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and overstory structural changes create risks
to forest carbon in future fires
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Abstract

Background Forest composition and fuel loadings govern wildfire behavior and effects, influencing the vulnerabil-
ity of forest carbon (C) to emission; however, key uncertainties remain regarding post-fire forest and fuel dynamics
and their consequences for C vulnerability to subsequent burns. The objectives of this study were to investigate (1)
how forest structure before and after fire compares to the historic natural range of variability; (2) how immediate
fire effects and environmental characteristics influence patterns of change in forest structure and biomass over time
after fire; and (3) how fire changes forest C vulnerability to emission in future wildfires. We leveraged a unique data-
set comprised of nearly immediate (within days) pre- and post-fire forest and fuels measurements in combination
with remeasurements spanning a chronosequence of 1-20 years after wildfire in mixed-conifer forests in California,
USA.

Results Fire caused enduring reductions in overstory tree densities (50 + 14%) and increased height to live crown
(+2.5+0.7 m) thereby shifting forest structure towards the natural range of variability. However, surface fuels rapidly
accumulated in the decade after wildfire and standing dead tree biomass increased 249 + 24% relative to the pre-
fire condition and represented 27 + 3% of all potential fuels. Coarse woody fuels accumulated to pre-fire loadings
within 5-7 years after wildfire and accumulation was greatest in forests that burned at high severity. The proportion
of aboveground ecosystem C contained within all potential fuels increased from 38+2 to 52+ 3% over time, indicat-
ing an increased vulnerability of forest C to emission with future fire.

Conclusions Fire-mediated increases in height to live crown and decreases in tree density should improve forest
resilience to future fires; however, the structural changes were concomitant with increases in standing dead trees

and other fuels that are vulnerable to future emission in future fires. After an initial wildfire in long-unburned forests,
as was typical in our study sites, repeated low-intensity fires may help to protect large live trees by consuming remain-
ing and re-accumulated fuels, thereby maintaining forest C sink potential and minimizing C pulses from future fires.
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Resumen

Antecedentes La composicion del bosque y las cargas de combustible gobiernan el comportamiento y efectos de
los fuegos de vegetacién, influenciando la vulnerabilidad del carbono forestal (C) hacia la produccion de emisiones.
Sin embargo, algunas incertidumbres claves permanecen irresueltas en relacion a la dindmica del bosque y los
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combustibles en el post-fuego y sus consecuencias en la vulnerabilidad del C en quemas subsecuentes. Los objetivos
de este estudio fueron investigar: 1) como la estructura forestal antes y después de un incendio se compara con el
rango histérico natural de variabilidad; 2) como los efectos inmediatos del fuego vy las caracteristicas ambientales
influencian los patrones de cambio en la estructura y biomasa forestal en el tiempo luego de in incendio; y 3) Cémo el
fuego cambia la vulnerabilidad del C forestal hacia las emisiones de futuros incendios. Impulsamos el uso de un Unico
conjunto de datos de bosques y combustibles comprendiendo el periodo casi inmediato (dentro de pocos dias)
entre el pre-fuego y el post fuego en combinacién con la remedicion de esos datos en una crono-secuencia que se
extendio entre 1y 20 afos luego del incendio en bosques mixtos de coniferas en California, EEUU.

Resultados Elincendio causd reducciones duraderas en la densidad de los doseles (504 14%) e incremento la altura
de la copa viva (+2.5+0.7 m), modificando la estructura forestal hacia lo que se estima el rango natural de vari-
abilidad. Por supuesto, los combustibles superficiales se acumularon rdpidamente en la década post incendio y la
biomasa de los drboles muertos en pié se incrementd en un 249+ 24% en relacién a las condiciones del pre fuego, y
representaron 27 + 3% del total de los potenciales combustibles. Los combustibles gruesos se acumularon a cargas
equivalentes al pre-fuego entre 5y 7 aflos post fuego, y esa acumulacion fue mayor en bosques se quemaron a alta
severidad. Con el tiempo, la proporcién de C contenido en el ecosistema aéreo dentro de todos los potenciales
combustibles se incrementd del 38 +£2% al 52 +3%, indicando una vulnerabilidad incremental de emisiones de C del

bosque en un futuro incendio.

