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Managing fire-prone forests in a time of
decreasing carbon carrying capacity
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Changing climatic conditions are increasing overstory tree mortality in forests globally. This restructuring of the distribution of
biomass is making already flammable forests more combustible, posing a major challenge for managing the transition to a lower
biomass state. In western US dry conifer forests, tree density resulting from over a century of fire-exclusion practices has increased
the risk of high-severity wildfire and susceptibility to climate-driven mortality. Reducing dead fuel loads will require new
approaches to mitigate risk to the remaining live trees by preparing forests to withstand future wildfire. Here, we used data from
the Teakettle Experimental Forest in California to evaluate different prescribed fire burn frequencies and their impact on accu-
mulated dead fuels after a 4-year drought. Increasing burn frequency could reduce surface fuel build-up but comes with addi-
tional challenges that will require creativity and experimentation to overcome.
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ngoing climate change and climate-driven increases in

disturbance are reshaping forests globally. Whether
directly through hot droughts (the simultaneous occurrence of
drought and extreme heat) or indirectly through increased
susceptibility to insects, pathogens, and fire, forest biomass is
being reorganized (Williams et al. 2013; Kolb et al. 2016). As
forests respond to changing climate and disturbance, stepwise
changes in carbon (C) carrying capacity—the amount of live
biomass that can be supported under prevailing climate and
natural disturbance conditions (Keith et al. 2009)—mean that
increasingly large fractions of biomass are dead. While this
decrease in live tree biomass and its associated leaf area can
leave the remaining trees more drought tolerant because of
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In a nutshell:

« Climate change is restructuring forest biomass through
tree mortality and disturbance

o Mortality and fire exclusion have put the remaining live
trees at risk of high-severity fire

» Managing fuel loads by increasing burn frequency may
be possible, but this approach will require considerable
experimental research to identify ecologically appropriate
solutions
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reduced competition, the surplus of dead biomass heightens
forest susceptibility to subsequent stand-replacing wildfire
(Goodwin et al. 2021; Stephens et al. 2022). Fuel- and climate-
mediated increases in fire intensity across large landscapes can
further erode forest resilience, increasing the potential for
transition to a non-forest vegetation type (Falk et al. 2022).
Managing these climate-driven reductions in forest C carrying
capacity is central to sustaining forest area, especially in
increasingly flammable forest ecosystems.

Climate and disturbance interact with local site factors to
determine the amount of C that can be sustained in a given
location, and changing climatic conditions combined with
human-caused disturbance is reducing the C carrying capacity
of many forests globally (Hammond et al. 2022). More specifi-
cally, increasing atmospheric aridity, which is driving large-
scale mortality events (eg hot droughts, bark beetles), is also
increasing forest flammability (Dickman et al. 2023).
Connectivity of live and dead biomass combined with fuel
moisture influences both the potential for fire spread and the
proportion of a forested area that is susceptible to fire-induced
tree mortality (ie high-severity fire; Juang et al. 2022; Francis
et al. 2023). In some ecosystems, this is primarily a climate-
driven phenomenon, whereby acute decreases in the moisture
content of live and dead fuel due to severe drought is the prin-
cipal factor driving flammability (Alizadeh et al. 2021). In
other ecosystems, such as seasonally dry conifer forests in the
western US, a legacy of timber management and fire suppres-
sion are interacting with atmospheric dryness to increase for-
est flammability (Stephens et al. 2020). Here, we summarize
common historical and current drivers of C dynamics in west-
ern US frequent-fire forests. We then use data from several
decades of changing forest and fuel conditions in mixed-
conifer forests in the Teakettle Experimental Forest (hereafter
Teakettle)—a 1300-ha section of the Sierra National Forest in
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Californias Sierra Nevada that has been set aside by the US
Forest Service (USFS) for research on forest ecology—to
demonstrate the management challenges posed by declining C
carrying capacity.

