise on which to base adaptive forest management
(Allen et al. 2011, Hanberry et al. 2015, Falk et al. 2019).
Instead, intentional management focused on adapting
current forest conditions to a rapidly evolving future cli-
mate is needed. Adaptations can foster forest resilience to
longer, warmer, drier, and windier fire seasons, increasing
incidence of episodic, multi-year to decadal droughts, and
increasing dominance of severe wildfire and insect distur-
bances. Given the rapid increase in human-caused large
wildfires, mitigating unplanned human ignitions is
another critical wildland fire management issue (Balch
et al. 2017), that by itself can reshape wildfire and forest
landscape futures.
Although the management situation for wNA forests

is daunting, our review of the scientific literature offers
clear guidance. In seasonally dry wNA forests that were
historically dominated by fire-resistant species, restoring
open, fire-tolerant canopy structure and composition,
favoring larger tree sizes, and reducing surface fuels can
effectively mitigate subsequent wildfire and stabilize car-
bon stocks (Fig. 1). In many instances, these adaptation
actions, with ongoing maintenance, will also enable
future wildfire events to continually reinforce resilient
structure, composition, and fuels.
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Ecological departures associated with fire exclusion
are not confined to seasonally dry pine and mixed-
conifer forests. Across a wide range of wNA forests,
landscape-level treatment prescriptions that promote
resilient patchworks with heterogeneous nonforest and
forest ages can reduce the extent of high-severity wild-
fires and make landscapes less susceptible to extensive
insect and disease outbreaks. Restoration of fire resilient
mosaics in moist mixed-conifer forests, mixed conifer-
hardwood forests, fire-prone deciduous forests (e.g.,
aspen), and cold forests is also needed.
Despite calls to restore fire as a cultural and ecological

process (e.g., The U.S. National Wildland Fire Cohesive
Strategy), the dominant approach to wildfire manage-
ment continues to be aggressive suppression. Response
to unplanned fire starts is highly successful in the United
States and Canada and is becoming increasingly com-
mon in Mexico. However, a small fraction of fires that
escape suppression (2–3%) generally burn under extreme
fire weather conditions, lead to explosive fire growth,
and account for >90% of annual area burned (Abat-
zoglou et al. 2018). The strategy to actively suppress fire
is a highly consequential active management prescrip-
tion, with surface and canopy fuel accumulation as a
consequence. Continued forest infilling and fuel accumu-
lation predisposes forests to high-severity fire when fire
inevitably returns (North et al. 2015b).
Not surprisingly, recommendations to increase wNA for-

est resilience to climate change and wildfires are in close
alignment with Indigenous knowledge, cultural resource val-
ues, and desired land management strategies (Kimmerer
and Lake 2001, Lake et al. 2018, Roos et al. 2021). Over
millennia, Indigenous burning practices influenced fire
regimes, which contributed to the resilient composition and
structure of many historical wNA forest and nonforest
ecosystems. Although European colonization severely cur-
tailed and displaced Indigenous land management (Lake
et al. 2017, Lake and Christianson 2019), Indigenous
knowledge for the maintenance of fire-dependent ecosys-
tems and services endures (Huffman 2013). Given the urgent
need for adaptive forest management in the 21st-century, an
intentional merging of Indigenous andwestern knowledge is
needed to guide future forest conditions and restore active
fire regimes towNA forests.
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