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Abstract

The escalating climate and wildfire crises have generated worldwide interest in using proactive
forest management (e.g. forest thinning, prescribed fire, cultural burning) to mitigate the risk of
wildfire-caused carbon loss in forests. To estimate the risk of wildfire-caused carbon loss in western
United States (US) conifer forests, we used a generalizable framework to evaluate interactions
among wildfire hazard and carbon exposure and vulnerability. By evaluating where high social
adaptive capacity for proactive forest management overlaps with carbon most vulnerable to
wildfire-caused carbon loss, we identified opportunity hot spots for reducing the risk of
wildfire-caused carbon loss. We found that relative to their total forest area, California, New
Mexico, and Arizona contained the greatest proportion of carbon highly vulnerable to
wildfire-caused loss. We also observed widespread opportunities in the western US for using
proactive forest management to reduce the risk of wildfire-caused carbon loss, with many areas
containing opportunities for simultaneously mitigating the greatest risk from wildfire to carbon
and human communities. Finally, we highlighted collaborative and equitable processes that provide
pathways to achieving timely climate- and wildfire-mitigation goals at opportunity hot spots.

1. An unprecedented moment for The United States (US) is no exception [2, 3], as bil-
mitigating the climate and wildfire crises  lions of US dollars were earmarked for reducing wild-

fire hazard in the Infrastructure Investment and Jobs
Given the escalating climate and wildfire crises, gov-  Act and Inflation Reduction Act. In forests, humans
ernments worldwide are allocating unprecedented can reduce wildfire hazard with forest thinning and
funding to climate- and wildfire-mitigation goals [1].  prescribed or cultural burning prior to wildfire [4]

© 2023 The Author(s). Published by IOP Publishing Ltd
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(hereafter such treatments are called ‘proactive forest
management’). Although not all treatments intersect
wildfire during their lifespan [5], treated stands that
burn retain carbon in living vegetation and organic
soil after wildfire [6—8]. In turn, forests maintain car-
bon sequestration and storage, which helps humans
achieve climate-mitigation goals by keeping carbon
out of the atmosphere [6, 9, 10]. In this way, humans
and forests interact reciprocally in a coupled human
and natural system [11]. Although the US emphasized
how reciprocal relationships between humans and
forests maintain carbon sequestration and storage
[3, 12], initial investments in proactive forest man-
agement prioritized locations where reducing wild-
fire hazard would protect communities. Now the
US needs additional science-based information to
prioritize locations where proactive forest manage-
ment could reduce risk of wildfire-caused carbon loss
[12]—providing guidance on using unprecedented
funding to simultaneously mitigate the escalating cli-
mate and wildfire crises.

2. Reciprocal relationships between
humans and forests create opportunities
to reduce wildfire-caused carbon loss

Due to changing climate and wildfire regimes, fluxes
that maintain stable carbon stocks across broad spa-
tial and temporal extents [13, 14] are being disrup-
ted (figure 1). For example, in dry pine and most
mixed-conifer forests, cultural burning by Indigenous
peoples and lightning historically promoted low- to
moderate-severity surface fires that affected stands
on average once every 5-30 years (such systems are
termed ‘frequent-fire forests’) [15-17]. Large trees
with thick bark and high crowns survived surface
fires and continued to uptake and store carbon.
Additionally, surface fires stabilized carbon in organic
soils [18]. However, state-sanctioned violence against
Indigenous people, the smallpox epidemic, criminal-
ization of cultural burning, and a legacy of grazing
and fire suppression severed reciprocal relationships
[15, 19, 20] and caused frequent-fire forests to accu-
mulate high fuel loads during the last century. Now
high fuel loads are interacting with climate change to
enable more high-severity wildfire [21, 22]—losing
more carbon directly to the atmosphere and transfer-
ring more carbon from live to dead pools that decom-
pose over time.

In addition to releasing more carbon to the atmo-
sphere and transferring more carbon from live to
dead carbon pools, high-severity wildfire in frequent-
fire forests disrupts carbon recovery. Low sever-
ity wildfires retain surviving mature trees that con-
tinue to grow, sequester carbon, and provide seed
sources that jumpstart tree regeneration and asso-
ciated carbon recovery. In contrast, the interiors of
large, high-severity wildfire can have few surviving
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mature trees nearby. Due to a lack of sufficient seed
sources, trees might fail to regenerate [23-25] and
frequent-fire forests may not recover lost carbon over
time. Further, some burned areas experience self-
reinforcing feedbacks where high-severity wildfire
begets more high-severity wildfire [26—28]—shifting
them to vegetation types with reduced carbon stocks.
Even if sufficient seed sources are present, frequent-
fire forests are facing hotter, drier climate condi-
tions after wildfire. Hotter, drier climate conditions
reduce tree regeneration through moisture stress
and will likely become more widespread under cli-
mate change [29-32]. Consequently, unless humans
intervene [32], interactions between future climate
and wildfire could promote wildfire-caused carbon
loss across broad spatial and temporal extents.

In contrast to frequent-fire forests, wet coastal
and high-elevation subalpine forests contain abund-
ant fuels that are typically too wet to burn. Fuels
only dry out when unusual hot and dry conditions
occur, which historically enabled high-severity stand-
replacing fires to affect stands on average once every
100-300 years (such systems are called ‘infrequent-
fire forests’) [17, 33]. Following wildfire, infrequent-
fire forests recovered lost carbon through forest
recovery over decades and centuries [33]. However,
climate change is increasing the frequency of unusu-
ally hot and dry conditions [34] and shortening
fire return intervals [35]—making it challenging to
recover carbon between wildfire events. For instance,
some tree species produce serotinous cones that
release seeds in the presence of stand-replacing fire
and enable abundant tree regeneration after wild-
fire. If a subsequent stand-replacing fire occurs within
a few decades before forests recover and serotinous
cones are produced [36], then tree regeneration after
wildfire is reduced and carbon recovery can undergo a
>150-year delay [37]. Additionally, early seral condi-
tions after stand-replacing fire can increase the prob-
ability of subsequent wildfire and promote reburns
that set back carbon recovery [38].

Humans can use proactive forest management
to facilitate reciprocal relationships that reduce the
risk of wildfire-caused carbon loss. But the con-
sequences for carbon stocks are complex. In frequent-
fire forests with low to moderate fuel loads, humans
can use prescribed or cultural burns to restore low-
to moderate-severity fire and maintain open forest
structures that reduce subsequent wildfire hazard. In
contrast, frequent-fire forests with high fuel loads
may require forest thinning that selectively removes
small- or medium-sized trees and understory veget-
ation to reduce surface fuels, while leaving mature,
fire-resistant trees in place [39, 40]. Following forest
thinning, forest health improves and prescribed or
cultural burning can be done safely. The removal
and burning of vegetation immediately reduce car-
bon stocks. However, empirical studies showed that
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Figure 1. Although wildfire reduces carbon stocks through emissions and decomposition, carbon stocks in forests recover over
years, decades, or centuries as vegetation regenerates and sequesters carbon from the atmosphere (black arrows). Consequently,
these fluxes mitigate wildfire-caused carbon loss and keep total carbon stocks in forests stable over broad spatial and temporal
extents. However, due to changing climate and wildfire regimes, fluxes that maintain stable carbon stocks are being disrupted (red
arrows). (a) In frequent-fire forests, high fuel loads are interacting with climate change to enable more high-severity wildfire,
which releases more carbon directly to the atmosphere and transfers more carbon from live to dead pools that decompose over
time. (b) Additionally, high-severity wildfire creates large burn areas with few surviving seed sources and reduces organic soil
matter. Interiors of these burned areas might fail to regenerate trees and recover lost carbon—especially if wildfire is followed by
hotter and drier climate conditions. (c) In infrequent-fire forests, short return intervals prevent vegetation and organic soils from
fully recovering from the previous wildfire. (d) Consequently, re-burned areas may lack favorable seed sources and site conditions
to regenerate trees and recover carbon, which can adversely affect broader carbon stability. Photos used with permission from