@ Historical context

Before European settlement, dry western forests were largely
fuel-limited systems, where fires ignited by lightning strikes
or Indigenous peoples shaped the distribution of biomass
for millennia. Dry western forests range from semi-arid
ponderosa pine (Pinus ponderosa)-dominated forests in the
southwestern US, to Sierra Nevada mixed-conifer forests
with a Mediterranean climate in California, to dry mixed-
conifer forests composed of Douglas-fir (Pseudotsuga men-
ziesii) and ponderosa pine in the inland Pacific Northwest
and northern US Rocky Mountains (Hessburg et al. 2019).
High-frequency fire, typically occurring on the order of
several years to several decades (Hurteau et al. 2019), main-
tained heterogenous forest structure and moderated surface
fuel loads, reinforcing landscape heterogeneity with each
fire (Figure 1; Hagmann et al. 2021). However, mid- to
late-19th century logging and livestock grazing associated
with European settlers, which initially reduced fine fuels
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that supported frequent fires, was accompanied by the extir-
pation of Indigenous groups from the landscape who served
as important ignition sources (Swetnam et al. 2016; Knight
et al. 2022). Subsequent federal fire-suppression policy com-
bined with these land-use changes allowed for the infilling,
homogenization, and fuels accumulation of dry conifer forests
(Hagmann et al. 2021). Collectively, these factors often pushed
the forests past their respective C carrying capacities and
increased the instability of the stored C (Goodwin et al. 2020).

The challenges associated with fire exclusion were recog-
nized during the early to mid-20th century in some western
US systems (Show and Kotok 1924) and investigation into
management options to help mitigate the effects across the
region began in earnest during the late 20th century
(Covington et al. 1997; Mutch and Parsons 1998). During the
climatically benign 1980s and early 1990s, increased wildfire
activity was beginning to capture attention, but fire size was
relatively small and severity relatively low (Westerling 2016).
Beginning in the mid-1990s in the southwestern US, however,
increased biomass density from fire exclusion ran headlong
into a drying climate, and as the C carrying capacity decreased,
ecosystems responded through tree mortality and increasingly
large and severe fires (Allen et al. 2015; Westerling 2016).
Three decades later, the warmer, drier climate is increasing
flammability in many forest systems globally and
the interaction with fire exclusion is driving
extreme fire behavior in the dry conifer forests of
the western US (Kirchmeier-Young et al. 2019;
Abram et al. 2021).

Simultaneous to these climatic changes, forest
managers began to implement treatments
designed to reduce the effects of what was, by the
1990s, nearly a century of fire exclusion. The
research community had evaluated different
approaches to reducing tree density and surface
fuels in dry western conifer forests and recom-
mended combinations of thinning smaller diam-
eter trees and the reintroduction of fire to achieve
hazardous fuels reduction and restore ecosystem
function (Agee and Skinner 2005; Stephens
et al. 2020). Yet the speed and scale of forest res-
toration activity has been insufficient to keep
pace with the ongoing aridification and increas-
ing flammability of these forests (Goodwin
et al. 2021; North et al. 2021; Juang et al. 2022).
Now, the compound effects of fire exclusion are
being exacerbated by increased tree mortality
due to climate change (Figure 1).

Figure 1. Prior to European settlement, frequent occurrence of fire maintained a more open

surface fire-dominated system that had a stable aboveground carbon (C) stock. Fire exclu-

@ An example from the Sierra Nevada

sion practices led to infilling and build-up of surface fuels, both of which increased the

aboveground C stock and the potential for high-severity wildfire. Warmer, drier climatic con-
ditions are decreasing the amount of aboveground C that dry forests can support. Fuel-
reduction treatments can make forests more resilient to increased flammability and

decrease the potential aboveground C loss from type conversion.

The frequent-fire forests of California’s Sierra
Nevada are the result of regular fuel accumu-
lation from high productivity, frequent ignitions
(lightning strikes, Indigenous burning), and an
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annual dry season because of the Mediterranean climate
(Stephens et al. 2020). The large winter snowpack in this
system provides sufficient moisture for growth to be main-
tained through the dry season. Historically, live tree C was
aggregated in fewer, larger trees that were resistant to exten-
sive high-severity wildfire (North et al. 2009; Harris
et al. 2019). As with other places throughout the US West,
fire exclusion has increased tree density and, in the case
of mixed-conifer forest, favored the establishment of shade-
tolerant species (Stephens et al. 2020). In-growth of shade-
tolerant trees and build-up of surface fuels from fire exclusion,
combined with hotter droughts and increasing wildfires,
suggest Sierran mixed-conifer forests are beyond their C
carrying capacity (Stephens et al. 2020).