Conclusiones Los incrementos en altura de la copa viva y el decremento en la densidad de arboles mediados por
el fuego, debieran incrementar la resiliencia del bosque a futuros incendios. Sin embargo, los cambios estructurales
fueron concomitantes con el incremento de los arboles muertos en pié y otros combustibles que son vulnerables

a emisiones en futuros fuegos. Luego de un incendio inicial en bosques sin incendios previos por mucho tiempo,

como es tipico en nuestros sitios de estudios, la repeticion de fuegos de baja intensidad pueden ayudar a proteger
grandes arboles vivos mediante el consumo de combustibles que permanecieron en el lugar y/o que se re-acumu-
laron en el tiempo, manteniendo asi el potencial del bosque como un almacén de Cy minimizando los pulsos C en

futuros incendios.

Introduction
As wildfires become more severe under warming and
more variable climate (Turco et al. 2023), understand-
ing the processes driving variability in forest outcomes
will be crucial to preserving stressed and marginal forests
(Hill et al. 2023). Forest resilience (the rate and extent of
recovery to pre-disturbance conditions; Pimm 1984) may
be impaired when forests experience extreme wildfire
behavior or effects, driven by combinations of unnatu-
ral stand density, extreme fire weather, and concurrent
drought and beetle disturbances (Abatzoglou and Wil-
liams 2016; Stevens-Rumann et al. 2018; Dodge et al.
2019; Stephens et al. 2022). Recent fires in California
have surpassed the natural range of variability (NRV) in
terms of total acres of high fire severity and size of high-
severity patches (Ayars et al. 2023), impairing the resil-
ience of these forests (Serra-Diaz et al. 2018). Diminished
forest resilience to wildfire may degrade ecosystem ser-
vices, such as carbon (C) sequestration or habitat quality,
and lead to conversion to alternative stable states, such as
shrublands (Johnstone et al. 2016; Steel et al. 2023).
Managing forests for enhanced resilience to wildfire
requires understanding the fire effects and processes that
drive forest change and fuel accumulation. Fires charac-
teristic of the NRV for mixed-severity fire regimes (i.e.,

pre-Euro-American settlement) maintained relatively
low fuel loads and forest densities and promoted for-
est structures that were resilient to fire and resistant to
bark beetle attacks (Parsons and DeBenedetti 1979; Tay-
lor and Skinner 2003). However, loss of Indigenous fire
stewardship combined with a history of fire suppres-
sion and other land management practices have resulted
in forest densification and shifts toward fire-intolerant
species such as Abies spp. at the expense of Pinus and
other more fire-adapted taxa (Steel et al. 2015; Brodie
et al. 2023). These shifts in forest structure and composi-
tion may increase tree competition for water and induce
greater susceptibility to drought, bark beetles, or more
severe fire effects owing to compounding disturbances
and stress (Safford and Stevens 2017; Restaino et al. 2019;
Hagmann et al. 2021). As fire inevitably returns to these
NRV-departed forests, the dynamics of post-fire mortal-
ity and biomass accumulation will influence future fire
behavior and effects via the influence of live and dead
forest biomass potentially available for consumption (i.e.,
forest fuels). Thus, forest resilience to future disturbances
will depend, in part, upon how forest structure, composi-
tion, and fuels change after a fire, and the extent to which
forests can avoid undergoing conversion to non-forest
conditions. Although most research on forest-to-shrub
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type conversion has focused on shifts in dominant veg-
etation composition and structure (Steel et al. 2023), in
fire-prone forests the live and dead biomass compo-
nents together may provide further insights on risks to
ecosystem resilience, especially considering compound
disturbances. Despite its importance to future fire risk
and potential fire behavior, information on the processes
and rates governing fuel accumulation after a given fire
remains limited.

In California mixed-conifer forests, fuels are an impor-
tant driver of fire effects (Steel et al. 2015; Miesel et al.
2018; Birch et al. 2023), along with weather and topogra-
phy. However, consumption by fire is frequently unequal
across types of fuels (e.g., downed wood, litter, or canopy
fuels; Birch et al. 2023), and the remaining fuel mass and
arrangement—and their change over time—may in turn
influence the behavior and effects of subsequent fires. For
example, a site with a high proportion of fine woody fuels
may promote greater energy release by flaming combus-
tion (relative to smoldering combustion), compared to
sites with a relatively greater proportion of coarse woody
fuels and duff (Rein 2016). Because fuels accumulate
through different processes and rates (e.g., branch depo-
sition for 1-h fuels versus litter decomposition for duff),
the amount of fuel will depend on time and type of ini-
tial fire effects. For example, high severity crown fire
may result in a slower accumulation of canopy fuels, lit-
ter, and duff, relative to a low-severity surface fire, owing
to greater consumption of canopy fuels (Hall et al. 2006;
Thompson et al. 2017). Therefore, details about fuel
accumulation by class after wildfire may have important
implications for fire behavior and C emissions in subse-
quent fires, ultimately influencing longer-term recovery
of forests and forest C stability (Prichard et al. 2010; Wil-
liams et al. 2016).