(b) C Bienz and (d) J Peeler.

if treated stands intersect wildfire within roughly ten
years of treatment, they retain and sequester more
carbon in living vegetation than untreated stands that
also burn [6-8]. At broader spatial extents, some
modeling studies observed that treated landscapes
retain more carbon than untreated landscapes after
wildfire [41-52], while others showed that carbon was
similar or remained reduced after wildfire [53—59].
Here we identified opportunity hot spots for using
proactive forest management to reduce the greatest
risk of wildfire-caused carbon loss in the western
US. To evaluate risk, we adopted a framework from
the Intergovernmental Panel on Climate Change
that defines risk as multi-dimensional and emer-
ging from interactions among hazards and the expos-
ure and vulnerability of affected coupled human
and natural systems [60]. Recent regional evalu-
ations on risk of wildfire-caused carbon loss provided
helpful estimations of wildfire hazard and exposure

[61, 62]. However, to estimate where the greatest
risk of wildfire-caused carbon loss occurs and effect-
ively mitigate it, vulnerability must be accounted for
[63]. Accordingly, we evaluated vulnerability using
three dimensions [60]: exposure (where wildfire haz-
ard overlaps with carbon), sensitivity (where wildfire
hazard adversely affects carbon), and social adapt-
ive capacity (where humans can adapt or intervene
to minimize effects of changing climate and wild-
fire regimes on forests and carbon). We used adapt-
ive capacity in the context of social systems and
institutions [60, 63—66], rather than biological traits
that determine whether species can adapt to environ-
mental change [67]. By evaluating where high social
adaptive capacity for proactive forest management
overlaps with the most vulnerable carbon, we high-
lighted opportunity hot spots that humans could pro-
actively treat to mitigate the greatest risk of wildfire-
caused carbon loss (figure 2).
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Figure 2. By evaluating where high social adaptive capacity overlaps with the most vulnerable carbon, we identified opportunity
hot spots that humans could prioritize and treat to facilitate the greatest reduction in risk of wildfire-caused carbon loss. To
identify opportunity hot spots, we evaluated three dimensions: exposure (where wildfire hazard overlaps with carbon), sensitivity
(where wildfire hazard adversely affects carbon), and social adaptive capacity (where humans can adapt or intervene to minimize
effects of changing climate and wildfire regimes on forests and carbon). Humans can use social adaptive capacity to build
reciprocal relationships that help forests sequester and store carbon—thereby keeping carbon out of the atmosphere. Although
the framework can be applied for any treatments, we highlighted forest thinning and prescribed or cultural burning to underscore
locations where humans could proactively reduce the risk of wildfire-caused carbon loss.

Experience reduced wildfire hazard

Avoid carbon loss by retaining
more living vegetation and organic
soils after wildfire

Recover carbon through forest
regeneration and site productivity

3. Where is carbon most exposed and
sensitive to wildfire?

To identify where the greatest risk of wildfire-caused
carbon loss occurs, we developed composite indicat-
ors for exposure and sensitivity. Composite indicat-
ors are formed by aggregating individual indicators
into a single index based on an underlying model—
thereby quantifying multi-dimensional components
that a single indicator cannot capture [68]. To form
a composite indicator for exposure at the full extent
of western US conifer forests (figure S1), we aggreg-
ated individual indicators for annual burn probability
(30 m resolution) and total carbon (tons/acre, 30 m
resolution). Annual burn probability was extracted
from a gridded dataset on wildfire hazard [69, 70].
Total carbon was estimated by matching plot IDs in
gridded tree [71, 72] and fuel [73] lists to corres-
ponding plots in the US Forest Inventory and Analysis
(FIA) program [74]. Living and dead biomass in the
corresponding FIA plot were converted to units of
carbon using a conversion factor of 0.5 [75], while lit-
ter and duff used a conversion factor of 0.37 [75]. All
carbon stocks were summated to quantify total car-
bon. Importantly, total carbon did not account for
carbon stocks in organic soils, which contribute sub-
stantially to carbon storage potential [76]. We used
min-max normalization to scale minimum and max-
imum values of annual burn probability and total car-
bon to 0 and 1 (figure S2). Afterward we weighted the
normalized individual indicators equally and added
them together [68] to create a gridded dataset for
exposure that varied from 0 to 1 (30 m resolution). We

interpreted carbon in pixels with values near 1 as most
exposed to wildfire, as these locations contained the
most total carbon and experienced the highest annual
burn probability.

To complement exposure, we developed a com-
posite indicator for sensitivity using indicators on
potential carbon loss and carbon recovery following
wildfire. To quantify carbon loss, we combined the
gridded tree [71, 72] and fuel [73] lists and pixel-
specific flame length probabilities [70] with the Fire
and Fuels Extension Forest Vegetation Simulator to
estimate how much carbon would be emitted directly
to the atmosphere during a wildfire event (tons/acre,
30 m resolution). Additionally, we applied a 50 year
half-life [77] over 30 years to fire-killed biomass to
estimate how much carbon would be released indir-
ectly through decomposition over time (tons/acre,
30 m resolution). For carbon recovery, we extracted
individual indicators from gridded datasets on site
productivity (30 m resolution) [74] and post-wildfire
conifer regeneration probability (480 m resolution)
[32]. Given that site productivity and post-wildfire
regeneration influence forest recovery and growth
after wildfire, we assumed both to be good proxies for
likelihood of associated carbon recovery. To ensure
individual indicators contributed equally to the com-
posite indicator, we log transformed total carbon loss
and site productivity because both were right-skewed
(figure S3). Afterward all indicators were min-max
normalized, weighted equally, and added together
[68] to create a gridded dataset for sensitivity that var-
ied from 0 to 1 (30 m resolution). We interpreted car-
bon in pixels with values near 1 as most sensitive to
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Figure 3. We used bivariate maps to display spatial variation of carbon exposure, sensitivity, and vulnerability to wildfire across
western US conifer forests (a) To display exposure, we divided normalized indicators into three quantiles to create low, moderate,
and high categories for total carbon (not including carbon in organic soils) and annual burn probability. (b) Similarly, we divided
normalized indicators of carbon loss (i.e., wildfire-caused carbon loss through emissions and decomposition) and carbon
recovery (i.e., site productivity and post-wildfire conifer regeneration probability) into three quantiles for sensitivity. (c) We also
applied three quantiles to normalized composite indicators for exposure and sensitivity to create categories for vulnerability. By
displaying different combinations of categories as different colors, we could examine relationships between multiple indicators in
a single map. We specifically isolated combinations of high-high and high-moderate categories (indicated with dashed lines on
bar graphs and map key) to report which western US states contained the greatest proportion of carbon most exposed, sensitive,
or vulnerable to wildfire relative to their total forest area. All combinations of categories were summarized for 12 western US
states: Oregon (OR), Montana (MT), Idaho (ID), California (CA), Washington (WA), Colorado (CO), Wyoming (WY), New
Mexico (NM), Arizona (AZ), Utah (UT), South Dakota (SD), and Nevada (NV).

wildfire, as these locations would lose the most car-
bon due to wildfire and had the lowest likelihood of
carbon recovery.