The area burned by wildfire, particularly high-severity fire,
has been expanding considerably (Juang et al. 2022; Cova
et al. 2023). In addition, prolonged droughts combined with
bark beetle outbreaks have transitioned a substantial propor-
tion of live tree C to the dead tree pool (Goodwin et al. 2020).
In the southern Sierra Nevada, the 2012-2016 drought, in
combination with bark beetle outbreaks, caused as much as
90% overstory tree mortality in some locations (Asner
et al. 2016). At Teakettle, overstory mortality in fire-excluded
forest segments was approximately 30% and concentrated in
the largest trees, resulting in a near doubling of dead tree C
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Figure 2. Percent aboveground carbon (C) by pool within an old-growth
mixed-conifer forest in the Teakettle Experimental Forest in the southern
Sierra Nevada, California. Data were collected in (a) 2011 and (b) 2022
after the 2012-2016 drought, which caused substantial overstory tree
mortality among the largest trees. The 2011 and 2022 data were sampled
from sites within 500 m of one another. Total aboveground C was 332 and
394 megagrams per hectare (Mg ha™") in 2011 and 2022, respectively.
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(Goodwin et al. 2020; Steel et al. 2021). Beginning in 2021, we
sampled 200 plots (where each plot was 0.25 ha) across a 160-
ha portion of Teakettle and found dead tree C to be 155 mega-
grams (Mg) C ha™! (standard deviation [SD] = 102.9 Mg C
ha™"), which was nearly as high as live tree C (193 Mg C ha™",
SD = 99.1 Mg C ha™!) (Figure 2). Snags begin to fall about
10-20 years post-mortality and most of this dead tree C transi-
tions to the surface fuel pool (Northrop et al. 2024). Forests of
the southern Sierra Nevada are currently within that time
range. In the space of just a single year (2021-2022), surface
fuels in Teakettle increased by 13%. Regardless of whether the
dead trees are standing (snags) or on the ground (logs and
other coarse fuels), they represent a major source of stored
energy that is increasingly available for combustion because of
ongoing climate change. As they fall, dead trees present a great
fuel risk to the remaining live trees (Stephens et al. 2018;
Goodwin et al. 2021). As the C carrying capacity for this area
continues to shift with ongoing climate change, one of the
most pressing questions is how to manage surplus dead C in
the system to avoid extreme fire behavior and energy release,
both of which facilitate undesirable transitions in vegetation
state (Figure 1).

To estimate changes in fuel load and the potential to man-
age the increase in dead fuels with prescribed burning, we used
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Figure 3. Estimated carbon (C) in surface fuels with three different pre-
scribed fire return intervals (FRIs): (a) 5 years, (b) 10 years, and (c) 15
years. Diamonds are averages and whiskers are upper and lower quartiles
from 1000 draws. The dashed horizontal line is the surface fuel C stock
(23 Mg C ha™"), above which extreme fire behavior becomes more likely.
Monte Carlo simulations used post-drought mortality accumulation for the
first 7 years and pre-drought fuel accumulation for the remainder. Fuel
consumption from prescribed fire is based on second-entry burn con-
sumption from the Teakettle Experimental Forest, California. Simulations
begin with a measured value of 52 Mg C ha~' based on field inventory
data from Teakettle.
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a Monte Carlo simulation that included distributions for sur-
face fuel accumulation from the period prior to substantial
snagfall (2011-2017), surface fuel accumulation for the period
of substantial snagfall (2021-2022), and estimates of pre-
scribed fire emissions from the second-entry burn at Teakettle
(Goodwin et al. 2020). Simulations were performed and plot-
ted in R (v4.3.2) using the truncnorm and ggplot2 packages
(Wickham 2016; Mersmann et al. 2023; R Core Team 2023).
The first 7 years of the simulation sampled from the high snag-
fall distribution until mean surface fuel increases accounted
for the 155 Mg C ha™ mean of dead tree C present in 2022. We
simulated prescribed fire at different frequencies, with 23 Mg
C ha™! as the post-burn surface fuels target because Stephens
et al. (2022) determined this was the threshold below which a
nearby large wildfire (the 2020 Creek Fire) burned with low-
and moderate-severity fire effects. Simulations used typical
weather and fuel moisture conditions for prescribing burning
in this region.