Wildfire-induced forest C release occurs via emissions
of C-based gaseous and particulate products of combus-
tion. Wildfire emissions contribute to positive feedback
with warmer, drier, and longer fire seasons, which has
contributed to a doubling of area burned in the western
US between 1979 and 2015 (Abatzoglou and Williams
2016). Even greater increases in area burned and in the
patch size of areas burned at high severity are expected,
exacerbated by the interaction between longer, drier fire
seasons (Clarke et al. 2022) and climate-driven shifts
in vegetation (Liu and Wimberly 2016). However, area
burned is not the only factor that influences C emissions;
the amount and distribution of biomass influences the
vulnerability of forest C to loss during fire. For exam-
ple, in addition to fire directly causing forest C loss, fire-
induced mortality of live trees converts C from live to
dead biomass pools, thereby increasing the likelihood of
fuel consumption—and C emission—in future wildfires.
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Therefore, the ability to manage forests for increased C
stability and sustain their C uptake potential depends
on improved knowledge of C distribution among forest
pools which affect vulnerability to consumption during
future fire.

To explore the processes underlying post-fire fuel accu-
mulation and C vulnerability to future fire, we leveraged
existing nearly immediate pre-fire and post-fire meas-
urements of forest composition and structure collected
during wildfire incidents between 2005 and 2020, and
remeasured these locations to establish a 20-year wildfire
chronosequence. We used the original and remeasure-
ment data to investigate (1) how forest structure before
and after wildfire compares to the historic natural range
of variability, (2) how immediate fire effects and environ-
mental characteristics influence patterns of change in
forest structure and biomass over time after wildfire, and
(3) how fire changes forest C vulnerability to emission in
future wildfires.

Methods

Study area

Our study area was located in mixed conifer and mixed
conifer-hardwood forests in the Sierra Nevada and
Klamath Mountain ecoregions of California, USA
(Fig. 1a). Common tree species included Pinus jeffreyi
Greville and Balfour (Jeffrey pine), Pinus ponderosa
Douglas ex Lawson and C. Lawson (ponderosa pine),
Pinus lambertiana Douglas (sugar pine), Pseudotsuga
menziesii var. menziesii (Mirbel) Franco (Douglas-fir),
Abies concolor (Gordon & Glendinning) Hildebrand
(white fir), Calocedrus decurrens (Torrey) Florin (incense
cedar), Sequoiadendron giganteum (Lindley) J. Bucholz
(giant sequoia), and Quercus kelloggii Newberry (Cali-
fornia black oak). Mixed-conifer forests were historically
subject to frequent, low to moderate severity fires and
have experienced overstory densification and unchar-
acteristic fuel accumulation over the previous century
because of fire suppression and criminalization of cul-
tural burning (Steel et al. 2015).

Study design

This study leveraged pre-existing plot locations and
measurements collected between 2005 and 2020 dur-
ing active wildfire incidents by the USDA Forest Service
Fire Behavior Assessment Team (FBAT; Table 1). To
assess long-term changes in forest vegetation and fuels
since plot establishment, we remeasured all accessible
FBAT plots (n=111) in 2021-2025 (Fig. 2; Table 1). The
remeasurement established a 20-year chronosequence
experiment (i.e., a space-for-time substitution) to inves-
tigate changes in forest structure, composition, and
fuels after wildfire. To our knowledge, no plots had been
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Fig. 1 Locations a of plots measured for this study, overlain on vegetation categories sourced from the California Department of Forestry and Fire
Protection (2023). b Diagram of the measurements taken at each plot. ¢ Diagram showing measurement locations along each of three replicate fuel
transects within plot. d Pre-fire, during-fire, post-fire, and remeasurement photographs from the 2008 Clover fire, California, USA. Photo credit: Fire

Behavior Assessment Team

burned within 20 years prior to establishment, and most
had no recorded spatial history of wildfire since record
keeping began (e.g., early 1900 to present).