We observed heterogeneity in risk of wildfire-
caused carbon loss across western US conifer forests
due to spatial variation in exposure, sensitivity, and

vulnerability (figure 3). Notably, the spatial vari-
ation highlighted how our findings extended know-
ledge from previous regional evaluations on hazard
and exposure [61, 62]. The most exposed carbon
was not necessarily the most sensitive—highlighting
the need for examining risk as multi-dimensional.
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Relative to their total conifer forest area, states con-
taining the greatest proportion of most exposed car-
bon (i.e. pixels with high burn probability-high total
carbon, high burn probability-moderate total car-
bon, and moderate burn probability-high total car-
bon) were California (63%), New Mexico (49%), and
Arizona (44%). In contrast, states with the greatest
proportion of most sensitive carbon (i.e., pixels with
high carbon loss-low carbon recovery, high carbon
loss-moderate carbon recovery, and moderate carbon
loss-low carbon recovery) were New Mexico (74%),
Utah (67%), and Colorado (66%). Collectively, states
with the greatest proportion of most vulnerable car-
bon (i.e. pixels with high exposure-high sensitiv-
ity, high exposure-moderate sensitivity, and moder-
ate exposure-high sensitivity) were California (70%),
New Mexico (56%), and Arizona (52%). Although
a formal validation of the map is not possible,
regional trends in the scientific literature on climate
[34], wildfire activity [21, 22], and post-wildfire tree
regeneration [29-32] tend to support regional trends
observed in our vulnerability map.

Our estimates are likely conservative because
they did not account for how climate change and
human ignitions will interact with current and future
landscape conditions to alter wildfire regimes. For
example, due to low annual burn probabilities in
infrequent-fire forests, our estimates showed car-
bon in western Colorado, Oregon, and Washington
to be less exposed to wildfire relative to other
regions in the western US. However, infrequent-
fire forests in these regions are already experi-
encing the overlap of extreme climate conditions
[34, 78, 79], extreme weather events [80], and
unplanned human ignitions [81]—resulting in his-
toric wildfire seasons. Such scenarios are expec-
ted to increase under climate change [82], which
will likely heighten the risk of wildfire-caused car-
bon loss—especially without human intervention.
Additionally, the best available datasets on total car-
bon, annual burn probability, and total carbon loss
reflected landscape conditions in 2014. Although the
vintage landscape conditions made individual indic-
ators compatible for forming composite indicators,
it likely created conservative estimates of exposure
and sensitivity. Nonetheless, a strength of our frame-
work is its generalizability. As more future projec-
tions and contemporary datasets become available
for the western US, they can be applied in our
framework to update estimates of exposure and
sensitivity.

4. Where might social adaptive capacity
for proactive forest management reduce
risk of wildfire-caused carbon loss?

Humans can help forests avoid wildfire-caused car-
bon loss by using social adaptive capacity to apply
proactive forest management like forest thinning and

6
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prescribed or cultural burning. Different research
communities and practitioners have adopted the
term adaptive capacity—resulting in wide-ranging
concepts and meanings [63, 83]. We used adapt-
ive capacity in the context of social systems and
institutions [60, 63—66], rather than biological traits
that determine whether species can adapt to envir-
onmental change [67]. Importantly, social adapt-
ive capacity to plan, implement, and maintain pro-
active forest management emerges from complex
social, ecological, political, and economic dynam-
ics. Consequently, social adaptive capacity cannot be
estimated using quantitative datasets alone. Given
these limitations, we only take a ‘first cut’ at estimat-
ing social adaptive capacity for proactive forest man-
agement using proxies for two components: need and
feasibility.

Need and feasibility for proactive forest manage-
ment vary spatially across western US conifer forests.
In combination, forest thinning and prescribed or
cultural burning reduce subsequent wildfire hazard
even under extreme weather conditions [7, 40, 84—
86]. In turn, reduction of wildfire hazard can mitig-
ate the risk of wildfire-caused carbon loss. But forest
thinning is not justifiable based on historical ecolo-
gical conditions for all conifer forests [40, 87, 88]
(table S1) and not all stands need forest thinning
before prescribed or cultural burning. We excluded
infrequent-fire forests from our estimate of social
adaptive capacity because forest thinning in these
historically dense forests is not justifiable based on
historical ecological conditions [88]. For remaining
frequent-fire forests, we matched plot IDs in the grid-
ded treelist [71, 72] to corresponding FIA plots to cal-
culate stand density index (SDI) for each pixel [89]
(figure S4). We then divided a pixel’s SDI by the max-
imum SDI corresponding to its forest type and geo-
graphy (table S2)—thereby calculating a relative SDI
[90]. We assumed that a relative SDI <25% indic-
ated a forest structure that was generally climate- and
fire-resilient [90] and could be burned safely under
moderate weather conditions, whereas a relative SDI
>25% suggested high fuel loads that could justify
forest thinning. Finally, we applied ecological (e.g.
fire behavior fuel models, previous wildfire severity),
legal (e.g. land ownership, wilderness areas, distance
to perennial stream or perennial wetland), and oper-
ational (e.g. distance to road) constraints to identify
locations where treatments were not feasible and
excluded them from our estimate of social adaptive
capacity (table S3).

By evaluating the need and feasibility of proact-
ive forest management, we took a first cut at estim-
ating where social adaptive capacity might overlap
with the most vulnerable carbon in western US con-
ifer forests. We estimated social adaptive capacity
and vulnerability at the pixel-level, whereas planning,
implementing, and maintaining treatments occurs
across broader landscapes. To reconcile these different
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Figure 4. To aggregate pixel-level findings to broader and more management-relevant spatial extents, we used nested spatial units
from the fireshed spatial hierarchy [91, 92]. Highlighted in blue are the widespread opportunities for using proactive forest
management to reduce the risk of wildfire-caused carbon loss at both the (a) project area and (b) fireshed levels. In total, we
estimated that 1,299 project areas meet the criteria of containing the greatest area (top 10%) of carbon most vulnerable to
wildfire-caused loss and enough treatable forest area (>18%) to reduce wildfire hazard. At the fireshed level, we estimated that
308 opportunity hot spots exist, which could be prioritized and treated proactively to reduce the greatest risk of wildfire-caused
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scales, we aggregated our findings to the spatial unit
of a ‘fireshed’ [91, 92]—a term and spatial hier-
archy used for evaluating wildfire risk to human
communities and adopted by the US Forest Service’s
Wildfire Crisis Strategy [2]. Specifically, we adopted
two nested planning units: project areas at ~10 000
hectares and firesheds at ~100 000 hectares [91,
92]. When planning, implementing, and maintaining
treatments, the objective is not necessarily to treat an
entire fireshed, but to prioritize and strategically place
treatments at locations with carbon most vulnerable
to wildfire-caused loss. To identify such locations, we
isolated the top 10% of project areas with the greatest
proportion of forest area containing the most vulner-
able carbon. We also identified project areas in which
treatments could be applied to >18% of the forest
area—a previously identified threshold for reducing
wildfire hazard at project-level spatial extents [93—
95]. If a fireshed contained >1 project area meet-
ing both criteria, we identified that fireshed as an
opportunity hot spot for reducing risk of wildfire-
caused carbon loss (figure S5). We then compared
our findings to previously published maps on high
risk all lands firesheds for human communities in

the US Forest Service’s Wildfire Crisis Strategy [2]
to identify opportunities to simultaneously mitigate
the greatest risk from wildfire to carbon and human
communities.