Given the number of standing dead trees, we assumed sub-
stantially higher fuel inputs over the near term (Northrop
et al. 2024). Maintaining a 15-year fire return interval based on
historical frequency meant that surface fuel loads were well
above the high-severity threshold determined by Stephens
et al. (2022) (Figure 3). Increasing the frequency to 10 years
was also insufficient to reach the surface fuel target because of
the imbalance between fuel inputs and combustive losses.
However, when we simulated a 5-year fire return interval for
15 years, combustive losses were sufficient to reduce mean

Figure 4. Mixed-conifer forest in Yosemite National Park, California. (a) Unburned; (b) burned
once with low-moderate severity fire; (c) burned three times (this photograph was taken 6

years after the 2012—-2016 drought). Image credits: M Meyer.
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surface fuel C to the target, but mean surface fuels were above
the high-severity threshold for much of the next 15 years
(Figure 3).

@ Managing the change

As forests respond to changing climatic conditions and
as the C carrying capacity decreases, the role that forests
play in climate regulation will diminish, and local chal-
lenges and hazards will increase. Teakettle sits within the
low- and mid-montane elevation band in California’s Sierra
Nevada, stretching from the Eldorado National Forest in
the central Sierra through the Sequoia National Forest in
the southern Sierra, which experienced substantial mortality
(Fettig et al. 2019). Some of the area has already been
subjected to wildfire that burned in such a manner that
an operational fire model could not reproduce the extreme
rate of spread (Stephens et al. 2022). The extreme fire
behavior of the 2020 Creek Fire has been attributed to
the rare phenomenon of “mass fire” (when a fire generates
its own extreme winds), driven by high concentrations
of long-burning heavy fuel resulting from the widespread
tree mortality 4-6 years prior to the fire (Goodwin
et al. 2021; Stephens et al. 2022). Managing the hazards
associated with this extreme fire behavior requires reducing
dead tree biomass—a product of uncharacteristic build-up
from decades of fire removal interacting with recent cli-
mate—in a manner that either breaks down and removes
the fuel from the landscape or releases it at
a rate that does not further degrade the
ecosystem and threaten communities and
infrastructure. Physical removal of dead trees
at scale is infeasible and a considerable frac-
tion of the landscape is inaccessible to the
equipment necessary for removal (North
et al. 2015). Thus, prescribed fire and man-
aged wildfire are the only tools available for
use in many parts of the forest landscape
(Figure 4).

Prior estimates of the rates of forest treat-
ments to reduce hazardous fuels across the
Sierra Nevada found their pace and scale to be
woefully inadequate given the amount of fire
that occurred historically in these forests
(North et al. 2021). Recent federal (HR 5376-
Inflation Reduction Act) and state (California-
Roadmap to a Million Acres) investments and
the USFS Wildfire Crisis Strategy seek to
increase the area treated (USFS 2022). If fuel
loads from fire exclusion were static, these
efforts would begin to reduce the risks associ-
ated with atypical wildfire. However, the addi-
tional fuels from current and projected
climate-driven tree mortality pose a major
challenge, and additional investment will be
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required to meet surface fuel objectives as the C carrying
capacity of dry forests continues to decrease. Even in the
absence of substantial overstory mortality, fuel inputs from
typical forest dynamics are high enough to require regular
maintenance treatment (USFS 2022). Prescribed fire typically
occurs on the shoulders of the fire season, but fewer climati-
cally suitable burn days now occur in the fall and spring across
much of the western US because of climate change (Swain
et al. 2023). Higher temperatures co-occurring with more var-
iable precipitation could open burn windows during winter
months, but increased potential for degraded air quality due to
reduced smoke loft can hinder winter burning. The additional
surface fuel inputs from tree mortality will also contribute to
future fire emissions. Increasing prescribed fire frequency to
manage the risks associated with those inputs will translate
into more days with smoke from prescribed burning. Yet as
compared to that released from uncontrolled wildfire, the
amount of smoke released from individual prescribed burns
will be substantially less, greatly reducing the adverse impacts
of which on human health (Long et al. 2018).