Plot establishment and remeasurement

FBAT established monitoring plots on active wild-
fire incidents across the Sierra Nevada and Klamath
Mountain ecoregions, with plot locations chosen to be
visually similar to the surrounding forest, in locations
estimated to burn within days of plot establishment,

and considering personnel safety. The FBAT established
plots and measured forest composition, structure, and
fuels typically 1-3 days prior to wildfire, installed instru-
mentation to collect active-fire weather and fire behav-
ior characteristics (including video imagery; Fig. 1b;
Reiner et al. 2021), and remeasured plots within 10 days
after fire. The FBAT protocols were designed to balance
the dual needs of precise data collection and safety in
advance of approaching wildfire. Plots were monumented
with rebar at plot center and at the origin of each of three
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Table 1 Plot descriptions.The Fire Behavior Assessment Team (FBAT) plots remeasured in 2021-2025 in California, USA. Dominant
overstory species include the two tree species with the greatest proportional live basal area at the time of remeasurement

Wildfire Year Burned Control Ecoregion Elevation (m) Dominant overstory species (basal area %)
Crag 2005 6 0 Sierra Nevada 2640-2656 P. jeffreyi (0.46)-A. concolor (0.30)
Ralston 2006 7 0 Sierra Nevada 922-1301 Q. kelloggii (0.28)-P. ponderosa (0.28)
Somes 2006 7 1 Klamath 419-1634 P. menziesii (0.92)-N. densiflorus (0.03)
Antelope 2007 3 1 Sierra Nevada 1707-1734 P. ponderosa (0.57)-P. jeffreyi (0.34)
Clover 2008 6 0 Sierra Nevada 2474-2525 P. jeffreyi (0.63)-A. concolor (0.28)
Lion 2011 6 0 Sierra Nevada 2048-2167 P. ponderosa (0.70)-A. concolor (0.29)
Beaver 2013 5 0 Klamath 1064-1441 P. menziesii (0.73)-C. decurrens (0.09)
Rim 2013 9 0 Sierra Nevada 1576-1875 P. lambertiana (0.42)-P. ponderosa (0.29)
King 2014 3 6 Sierra Nevada 1282-1989 A. concolor (0.33)-C. decurrens (0.33)
Rough 2015 12 4 Sierra Nevada 1221-2485 A. concolor (0.35)-S. giganteum (0.22)
Willow 2015 1 2 Sierra Nevada 1340-1594 A. concolor (0.34)-P. jeffreyi (0.22)
Cedar 2016 3 4 Sierra Nevada 1776-2132 A. concolor (0.35)-C. decurrens (0.30)
Pier 2017 5 0 Sierra Nevada 1486-1856 C. decurrens (0.38)-A. concolor (0.22)
Schaeffer 2017 1 9 Sierra Nevada 2312-2641 P. jeffreyi (0.38)—P. ponderosa (0.34)
Walker 2019 3 2 Sierra Nevada 1682-1724 P. ponderosa (0.59)-P. jeffreyi (0.25)
Red Salmon 2020 4 1 Klamath 642-712 P. menziesii (0.38)-P. sabiniana (0.25)
Total - 81 30 - 419-2656 -
151 .
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Fig. 2 a Distribution of Fire Behavior Assessment Team (FBAT) plots across number of years after fire for the chronosequence b of pre- and post-fire
measurements (2005-2020) to remeasurement (2021-2025) events in California, USA

transects used for inventorying surface and ground fuels
(hereafter, fuels transects; Fig. 1c). All plots were georef-
erenced during establishment to facilitate accurate relo-
cation after the fire. Pre- and post-fire photographs were
taken along each fuel transect. Unless otherwise noted,
our 2021-2025 remeasurement methods followed the
original FBAT methods used during plot establishment
(Fire Behavior Assessment Team, 2022). Detailed pro-
tocols for the FBAT are available online (https://www.
frames.gov/fbat/home). During our 2021-2025 remeas-
urements, we used plot coordinates and photographs to
identify the vicinity of the original plots and searched for

monumented rebar. Upon locating the rebar, we placed
remeasurement transects along the same azimuths as the
pre-fire transects. If rebar was not located, we placed our
remeasurement plot at the closest location to the origi-
nal coordinates, often guided by photos. Six plots had
been logged after the fire, therefore we placed surrogate
remeasurement plots in unlogged forest within 50 m of
the original plot.