We identified widespread opportunities for using
proactive forest management to reduce the greatest
risk of wildfire-caused carbon loss (figure 4). In total,
we estimated that 1,299 project areas met the cri-
teria of containing the greatest area (top 10%) of
most vulnerable carbon and enough treatable forest
area (>18%) to potentially reduce wildfire hazard.
Collectively, these project areas contained 40% of the
area most vulnerable to wildfire-caused carbon loss
in western US conifer forests. After scaling up to the
fireshed-level, we estimated that 308 firesheds were
opportunity hot spots for mitigating the greatest risk
of wildfire-caused carbon loss, which overlapped with
45% of high risk all lands firesheds for human com-
munities in the US Forest Service’s Wildfire Crisis
Strategy [2]. Specifically, 64 firesheds overlapped
(figure 5)—highlighting potential areas for using pro-
active forest management to simultaneously mitigate
the greatest risk from wildfire to carbon and human
communities in the western US.
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Figure 5. We observed opportunities for using proactive forest management to simultaneously mitigate the greatest risk from
wildfire to carbon and human communities in the western US. Although the framework can be applied for any treatment, we
highlighted forest thinning and prescribed or cultural burning to identify opportunity hot spots where humans could proactively
reduce the risk of wildfire-caused carbon loss. After overlaying our 308 opportunity hot spots on previously published maps of
140 high risk all lands firesheds for human communities [2], we observed that 64 firesheds overlapped. Here we represented those
firesheds in gold to emphasize that improving reciprocal relationships between humans and forests can support multiple

ecological, social, and cultural values concurrently.

5. How can opportunity hot spots reduce
the risk of wildfire-caused carbon loss?

5.1. Invest in community-based collaborations that
facilitate cross-boundary treatments

Addressing the climate and wildfire crises not
only requires strengthening reciprocal relationships
between humans and forests, but also improving rela-
tionships among humans. Although risk-informed
prioritization maps can identify target geograph-
ies, they do not account for complex social, ecolo-
gical, political, and economic dynamics occurring
locally [96]. Accordingly, our maps are not intended
to replace local knowledges or values that ultimately
inform proactive forest management. Rather, our
maps could inform and help prioritize investments

in community-based collaborations that plan, imple-
ment, and maintain treatments. Ideally, community-
based collaborations represent people and agencies
that reside in a particular place and share a collect-
ive interest in its well-being. Further, community-
based collaborations typically represent places with
multiple land ownerships—requiring collective buy-
in from diverse landowners and agencies to sus-
tain place-based solutions to shared challenges at
scale. From a forest, carbon, and wildfire perspect-
ive, collaborative processes tend to facilitate proactive
forest management that is large in extent and crosses
land ownership boundaries [97]. In turn, for pro-
ject areas containing multiple land ownerships, col-
laboration can make the goal of treating >18% of
forest area more feasible. As a result, providing public
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investments to community-based collaborations
could facilitate the collective buy-in needed to reduce
risk of wildfire-caused carbon loss at opportunity hot
spots.

5.2. Honor indigenous knowledges and prioritize
equity

Improving relationships among humans requires
community-based collaborations to prioritize groups
that were historically excluded from forest and
fire management. For example, tribes hold long-
standing, place-based Indigenous knowledges on liv-
ing with wildfire and adapting to environmental
change [14, 98, 99]. However, their Indigenous know-
ledges and participation were excluded from forest
and fire management following colonization [15, 20]
and barriers still exist today [100]. For instance,
agency requirements for burn permits have histor-
ically not aligned with legal complexities that tribes
experience with land tenure, sovereign immunity,
state and federal recognition, and jurisdiction [100].
In response, agencies that want to make participa-
tion more equitable could amend requirements for
burn permits to better align with unique legal stand-
ings and affirm tribal sovereignty [100]. Additionally,
agencies could build capacity for personnel who
understand those legal standings and assist tribes
with navigating agency requirements [99]. By build-
ing equitable processes that open Western, agency-
driven models of forest and fire management to more
participation from tribes, relationships can more fully
inform [101-103] how to reduce wildfire hazard in a
particular place [104].

5.3. Plan, implement, and maintain treatments that
reduce wildfire hazard and support fire-resilient
forests

In opportunity hot spots that community-based col-
laborations collectively choose to prioritize redu-
cing the risk of wildfire-caused carbon loss, plan-
ning, implementing, and maintaining proactive forest
management can mitigate risk [4]. Again, the object-
ive is not to treat the entire fireshed, but to pri-
oritize and strategically treat locations that optim-
ize reducing the risk of wildfire-caused carbon loss.
If the most vulnerable carbon spans land owner-
ship boundaries, then cross-boundary treatments will
likely achieve the greatest risk reduction. Importantly,
for stands with high fuel loads, combining forest thin-
ning with prescribed or cultural burning is more
effective at reducing wildfire hazard than either treat-
ment alone [40, 105-108]. Forest thinning preserves
large, mature trees and selectively removes small-
to medium-sized trees and understory vegetation—
making stands more resistant to wildfire and other
forest disturbances [4, 39, 40]. By restoring low- to
moderate-severity fire afterward, wildfire hazard is
reduced and carbon is more likely to be retained in liv-
ing vegetation and organic soil when wildfire occurs
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[6-8]. To sustain that reduction and continue mitig-
ating risk of wildfire-caused carbon loss, community-
based collaborations should apply maintenance treat-
ments within roughly ten years of treatment [109].

6. What are potential next steps for areas
not identified as opportunity hot spots?

6.1. Build social adaptive capacity for managed
wildfire and tree planting to reduce risk of
wildfire-caused carbon loss

Due to the ecological, legal, and operational con-
straints of forest thinning and prescribed or cultural
burning, some areas containing the most vulnerable
carbon did not meet our criteria for defining oppor-
tunity hot spots. For example, infrequent-fire forests
in northern Idaho and northwest Montana contained
most vulnerable carbon, but forest thinning is not jus-
tifiable based on historical ecological conditions in
these forest types [87]. In such areas, community-
based collaborations can still address wildfire-caused
carbon loss by building social adaptive capacity for
managed wildfire and tree planting. Managing wild-
fire for resource benefit under moderate weather con-
ditions can reduce the severity of subsequent wildfires
[26-28, 110-113], which mitigates future carbon loss
and supports carbon recovery. Following wildfire,
planting trees at resilient densities [107] in burn areas
where wildfire and climate interactions reduce nat-
ural tree regeneration also supports carbon recov-
ery. Importantly, planting provides opportunities to
establish tree species adapted to hotter, drier climate
conditions that might better sustain carbon stocks
under climate change [114]. By building social adapt-
ive capacity for managed wildfire or tree planting,
alternative pathways become available for building
reciprocal relationships between humans and forests
that reduce risk of wildfire-caused carbon loss.