In areas of high tree mortality, hazardous fuel reduction is
less about restoring ecologically appropriate fire and more
about preparing the forest for the inevitability of wildfire and
additional climate change by bringing the C stock into closer
alignment with the new C carrying capacity. Late winter and
early spring may present additional opportunities to accom-
plish this objective in years with sufficient snowpack. Given an
adequate workforce, fire crews could strategically burn pockets
of coarse fuels while overall fuel moisture is high enough to
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pose less risk from fire escaping planned boundaries. Fuel con-
sumption will be low and the resulting energy release should
limit damage to remaining live trees, but this will require mul-
tiple entries into the same areas until objectives are met. Using
our example of data from the Sierra Nevada, and assuming that
live tree C density is within the C carrying capacity of climatic
conditions, it could take 15 years of burning at 5-year intervals
to reduce the dead tree C from the 2012-2016 drought in the
system to a level that does not create additional high-severity
fire hazard.

Given the scale and anticipated growth of climate-driven
tree mortality, there is substantial area where wildfire will
occur before management is possible. If burning under less-
than-extreme conditions, these fires could effectively “treat”
a large portion of these forests by consuming the dead bio-
mass, albeit with less precision than prescribed fire (Cova
et al. 2023). However, it is worth noting that the energy
release in some areas may lead to near 100% mortality of the
remaining live conifers (ie high-severity fire). While this
presents a considerable challenge, it also represents an
opportunity to facilitate a successional trajectory that is bet-
ter suited to the likely climate future of a particular location,
especially if it is facilitated by post-fire management inter-
ventions. In addition, in burned forests with some propor-
tion of remaining live conifers (ie low- to moderate-severity
fire, often >50% of the burned landscape), there remains an
opportunity to further reduce fuels and bolster ecosystem
resistance and resilience with prescribed fires or managed
wildfires (Table 1).

Table 1. Potential management responses to achieve climate-induced reductions in forest carbon (C) carrying capacity under different distur-

bance conditions and their potential trade-offs

Unburned and fire-excluded forest

Forests that burn at low or moderate severity

Forests that burn at high severity

Recommendations

Treat these forests as quickly as possible to bring fuel loads under
control

Use mechanical and prescribed fire treatments to prepare these
areas for wildfire

Burn at the hotter end of prescription to increase fuel consumption

Manage natural ignitions in the winter when possible

Increase heterogeneity in fire-excluded patches in a strategic fashion
Potential trade-offs

Burning in winter may transfer more heat to the soil, with potential
impacts

Surplus of small-diameter trees will require more costly alternatives
to piling and burning to lessen air-quality impacts (this could be
offset through increased capacity for wood utilization)

Hotter prescribed burns could increase mortality rates of larger

trees, resulting in reduced live C pools, and increase risk of escaped
fires

Capitalize on the initial fire entry with another burn that brings
fuel conditions closer to the target condition

High consumption under wildfire conditions could accelerate
reduction in fuel loads faster than prescribed burning

Follow-up burns should target removing remaining ladder
fuels and post-fire snagfall

Follow-up burns should be implemented in a strategic manner
to restore landscape heterogeneity

Increased fire emissions throughout the year as prescribed
fires are implemented in the shoulder seasons

Dedicated prescribed burning crews required to ensure
sufficient fire personnel are available

Low-severity burned stands may retain high post-fire fuel
loads that require both mechanical and prescribed fire
treatments

Transition these areas to new structural or
composition conditions that are more aligned with
future climate and fire conditions

May include transitioning conifer forests to
hardwood forests or a non-forest condition

Design treatments to increase landscape
heterogeneity to prepare the landscape for more fire

Reduction in forest-obligate wildlife habitat,
biodiversity, and other forest ecosystem services

Lower transpiration would cause higher local
temperature

Potential reduction in snowpack persistence due to
reduced shading

Notes: lists of recommendations and potential trade-offs are non-exhaustive because site-specific conditions will influence both.
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The challenges we highlight using Teakettle data are not
unique to this location, nor to the southern Sierra Nevada.
Widespread tree mortality associated with a warming and dry-
ing atmosphere is occurring globally (Hammond et al. 2022).
As the atmosphere dries, forests become more flammable
(Juang et al. 2022). The interaction between changing climate
and extensive high-severity wildfire can create a mismatch in
the species that are available to seed into an area and the cli-
mate space where those species offspring can establish (Liang
et al. 2017). With increasingly large high-severity patches, arti-
ficial regeneration (ie planting seedlings) may be necessary to
ensure tree establishment. However, post-fire climatic condi-
tions may be such that simply planting all the high-severity
area within an entire burn footprint may not be prudent, nor
operationally feasible. A more promising approach might
involve using variability in microclimate as a function of
topography and vegetation to locate microclimates where tree
seedlings are capable of surviving (Crockett and Hurteau 2022;
Marsh et al. 2022). In those specific locations, being cognizant
of the landscape’s increasing flammability can help inform
planting strategies and improve the chances of creating forest
densities and landscape patch configurations that are heteroge-
neous and better prepared for future wildfire (Table 1; North
et al. 2021).