Some plots did not burn after their initial establish-
ment (n=30) because the fire stopped before it reached
the plot, and these were included as unburned refer-
ence stands (hereafter, controls) and remeasured using
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the same methods as burned plots. Burned plots (n=81)
were those that had burned shortly after plot establish-
ment and had been measured for post-fire characteristics
by FBAT (hereafter, burned). We use ‘pre-fire’ to collec-
tively refer to measurements taken from both burned and
control plots at plot establishment, as the pre-fire meas-
urements represent the unburned condition, regard-
less of whether the plots did or did not burn during the
wildfire. The plots used for our present study spanned
419-2656 m of elevation across the Sierra Nevada and
Klamath Mountain ecoregions and were broadly charac-
teristic of forests with low—moderate severity fire regimes
(Fig. S1). Though fire behavior and mode of fire spread
(e.g., heading, backing) data exist for a portion of our
plots, we did not analyze them in this study as it would
have resulted in a sample size insufficient for analysis.

Tree measurements

We used a Spiegel Relaskop (Silvanus Inc.; Salzburg, Aus-
tria) to select trees for measurement in variable radius
plots, with a Relaskop basal area factor that varied with
the stem density of each plot. In general, we chose a
basal area factor so that approximately 5-10 pole-sized
trees (2.5-15.0 cm diameter at breast height; hereafter
DBH) and 5-10 overstory trees (>15.0 cm DBH) were
measured within each plot. The same basal area factor
was maintained for plots in the same stand and during
remeasurements. We identified the species and remeas-
ured DBH, height, height to live crown, and health-
related conditions (e.g., insect galleries or fire scars) for
each tree. For all standing dead trees (hereafter ‘snags’),
we identified their decay classification (sensu Lutz et al.
2021), and visually estimated the top diameter of the
stem to the nearest centimeter to aid mass estimations
in cases of broken tops. We analyzed pole and overstory
tree data together unless otherwise noted.

Surface and ground fuel measurements

In each plot, we placed three 15.24 m transects originat-
ing distal to the plot center (Fig. 1b) oriented at random
azimuths in early years of FBAT plot installations and at
0°, 120°, and 240° azimuths in later years. Each transect
was used for measuring downed woody fuels (hereafter,
Brown’s transects; Brown 1974) with the planar intercept
method, and as the centerline of a belt transect to meas-
ure surface vegetation (Fire Behavior Assessment Team,
2022). Litter and duff layer depths at three locations (0,
1.8, and 4.8 m) were also measured on each transect. We
measured tree seedlings, shrubs, grass, and forbs along
each of the three 1.0 mx15.24 m belt transects (Fig. 1c)
centered on each Brown’s transect. We estimated live and
dead cover (percent area) and mean height and classified
the bulk density and morphology for each species using
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the shrub and grass photoseries in Burgan and Rother-
mel (1984), with the modification of adapting shrub pho-
toseries for seedlings and grass photoseries for forbs (Fire
Behavior Assessment Team, 2022). Because phenology
and plant identification skills varied among field crews
and years, we did not analyze or report on the diversity of
shrubs, grasses, or forbs.

We tallied 1-1000+h time lag fuels on each of the
three 15.24 m Brown’s transects (Brown 1974; Fig. 1c)
as follows: intersections by 1 h (<0.6 cm diameter) and
10 h (>0.6-2.54 cm diameter) fuels were tallied from 0
to 1.82 m along the transect, those of 100 h fuels (>2.54—
7.6 cm diameter) were tallied from 0 to 3.65 m, and those
of 1000+h fuels (>7.6 cm diameter) were tallied along
the full transect. We grouped 1-100 h fuels (hereafter
‘fine woody fuels’) before analyzing changes and sepa-
rately analyzed 1000+h fuels (hereafter ‘coarse woody
fuels’).