6.2. Support opportunities that reduce risk from
wildfire to other social, cultural, or ecological
values

Areas not identified as opportunity hot spots are
still important areas for reducing risk from wild-
fire to other social, cultural, or ecological values. For
example, beyond carbon, the US wants to boost recip-
rocal relationships between humans and forests to
safeguard municipal watersheds, old-growth forests,
wildlife habitat, and socioeconomically vulnerable
communities [2, 12]. Additionally, reciprocal rela-
tionships between humans and forests can main-
tain culturally important plants, habitats, and tradi-
tional practices [115]. Given that a strength of our
framework is its generalizability, any community-
based collaboration can use it to create comparable
evaluations [116] that identify where human inter-
ventions might reduce the greatest risk from wildfire
to prioritized values. Notably, as highlighted in cer-
tain opportunity hot spots with carbon and human
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communities, human interventions can address mul-
tiple goals simultaneously. If synergies and trade-
offs between goals are balanced strategically, then
community-based collaborations can promote co-
benefits that safeguard multiple social, cultural, or
ecological values.

7. Conclusions

We used a generalizable framework that embraced
multiple dimensions of risk and applied it to evaluate
where the greatest risk of wildfire-caused carbon loss
occurs in western US conifer forests. We highlighted
that the most exposed carbon was not necessarily the
most sensitive—revealing the need to evaluate risk
as multi-dimensional. Relative to their total forest
area, California, New Mexico, and Arizona contained
the greatest proportion of carbon most vulnerable
to wildfire-caused loss. Importantly, we saw wide-
spread opportunities for using proactive forest man-
agement to reduce the greatest risk of wildfire-caused
carbon loss, with many areas containing opportun-
ities for simultaneously mitigating the greatest risk
from wildfire to carbon and human communities.
Finally, we underscored collaborative and equitable
processes that provide pathways for achieving timely
climate- and wildfire-mitigation goals at opportunity
hot spots.

Data availability statement

The data that support the findings of this study
are openly available at the following URL/DOL:
https://datadryad.org/stash/dataset/doi:10.5061/
dryad.qnk98sfnn.

Acknowledgments

We thank Kimberly Hall for contributing to the
project’s literature review. J] L P was supported
by The Nature Conservancy NatureNet Science
Fellowship and the Department of the Interior’s
North Central Climate Adaptation Science Center
through Cooperative Agreement G18AC00325 from
the United States Geological Survey. PEH was sup-
ported by the Department of the Interior North
Central Climate Adaptation Science Center through
Cooperative Agreement G18AC00325 from the
United States Geological Survey. KTD and KLR were
supported by the Missoula Fire Sciences Laboratory
of the Rocky Mountain Research Station. LM, KL M,
TW,MDR,RDH,JEERNA,SB,KB,MJC, TB
G, ES, RS, and N W were supported by The Nature
Conservancy. The authors have confirmed that any
identifiable participants in this study have given their
consent for publication.

J L Peeler et al

ORCID iDs

Jamie L Peeler ® https://orcid.org/0000-0003-0717-
2465

Lisa McCauley ® https://orcid.org/0000-0002-0270-
9035

Kerry L Metlen ® https://orcid.org/0000-0001-9329-
0665

Travis Woolley ® https://orcid.org/0000-0003-4067-
2613

Kimberley T Davis ® https://orcid.org/0000-0001-
9727-374X

Marcos D Robles ® https://orcid.org/0000-0002-
9261-870X

Ryan D Haugo ® https://orcid.org/0000-0002-7029-
9381

Karin L Riley ® https://orcid.org/0000-0001-6593-
5657

Philip E Higuera ® https://orcid.org/0000-0001-
5396-9956

Joseph E Fargione ® https://orcid.org/0000-0002-
0636-5380

Robert N Addington ® https://orcid.org/0000-0001-
9003-9686

Steven Bassett ® https://orcid.org/0000-0002-3826-

3960
Kori Blankenship ® https://orcid.org/0000-0003-
1118-2682

Michael J Case ® https://orcid.org/0000-0003-4111-
2298

Teresa B Chapman @ https://orcid.org/0000-0003-
3021-1231

Randy Swaty ® https://orcid.org/0009-0006-0188-
8736

Nathan Welch @ https://orcid.org/0009-0005-0981-
1461

References

[1] United Nations Environment Programme 2022 Spreading
like wildfire—the rising threat of extraordinary landscape
fires (A UNEP Rapid Response Assessment)

[2] US Forest Service 2022 Confronting the wildfire crisis: a
10-year implementation plan FS-1187b

[3] US Department of the Interior 2022 Wildfire risk 5-year
monitoring, maintenance, and treatment plan

[4] Stephens S L, Iver ] D M, Boerner R E J, Fettig C ], Joseph B,
Hartsough B R, Kennedy P and Schwilk D W 2012 The
effects of forest fuel-reduction treatments in the United
States Bioscience 62 549-60

[5] Barnett K, Parks S A, Miller C and Naughton H T 2016
Beyond fuel treatment effectiveness: characterizing
interactions between fire and treatments in the US Forests
7237

[6] James J N, Kates N, Kuhn C D, Littlefield C E, Miller CW,
Bakker ] D, Butman D E and Haugo R D 2018 The effects
of forest restoration on ecosystem carbon in western North
America: a systematic review For. Ecol. Manage.

429 625-41

[7] Yocom Kent L L, Shive K L, Strom B A, Sieg C H,

Hunter M E, Stevens-Rumann C S and Fulé P Z 2015
Interactions of fuel treatments, wildfire severity, and

10



Environ. Res. Lett. 18 (2023) 094040

carbon dynamics in dry conifer forests For. Ecol. Manage.
349 66-72
[8] North M P and Hurteau M D 2011 High-severity wildfire
effects on carbon stocks and emissions in fuels treated and
untreated forest For. Ecol. Manage. 261 1115-20
[9] Fargione ] E et al 2018 Natural climate solutions for the

United States Sci. Adv. 4 1-15

[10] Griscom B W et al 2017 Natural climate solutions Proc.
Natl Acad. Sci. USA 114 11645-50

[11] LiuJ et al 2007 Complexity of coupled human and natural
systems Science 317 1513-6

[12] US Department of Agriculture 2022 Climate resilience and
carbon stewardship of America’s national forests and
grasslands Secretary’s Memorandum 1077—-004

[13] Loehman R A, Reinhardt E and Riley K L 2014 Wildland
fire emissions, carbon, and climate: seeing the forest and
the trees—A cross-scale assessment of wildfire and carbon
dynamics in fire-prone, forested ecosystems For. Ecol.
Manage. 317 9-19

[14] Harmon M E 2001 Carbon squestration in forests:
addressing the scale question J. For. 99 24-29