While largely focused on fuels reduction, western US forest
management has rarely addressed the intensifying drivers or
unprecedented fuel loading from hot droughts and bark beetle
outbreaks in overcrowded forests. Climate-driven tree mortal-
ity is likely to continue as dense, fire-suppressed forests
respond to altered climatic conditions.

Where increasing atmospheric dryness is making forests
more flammable, the additional dead biomass from this transi-
tion poses a substantial challenge for the remaining live trees,
especially those that are the largest and oldest. As with many
climate-driven changes, forest managers are being forced to
make decisions based on incomplete information and with
limited resources. Managing this challenge will require creativ-
ity, experimentation, and a suite of management actions that
take advantage of growing fire effects across the forest land-
scape (Table 1). Ensuring that we learn from and adapt to
change will require regular monitoring, data analysis, and
robust science-management partnerships to determine how
best to proceed. While uncertainty exists, we must not become
paralyzed by it or else we risk losing more old forest habitat
and the species that depend upon it.

@ Acknowledgements

Support for this project was provided by the California
Department of Forestry and Fire Protection, as part of the
California Climate Investments Program (grants #8GG14803
and #8GG18804). The findings and conclusions presented
here are those of the authors and should not be construed
to represent any official US Department of Agriculture or
US Government determination or policy.

MD Hurteau et al.

@ Data Availability Statement

Data and code used in this research are available from Dryad
at www.doi.org/10.5061/dryad.djh9wOw76.

@ References

Abram NJ, Henley BJ, Sen Gupta A, et al. 2021. Connections of cli-
mate change and variability to large and extreme forest fires in
southeast Australia. Commun Earth Environ 2: 8.

Agee JK and Skinner CN. 2005. Basic principles of forest fuel reduc-
tion treatments. Forest Ecol Manag 211: 83-96.

Alizadeh MR, Abatzoglou JT, Luce CH, et al. 2021. Warming enabled
upslope advance in western US forest fires. P Natl Acad Sci USA
118: €2009717118.

Allen CD, Breshears DD, and McDowell NG. 2015. On underestima-
tion of global vulnerability to tree mortality and forest die-off
from hotter drought in the Anthropocene. Ecosphere 6: 129.

Asner GP, Brodrick PG, Anderson CB, et al. 2016. Progressive forest
canopy water loss during the 2012-2015 California drought.
P Natl Acad Sci USA 113: E249-55.

Cova G, Kane VR, Prichard S, et al. 2023. The outsized role of
California’s largest wildfires in changing forest burn patterns and
coarsening ecosystem scale. Forest Ecol Manag 528: 120620.

Covington WW, Fule PZ, Moore MM, et al. 1997. Restoring ecosys-
tem health in ponderosa pine forests of the Southwest. J Forest 95:
23-29.

Crockett JL and Hurteau MD. 2022. Post-fire early successional vege-
tation buffers surface microclimate and increases survival of
planted conifer seedlings in the southwestern United States. Can |
Forest Res 52: 416-25.

Dickman LT, Jonko AK, Linn RR, et al. 2023. Integrating plant physi-
ology into simulation of fire behavior and effects. New Phytol 238:
952-70.

Falk DA, Van Mantgem PJ, Keeley JE, et al. 2022. Mechanisms of for-
est resilience. Forest Ecol Manag 512: 120129.

Fettig CJ, Mortenson LA, Bulaon BM, and Foulk PB. 2019. Tree mor-
tality following drought in the central and southern Sierra Nevada,
California, US. Forest Ecol Manag 432: 164-78.

Francis EJ, Pourmohammadi P, Steel ZL, et al. 2023. Proportion of
forest area burned at high-severity increases with increasing forest
cover and connectivity in western US watersheds. Landscape Ecol
38:2501-18.