Biomass calculations
We estimated the aboveground bole and foliage biomass
of living trees following the allometric equations of Cho-
jnacky et al. (2013) and Jenkins et al. (2003; Table S1:S2).
Because S. giganteum tends to have large basal swells and
we did not have permits to install guide nails to accu-
rately measure DBH on large trees (>200 cm DBH), we
do not analyze or report on live tree biomass or total eco-
system biomass for plots (n=6) with S. giganteum >200
cm DBH (see Supplemental Information I for details on
excluded plots). We estimated snag mass using species-
specific equations (Harmon et al. 2008; Cousins et al.
2015; Table S3). We modeled snags of decay class >3 as
conic frustums and used the volume to estimate snag bio-
mass following the species and decay-specific values of
Harmon et al. (2008). For tree seedlings, shrubs, grasses,
and forbs, we used bulk density, average cover, and height
to estimate biomass and then averaged biomass across
the three transects (Burgan and Rothermel 1984). We
calculated mass of fine woody fuels, coarse woody fuels,
litter, and duff following Van Wagtendonk et al. (1998).
Twelve plots were missing one or more fuel measure-
ments from the pre-fire plot measurement events; these
plots were excluded from analyses requiring complete
data (see Supplemental Information I for details). To
align with standard wildland fire terminology, we use the
terms fuel load and fuel loading interchangeably with fuel
mass, as a component of total forest biomass, all being
measurements of mass per unit area. Our study focused
on changes in total aboveground forest biomass, which
we considered inclusive of the tree through duff layers.
Because consumption during fire varies among fuel
classes (e.g., tree foliage versus boles versus litter; Mie-
sel et al. 2018; Birch et al. 2023), for each fuel class we
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assessed its proportional contribution to total loading
for all fuels that are vulnerable to consumption during
wildfire (hereafter, ‘potential fuel’ with acknowledgment
that fuel moisture content at the time of fire influences
fuel availability as traditionally defined). Potential fuels
include tree foliage, snags, seedlings, shrubs, grasses,
forbs, fine and coarse woody fuels, litter, and duff. We
included snags as potential fuels because they can
be consumed by fires even under low burn severities
(Becker and Lutz 2023) and during combustion may act
as sources for embers, thereby contributing to greater
fire energies and fire spread (Page et al. 2013; Birch et al.
2023). In contrast, biomass in each live tree bole is rarely
consumed during the fire that causes a tree’s mortality
due to high live tissue moisture content and the pres-
ence of protective bark. For all estimations of C stocks
or potential emissions, we used the approximation of
50.1% of woody biomass as C mass (Martin et al. 2018).
We estimated pre-fire fuel moistures for fine and coarse
woody fuels using spatially interpolated hourly weather
data from remote automated weather stations and the
FireFamilyPlus 5.0 program (Bradshaw and McCormick
2000; Régniére et al. 2018; sensu Birch et al. 2023).

Burn severity assessment

To relate changes in forest vegetation and fuel charac-
teristics to initial fire effects, we retrieved the relativized
delta normalized burn ratio (RANBR) from the Monitor-
ing Trends in Burn Severity database (Eidenshink et al.
2007). The RANBR is a widely used relativized metric
of the change in reflectance between LANDSAT image
pairs taken before and after the fire, assessed at 30 X 30 m
pixel scales (Miller and Thode 2007). The RANBR is most
sensitive to changes in overstory foliage reflectance (e.g.,
scorching or torching) and may not directly assess spa-
tially heterogeneous fire effects or burn severity in strata
beneath the overstory and at scales<30x30 m (Miesel
et al. 2018; Birch et al. 2025). We use continuous ver-
sions of the RANBR rather than categorical burn sever-
ity (e.g., ‘Low’ or ‘High’) as our previous work found poor
correspondence between fire effects and categorical burn
severity (Birch et al. 2023). For most plots in this study,
fire effects as measured by RANBR were characteristic
of low to moderate burn severity, whereas a few (n=12)
represented high-severity fire (Fig. S1; Monitoring
Trends in Burn Severity 2023).

Characterizing topography and water limitations

before and after fire

To characterize how overstory mortality and fuel accu-
mulation related to drought stress after fire, we retrieved
interpolated monthly weather (temperature, precipita-
tion) from 1901 to 2021 using ClimateNA 7.31 (Wang
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et al. 2016) and used mean temperature values, plot
latitude, and precipitation to calculate the Standardized
Precipitation-Evapotranspiration Index (SPEI) with the
SPEI 1.8.0 package (Begueria and Vicente-Serrano 2023).
The SPEI is a standardized assessment of drought that is
calculated using a climatic water balance and the accu-
mulation of precipitation deficit or surplus over differ-
ing timescales (Vicente-Serrano et al. 2010). Negative
(positive) values of SPEI are associated with water defi-
cit (surplus). We calculated the monthly SPEI for each
plot, using a 12-month window, to assess seasonal-scale
drought conditions after burning (Fig. S2) when trees
may be predisposed to delayed mortality. Because of tem-
poral autocorrelation, we assess the mean SPEI only in
the year after the fire.