[15] Kimmerer R W and Lake F K 2001 The role of indigenous
burning in land management J. For. 99 36—41

[16] Hurteau M D and Brooks M L 2011 Short- and long-term
effects of fire on carbon in US dry temperate forest systems
BioScience 61 139-46

[17] Hessburg P F et al 2019 Climate, environment, and
disturbance history govern resilience of western North
American forests Front. Ecol. Evol. 7 1-27

[18] Pellegrini A F A, Caprio A C, Georgiou K, Finnegan C,
Hobbie S E, Hatten J A and Jackson R B 2021 Low-intensity
frequent fires in coniferous forests transform soil organic
matter in ways that may offset ecosystem carbon losses
Glob. Change Biol. 27 3810-23

[19] Liebmann M J, Farella J, Roos C I, Stack A, Martini S and
Swetnam T W 2016 Native American depopulation,
reforestation, and fire regimes in the Southwest United
States, 1492—-1900 CE Proc. Natl Acad. Sci. USA
113 E696-704

[20] Vinyeta K 2022 Under the guise of science: how the US
Forest Service deployed settler colonial and racist logics to
advance an unsubstantiated fire suppression agenda
Environ. Soc. 8 134-48

[21] Singleton M P, Thode A E, Sanchez A J and Iniguez ] M
2019 Increasing trends in high-severity fire in the
southwestern USA from 1984 to 2015 For. Ecol. Manage.
433 709-19

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

[23] Harvey B ], Donato D C and Turner M G 2016 High and
dry: post-fire tree seedling establishment in subalpine
forests decreases with post-fire drought and large
stand-replacing burn patches Glob. Ecol. Biogeogr.
25 655-69

[24] Kemp K B, Higuera P E and Morgan P 2016 Fire legacies
impact conifer regeneration across environmental gradients
in the U.S. northern Rockies Landsc. Ecol. 31 619-36

[25] Rother M T and Veblen T T 2016 Limited conifer
regeneration following wildfires in dry ponderosa pine
forests of the Colorado front range Ecosphere 7 e01594

[26] Harvey B J, Buonanduci M S and Turner M G 2023 Spatial
interactions among short-interval fires reshape forest
landscapes Glob. Ecol. Biogeogr. 32 1-17

[27] Harris L B, Drury S A and Taylor A H 2021 Strong legacy
effects of prior burn severity on forest resilience to a
high-severity fire Ecosystems 24 77487

[28] Taylor A H, Harris L B and Drury S A 2021 Drivers of fire
severity shift as landscapes transition to an active fire
regime, Klamath Mountains, USA Ecosphere 12 ¢03734

[29] Stevens-Rumann C S, Kemp K B, Higuera P E, Harvey B J,
Rother M T, Donato D C, Morgan P and Veblen T T 2018

11

J L Peeler et al

Evidence for declining forest resilience to wildfires under

climate change Ecol. Lett. 21 243-52

Davis K T, Higuera P E, Dobrowski S Z, Parks S A,

Abatzoglou J T, Rother M T and Veblen T T 2020

Fire-catalyzed vegetation shifts in ponderosa pine and

Douglas-fir forests of the western United States Environ.

Res. Lett. 15 1040b8

[31] Rodman K C, Veblen T T, Battaglia M A, Chambers M E,
Fornwalt P J, Holden Z A, Kolb T E, Ouzts J R and
Rother M T 2020 A changing climate is snuffing out
post-fire recovery in montane forests Glob. Ecol. Biogeogr.
1-13

[32] Davis K T et al 2023 Reduced fire severity offers near-term
buffer to climate-driven declines in conifer resilience across
the western United States Proc. Natl Acad. Sci. USA
120 2208120120

[33] Kashian D M, Romme W H, Tinker D B, Turner M G and
Ryan M G 2006 Carbon storage on landscapes with
stand-replacing fires BioScience 56 598—606

[34] Higuera P E and Abatzoglou J T 2020 Record-setting
climate enabled the extraordinary 2020 fire season in the
western United States Glob. Change Biol. 27 1-2

[35] Buma B, Weiss S A, Hayes K and Lucash M S 2020

Wildland fire reburning trends across the US west suggest

only short-term negative feedback and differing climatic

effects Environ. Res. Lett. 15 034026

Turner M G, Romme W H and Tinker D B 2003 Surprises

and lessons from the 1988 Yellowstone fires Front. Ecol.

Environ. 1 351-8

[37] Turner M G, Braziunas K H, Hansen W D and Harvey B ]
2019 Short-interval severe fire erodes the resilience of
subalpine lodgepole pine forests Proc. Natl Acad. Sci. USA
166 11319-28

[38] Busby S U, Moffett K B and Holz A 2020 High-severity and
short-interval wildfires limit forest recovery in the Central
Cascade Range Ecosphere 11 03247

[39] Hessburg P F, Prichard S J, Hagmann R K, Povak N A and
Lake F K 2021 Wildfire and climate change adaptation of
western North American forests: a case for intentional
management Ecol. Appl. 31 €02432

[40] Prichard SJ et al 2021 Adapting western North American
forests to climate change and wildfires: 10 common
questions Ecol. Appl. 31 02433

[41] Hurteau M and North M 2009 Fuel treatment effects on
tree-based forest carbon storage and emissions under
modeled wildfire scenarios Front. Ecol. Environ.
7 409-14

[42] Reinhardt E and Holsinger L 2010 Effects of fuel treatments
on carbon-disturbance relationships in forests of the
northern Rocky Mountains For. Ecol. Manage. 259 1427-35

[43] Sorensen C D, Finkral A J, Kolb T E and Huang C H 2011
Short- and long-term effects of thinning and prescribed
fire on carbon stocks in ponderosa pine stands in northern
Arizona For. Ecol. Manage. 261 46072

[44] Carlson C H, Dobrowski S Z and Safford H D 2012

Variation in tree mortality and regeneration affect forest

carbon recovery following fuel treatments and wildfire in

the Lake Tahoe Basin, California, USA Carbon Balance

Manage. 7 1-17

Loudermilk E L, Stanton A, Scheller R M, Dilts T E,

Weisberg P J, Skinner C and Yang J 2014 Effectiveness of

fuel treatments for mitigating wildfire risk and sequestering

forest carbon: a case study in the Lake Tahoe Basin For.