Goodwin MJ, North MP, Zald HS]J, and Hurteau MD. 2020. Changing
climate reallocates the carbon debt of frequent-fire forests. Glob
Change Biol 26: 6180-89.

Goodwin MJ, Zald HSJ, North MP, and Hurteau MD. 2021. Climate-
driven tree mortality and fuel aridity increase wildfire’s potential
heat flux. Geophys Res Lett 48: €2021GL094954.

Hagmann RK, Hessburg PF, Prichard SJ, et al. 2021. Evidence for
widespread changes in the structure, composition, and fire
regimes of western North American forests. Ecol Appl 31:
e02431.

Hammond WM, Williams AP, Abatzoglou JT, et al. 2022. Global field
observations of tree die-off reveal hotter-drought fingerprint for
Earth’s forests. Nat Commun 13: 1761.

Front Ecol Environ doi:10.1002/fee.2801

B5UBD17 SLOWILLIOD BAIERID 3|qedt(dde ay) Ag pausenob afe Sapie VO ‘88N JO SN 0 AReiqi auljuO A3|1M UO (SUORIPUOD-PUR-SWLBIALY" A3 1M Aleiq 1 BUI|UO//SANY) SUORIPUOD PUe SWS | 81 39S *[202/60/60] U0 AfiqITauUIUO AB|IM * 001X MBN JO AISIBAIINBY L - NealinH Maule N A TOSZ'39)/200T 0T/I0p/LI0Y A8 | Afeiqjpuljuo'S euIno fesa//sdny Wwo.y papeoumod ‘0 ‘60860vST


https://doi.org/10.5061/dryad.djh9w0w76

Managing fire-prone forests

Harris LB, Scholl AE, Young AB, et al. 2019. Spatial and temporal
dynamics of 20th century carbon storage and emissions after wild-
fire in an old-growth forest landscape. Forest Ecol Manag 449:
117461.

Hessburg PF, Miller CL, Parks SA, et al. 2019. Climate, environment,
and disturbance history govern resilience of western North
American forests. Front Ecol Evol 7: 239.

Hurteau MD, North MP, Koch GW, and Hungate BA. 2019. Managing
for disturbance stabilizes forest carbon. P Natl Acad Sci USA 116:
10193-95.

Juang CS, Williams AP, Abatzoglou JT, et al. 2022. Rapid growth of
large forest fires drives the exponential response of annual forest-
fire area to aridity in the western United States. Geophys Res Lett
49: €2021GL097131.

Keith H, Mackey BG, and Lindenmayer DB. 2009. Re-evaluation of
forest biomass carbon stocks and lessons from the world’s most
carbon-dense forests. P Natl Acad Sci USA 106: 11635-40.

Kirchmeier-Young MC, Gillett NP, Zwiers FW, et al. 2019. Attribution
of the influence of human-induced climate change on an extreme
fire season. Earth’s Future 7: 2-10.

Knight CA, Anderson L, Bunting MJ, et al. 2022. Land management
explains major trends in forest structure and composition over the
last millennium in California’s Klamath Mountains. P Natl Acad
Sci USA 119: €2116264119.

Kolb TE, Fettig CJ, Ayres MP, et al. 2016. Observed and anticipated
impacts of drought on forest insects and diseases in the United
States. Forest Ecol Manag 380: 321-34.

Liang S, Hurteau MD, and Westerling AL. 2017. Response of Sierra
Nevada forests to projected climate-wildfire interactions. Glob
Change Biol 23: 2016-30.

Long JW, Tarnay LW, and North MP. 2018. Aligning smoke manage-
ment with ecological and public health goals. ] Forest 116: 76-86.

Marsh C, Crockett JL, Krofcheck D, et al. 2022. Planted seedling sur-
vival in a post-wildfire landscape: from experimental planting to
predictive probabilistic surfaces. Forest Ecol Manag 525: 120524.

Mersmann O, Trautmann H, Steuer D, and Bornkamp B. 2023.
Package ‘truncnorm. CRAN Repository. https://cran.r-project.
org/web/packages/truncnorm/truncnorm.pdf.

Mutch LS and Parsons DJ. 1998. Mixed conifer forest mortality and
establishment before and after prescribed fire in Sequoia National
Park, California. Forest Sci 44: 341-55.