Ecol. Manage. 323 114-25

[46] Shive K L, Fulé P Z, Sieg C H, Strom B A and Hunter M E
2014 Managing burned landscapes: evaluating future
management strategies for resilient forests under a
warming climate Int. J. Wildland Fire 23 915

[47] Dicus C A and Osborne K ] 2015 How fuel treatment types,
locations, and amounts impact landscape-scale fire
behavior and carbon dynamics Proc. Large Wildland Fires
Conf. (Missoula, MT, May 19-23 2014) ed R E Keane,
M Jolly, R Parsons and K Riley (Department of Agriculture,

[30

[36

[45



Environ. Res. Lett. 18 (2023) 094040

Forest Service, Rocky Mountain Research Station)
pp 50-59

[48] Hurteau M D 2017 Quantifying the carbon balance of
forest restoration and wildfire under projected climate in
the fire-prone southwestern us PLoS One 12 1-18

[49] Krofcheck D J, Hurteau M D, Scheller R M and
Loudermilk E L 2017 Prioritizing forest fuels treatments
based on the probability of high-severity fire restores
adaptive capacity in Sierran forests Glob. Change Biol.
24 729-37

[50] Krofcheck D J, Hurteau M D, Scheller R M and
Loudermilk E L 2017 Restoring surface fire stabilizes forest
carbon under extreme fire weather in the Sierra Nevada
Ecosphere 8 01663

[51] McCauley L A, Robles M D, Woolley T, Marshall R M,
Kretchun A and Gori D F 2019 Large-scale forest
restoration stabilizes carbon under climate change in
Southwest United States Ecol. Appl. 29 e01979

[52] Foster D E, Battles J J, Collins B M, York R A and
Stephens S L 2020 Potential wildfire and carbon stability in
frequent-fire forests in the Sierra Nevada: trade-offs from a
long-term study Ecosphere 11 €03198

[53] Ager A A, Finney M A, McMahan A and Cathcart J 2010
Measuring the effect of fuel treatments on forest carbon
using landscape risk analysis Nat. Hazards Earth Syst. Sci.
10 2515-26

[54] Vaillant N M, Reiner A L and Noonan-Wright E K 2013
Prescribed fire effects on field-derived and simulated forest
carbon stocks over time For. Ecol. Manage. 310 711-9

[55] Vegh T, Huang C and Finkral A 2013 Implications of fuel
reduction treatments vol 28 pp 57-65

[56] Laflower D M, Hurteau M D, Koch G W, North M P and
Hungate B A 2016 Climate-driven changes in forest
succession and the influence of management on forest
carbon dynamics in the Puget Lowlands of Washington
State, USA For. Ecol. Manage. 362 194-204

[57] Chiono L A, Fry D L, Collins B M, Chatfield A H and
Stephens S L 2017 Landscape-scale fuel treatment and
wildfire impacts on carbon stocks and fire hazard in
California spotted owl habitat Ecosphere 8 01648

[58] Spies T A et al 2017 Using an agent-based model to
examine forest management outcomes in a fire-prone
landscape in Oregon, USA Ecol. Soc. 22 55

[59] Ager A A, Barros AM G and Day M A 2022 Contrasting
effects of future wildfire and forest management scenarios
on a fire excluded western US landscape Landsc. Ecol.
37 1091-112

[60] Intergovernmental Panel on Climate Change 2012 National
systems for managing the risks from climate extremes and
disasters A Special Report of Working Groups I and II of the
Intergovernmental Panel on Climate Change (Cambridge
University Press) pp 1-582

[61] Buotte P C, Law B E, Ripple W J and Berner L T 2020
Carbon sequestration and biodiversity co-benefits of
preserving forests in the western United States Ecol. Appl.
30 1-11

[62] Anderegg W R L, Chegwidden O S, Badgley G,
Trugman A T, Cullenward D, Abatzoglou J T, Hicke J A,
Freeman J and Hamman J J 2022 Future climate risks from
stress, insects, and fire across US forests Ecol. Lett.
25 1510-20

[63] Engle N L 2011 Adaptive capacity and its assessment Glob.
Environ. Change 21 647-56

[64] Smith ] B, Klein RJ T and Hugq S (edS) 2003 Climate
Change, Adaptive Capacity and Development (Imperial
College Press) pp 9-51

[65] Adger W N 2006 Vulnerability Glob. Environ. Change
16 268-81

[66] Smit B and Wandel J 2006 Adaptation, adaptive capacity
and vulnerability Glob. Environ. Change 16 282-92

[67] Dawson T P, Jackson S T, House J I, Prentice I C and
Marce G M 2011 Beyond predictions: biodiversity
conservation in a changing climate Science 53 53-58

12

J L Peeler et al

[68] Organization for Economic Co-operation and
Development 2008 Handbook on Constructing Composite
Indicators: Methodology and User Guide (OECD)
pp 13-14

[69] Scott ] H, Gilbertson-Day ] W, Moran C, Dillon G K,
Short K C and Vogler K C 2020 Wildfire risk to
communities: spatial datasets of landscape-wide wildfire
risk components for the United States (Forest Service
Research Data Archive)

[70] Short K C, Finney M A, Vogler K C, Scott ] H,
Gilbertson-Day ] W and Grenfell I C 2020 Spatial datasets
of probabilistic wildfire risk components for the United
States (Forest Service Research Data Archive) (https://doi.
0rg/10.1038/541597-020-0403-0)

[71] Riley K L, Grenfell I C, Finney M A and Wiener ] M 2019
Fire Lab tree list: a tree-level model of conterminous
United States landscape circa 2014 (Forest Service Research
Data Archive)

[72] Riley K L, Grenfell I C, Finney M A and Wiener ] M 2021
TreeMap, a tree-level model of conterminous US forests
circa 2014 produced by imputation of FIA plot data Sci.
Data 8 1-14

[73] Riley K L and Grenfell I C In Press. FuelMap 2014: imputed
map of carbon stored in litter, duff, fine woody debris, and
coarse woody debris for CONUS forests circa 2014 (Forest
Service Research Data Archive)

[74] Gray A N, Brandeis T J, Shaw ] D, McWilliams W H and
Miles P D 2012 Forest inventory and analysis database of
the United States of America (FIA) Vegetation Databases for
the 21st Century (Biodiversity & Ecology) vol 4, ed
] Dengler, J Oldeland, F Jansen, M Chytry, ] Ewald,

M Finckh, F Glockler, G Lopez-Gonzalez, R K Peet and
J HJ Schaminee pp 225-31

[75] Rebain S A 2010 The fire and fuels extension to the forest

vegetation simulator: updated model documentation

Internal Rep (US Department of Agriculture, Forest

Service, Forest Management Service Center) pp 1-409

(Accessed 1 February 2022)

Mckinley D C et al 2011 A synthesis of current knowledge

on forests and carbon storage in the United States Ecol.

Appl. 21 1902-24

[77] Campbell J L, Fontaine ] B and Donato D C 2016 Carbon
emissions from decomposition of fire-killed trees following
a large wildfire in Oregon, United States J. Geophys. Res.
Biogeosci. 121 718-30

[78] Higuera P E, Shuman B N and Wolf K D 2021 Rocky
Mountain subalpine forests now burning more than any
time in recent millennia Proc. Natl Acad. Sci. USA
118 €2103135118

[79] Abatzoglou J T, Rupp D E, O’Neill L W and Sadegh M 2021
Compound extremes drive the western oregon wildfires of
September 2020 Geophys. Res. Lett. 48 €2021GL092520

[80] Reilly M J et al 2022 Cascadia Burning: the historic, but not
historically unprecedented, 2020 wildfires in the Pacific
Northwest, USA Ecosphere 13 ¢4070

[81] Higuera P E, Cook M C, Balch J K, Stavros E N,

Mahood A L and St. Denis L A 2023 Shifting
social-ecological fire regimes explain increasing structure
loss from Western wildfires PNAS Nexus 2 1-11

[82] Ficklin D L and Novick K A 2017 Historic and projected
changes in vapor pressure deficit suggest a
continental-scale drying of the United States atmosphere J.
Geophys. Res. Atmos. 122 2061-79

[83] Janssen M A, Schoon M L, Ke W and Bo K 2006 Scholarly
networks on resilience, vulnerability and adaptation within
the human dimensions of global environmental change
Glob. Environ. Change 16 24052

[84] Prichard S J, Povak N A, Kennedy M C and Peterson D W
2020 Fuel treatment effectiveness in the context of
landform, vegetation, and large, wind-driven wildfires Ecol.
Appl. 30 1-22

[85] Povak N A, Kane V R, Collins B M, Lydersen ] M and
Kane J T 2020 Multi-scaled drivers of severity patterns vary

[76



Environ. Res. Lett. 18 (2023) 094040

across land ownerships for the 2013 Rim Fire, California
Landsc. Ecol. 35 293-318

[86] Arkle RS, Pilliod D S and Welty J L 2012 Pattern and
process of prescribed fires influence effectiveness at
reducing wildfire severity in dry coniferous forests For.
Ecol. Manage. 276 17484

[87] Stephens S L, Westerling A L R, Hurteau M D, Peery M Z,
Schultz C A and Thompson S 2020 Fire and climate
change: conserving seasonally dry forests is still possible
Front. Ecol. Environ. 18 354—60

[88] Halofsky J S, Donato D C, Franklin J F, Halofsky J E,
Peterson D L and Harvey B ] 2018 The nature of the beast:
examining climate adaptation options in forests with
stand-replacing fire regimes Ecosphere 9 ¢02140

[89] Shaw ] D and Long J N 2010 Consistent definition and
application of Reineke’s stand density index in silviculture
and stand projection Integrated Management of Carbon
Sequestration and Biomass Utilization Opportunities in a
Changing Climate: Proc. 2009 National Silviculture
Workshop pp 199-209

[90] North M P, Tompkins R E, Bernal A A, Collins B M,
Stephens S L and York R A 2022 Operational resilience in
western US frequent-fire forests For. Ecol. Manage.
507 120004

[91] Ager A A, Day M A, Palaiologou P, Houtman R M, Ringo C
and Evers C R 2019 Cross-boundary wildfire and
community exposure: a framework and application in the
western US (US Department of Agriculture, Forest Service,
Rocky Mountain Research Station) General Technical
Report RMRS-GTR-392

[92] Ager A A, Day M A, Ringo C, Evers C R, Alcasena F J,
Houtman R M, Scanlon M and Ellersick T 2021
Development and application of the fireshed registry
treatment (US Department of Agriculture, Forest Service,
Rocky Mountain Research Station) General Technical
Report RMRS-GTR-425

[93] Lydersen ] M, Collins B M, Brooks M L, Matchett J R,
Shive K L, Povak N A, Kane V R and Smith D F 2017
Evidence of fuels management and fire weather influencing
fire severity in an extreme fire event Ecol. Appl. 27 2013-30

[94] Tubbesing C L, Fry D L, Roller G B, Collins B M,
Fedorova V A, Stephens S L and Battles J J 2019
Strategically placed landscape fuel treatments decrease fire
severity and promote recovery in the northern Sierra
Nevada For. Ecol. Manage. 436 45-55

[95] Mckinney S T, Abrahamson I, Jain T and Anderson N 2022
A systematic review of empirical evidence for
landscape-level fuel treatment effectiveness Fire Ecol. 18 21

[96] Wyborn C and Evans M C 2021 Conservation needs to
break free from global priority mapping Nat. Ecol. Evol.
51322-4

[97] Schultz C A and Moseley C 2019 Collaborations and
capacities to transform fire management Science 366 38—40

[98] Lake F K and Christianson A C 2019 Indigenous fire
stewardship Encyclopedia of Wildfires and Wildland-Urban
Interface (WUI) Fires (Springer Nature) pp 1-9

[99] Eisenberg C 2023 Traditional Ecological Knowledge and
active management of western forests Western Forester
pp 4-5

[100] Clark S A, Miller A and Hankins D L 2021 Good fire:

current barriers to the expansion of cultural burning and
prescribed fire in California and recommended solutions

13

J L Peeler et al

[101] Lake F K, Giardina C P, Parrotta ] and Davidson-Hunt I
2018 Considering diverse knowledge systems in forest
landscape restoration Forest Landscape Restoration:
Integrated Approaches to Support Effective Implementation
(Routledge) pp 37—46

[102] Ermine W 2007 The ethical space of engagement Indig. Law
J. 6 193-203

[103] Bartlett C, Marshall M and Marshall A 2012 Two-Eyed
Seeing and other lessons learned within a co-learning
journey of bringing together indigenous and mainstream
knowledges and ways of knowing J. Environ. Stud. Sci.
2331-40

[104] Lake F K, Wright V, Morgan P, Mcfadzen M, Mcwethy D
and Stevens-Rumann C 2017 Returning fire to the land:
celebrating Traditional Knowledge and fire J. For.

115 343-53

[105] Fulé P Z, Crouse J E, Paul J and Kalies E L 2012 Do
thinning and/or burning treatments in western USA
ponderosa or Jeffrey pine-dominated forests help restore
natural fire behavior? For. Ecol. Manage. 269 68-81

[106] Kalies E L and Yocom Kent L L 2016 Tamm Review: are fuel
treatments effective at achieving ecological and social
objectives? A systematic review For. Ecol. Manage.

375 84-95

[107] Knapp E E, Lydersen ] M, North M P and Collins B M 2017

Efficacy of variable density thinning and prescribed fire for

restoring forest heterogeneity to mixed-conifer forest

in the central Sierra Nevada, CA For. Ecol. Manage.

406 22841

Stephens S L, Battaglia M A, Churchill D ], Collins B M,

Coppoletta M, Hoffman C M, Lydersen ] M, Malcolm P

and Stevens J T 2021 Forest restoration and fuels reduction:

convergent or divergent? Bioscience 71 85-101

[109] Stephens S L, Collins B M and Roller G 2012 Fuel
treatment longevity in a Sierra Nevada mixed conifer forest
For. Ecol. Manage. 285 204—12

[110] Parks S A, Miller C, Nelson C R and Holden Z A 2014
Previous fires moderate burn severity of subsequent
wildland fires in Two Large Western US Wilderness Areas
Ecosystems 17 29—42

[111] Harvey B J, Donato D C and Turner M G 2016 Burn me

twice, shame on who? Interactions between successive

forest fires across a temperate mountain region Ecology

97 2272-82

Taylor A H, Harris L B and Skinner C N 2022 Severity

patterns of the 2021 Dixie Fire exemplify the need to

increase low-severity fire treatments in California’s forests

Environ. Res. Lett. 17 071002

[113] Stevens] T et al 2021 Tamm Review: Postfire landscape
management in frequent-fire conifer forests of the
southwestern United States For. Ecol. Manage.

502 119678

[114] Buma B and Wessman C A 2013 Forest resilience, climate

change, and opportunities for adaptation: a specific

case of a general problem For. Ecol. Manage.

306 216-25

Long J W, Lake F K and Goode R W 2021 The importance

of Indigenous cultural burning in forested regions of the

Pacific West, USA For. Ecol. Manage. 500 119597

Polsky C, Neff R and Yarnal B 2007 Building comparable

global change vulnerability assessments: the vulnerability

scoping diagram Glob. Environ. Change 17 472-85

[108

[112

[115

[116