North M, Brough A, Long J, et al. 2015. Constraints on mechanized
treatment significantly limit mechanical fuels reduction extent in
the Sierra Nevada. J Forest 113: 40-48.

CONCEPTS AND QUESTIONS 70f7

North M, Hurteau M, and Innes J. 2009. Fire suppression and fuels
treatment effects on mixed-conifer carbon stocks and emissions.
Ecol Appl 19: 1385-96.

North MP, York RA, Collins BM, et al. 2021. Pyrosilviculture needed
for landscape resilience of dry western United States forests. J
Forest 119: 520-44.

Northrop H, Axelson N, Das A], et al. 2024. Snag dynamics and sur-
face fuel loads in the Sierra Nevada: predicting the impact of the
2012-2016 drought. Forest Ecol Manag 551: 121521.

R Core Team. 2023. R: a language environment for statistical comput-
ing. Vienna, Austria: The R Foundation for Statistical Computing.

Show SB and Kotok EI. 1924. The role of fire in the California pine
forest. Washington, DC: US Department of Agriculture.

Steel ZL, Goodwin M], Meyer MD, et al. 2021. Do forest fuel reduc-
tion treatments confer resistance to beetle infestation and drought
mortality? Ecosphere 12: €03344.

Stephens SL, Bernal AA, Collins BM, et al. 2022. Mass fire behavior
created by extensive tree mortality and high tree density not pre-
dicted by operational fire behavior models in the southern Sierra
Nevada. Forest Ecol Manag 518: 120258.

Stephens SL, Collins BM, Fettig CJ, et al. 2018. Drought, tree mortality,
and wildfire in forests adapted to frequent fire. BioScience 68:
77-88.

Stephens SL, Westerling AL, Hurteau MD, et al. 2020. Fire and climate
change: conserving seasonally dry forests is still possible. Front
Ecol Environ 18: 354-60.

Swain DL, Abatzoglou JT, Kolden C, et al. 2023. Climate change is
narrowing and shifting prescribed fire windows in western United
States. Commun Earth Environ 4: 340.

Swetnam TW, Farella J, Roos CI, et al. 2016. Multiscale perspectives of
fire, climate and humans in western North America and the Jemez
Mountains, USA. Philos T'Roy Soc B 371: 20150168.

USES (US Forest Service). 2022. Confronting the wildfire crisis: a
strategy for protecting communities and improving resilience in
Americas forests. FS-1187a. https://www.fs.usda.gov/managing-
land/wildfire-crisis.

Westerling AL. 2016. Increasing western US forest wildfire activity:
sensitivity to changes in the timing of spring. Philos T Roy Soc B
371:20150178.

Wickham H. 2016. ggplot2: elegant graphics for data analysis. New
York, NY: Springer-Verlag.

Williams AP, Allen CD, Macalady AK, et al. 2013. Temperature as a
potent driver of regional forest drought stress and tree mortality.
Nat Clim Change 3: 292-97.

Front Ecol Environ doi:10.1002/fee.2801

85UB017 SUOWILLIOD BAIIERID 3ot |dde ay) Aq peusenob afe sapie O ‘85N JO Sajnu Joj Areiq1T 8Ul|UO AB|1M UO (SUOPUOD-PpUR-SULBIALOO A3 | 1M ARe.q Ut |UO//:SANY) SUOIPUOD PUe SWiS | 8L 88S *[202/60/60] U0 AtiqiTauliuo A8|IM ‘ 00® N MBN JO AlsieAlun ay L - nesnH Meywe W Ad T08Z'88)/200T 0T/10p/LI0d A8 | AReIq1jpuljuo's euInofess//sdny wo.y papeojumod ‘0 ‘608601ST


https://cran.r-project.org/web/packages/truncnorm/truncnorm.pdf
https://cran.r-project.org/web/packages/truncnorm/truncnorm.pdf
https://www.fs.usda.gov/managing-land/wildfire-crisis
https://www.fs.usda.gov/managing-land/wildfire-crisis

	Managing fire-­prone forests in a time of decreasing carbon carrying capacity
	Historical context
	An example from the Sierra Nevada
	Managing the change
	Acknowledgements
	Data Availability Statement

	References