To estimate the mean potential solar radiation at a
given location, we calculated the McCune Heat Load for
each plot using spatialEco 1.3.7 (Evans and Ram 2015) for
each plot. The McCune Heat Load is an index from 0 to 1,
where higher values indicate greater potential cumulative
solar energy deposition, with solar radiation varying with
slope, aspect, season, and latitude. We estimated a one-
step topographic wetness index with a multiple-flow-
direction algorithm in SAGA 7.9.1 (Conrad et al. 2015).
We calculated each plot’s slope, aspect, and elevation
using a USGS 30X 30 m digital elevation model (United
States Geological Survey, 2020) in ArcGIS 10.6.1 (ESRI,
Redlands, CA).

Comparing post-fire forest structure to the natural range
of variability

To assess if forest structure after fire was more simi-
lar to the natural range of variability (NRV) than before
fire, we compared forest structure at the pre-fire and
remeasurement events to historical forest structure as
determined from the Wieslander Vegetation Type Map-
ping dataset (VTM; Kelly et al. 2005, 2008). The VTM
is representative of forest structure and composition in
the 1920-1930s, shortly after effective widespread fire
suppression began and many decades after genocide
and criminalization of fire use largely ended indigenous
burning. The VIM included tally counts, by tree species,
and DBH size classes (Kelly et al. 2005, 2008), which we
scaled to trees per hectare for comparison with our data-
sets. We retrieved and filtered observations of histori-
cal forest composition data from the VTM dataset using
the LANDFIRE Biophysical Settings (LANDFIRE 2020)
vegetation types, to include only those VIM plots in the
same vegetation type, and with the same tree species, as
our plots (Table S4). For comparison with the VTM data,
we filtered our data to only include trees > 10 cm, exclud-
ing most pole-sized trees, because these were not meas-
ured in the original VTM datasets.
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Statistical analyses

To assess how fire effects and environmental factors
influenced long-term changes in forest and fuel charac-
teristics, we used a generalized additive model (GAM)
approach to model both non-linear and linear rela-
tionships between variables. Our dependent variables
included measures of the change in tree composition
and structure, changes in fuel mass from the post-fire to
remeasurement time-period, and changes in the propor-
tional contribution of each fuel class to total ecosystem
biomass among the pre-fire, post-fire, and remeasure-
ment sampling events. We conducted all analyses in R
4.2.2 (R Core Team 2023) using the graphical user inter-
face RStudio 1.3.1093 (R Studio Team 2023). We gener-
ated graphs using the ggplot2 3.3.3, ggpubr 0.4.0, and
plotmo 3.6.2 R packages (Wickham 2016; Milborrow
2022; Kassambara 2023).

Our environmental explanatory variables included time
since plot establishment, measures of site aridity and cli-
mate (elevation, McCune Heat Load, and topographic
wetness), drought (post-fire SPEI), fire effects (percent
canopy scorched and torched obtained during post-fire
measurements [hereafter percent canopy affected], and
RANBR value), and total fire energy release (estimated
from the total consumption of all fuels and a heat of com-
bustion modified by fuel moisture; Wagner, 1972; John-
son 1996) as an empirical measure of fire behavior. Fire
energy is a key variable in fireline intensity and provides
an empirical measure of fire behavior (Table 2).

For each analysis, we used the mgcv 1.8—-40 R package
(Wood 2010, 2023), with GAM smoothing parameters
selected by restricted maximum likelihood and con-
structed models for tree and fuel changes. We used the
‘gam.check’ function to assess smoothing parameter fits
and manually adjusted smoothing parameters as needed.
Due to sample size limitations, we restricted our explana-
tory variables to a maximum of four per model, to allow
sufficient degrees of freedom for basis functions to fit
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non-linear patterns in the data. We used a forward model
selection with all combinations of explanatory variables
and selected our final model as that with the lowest
Akaike information criterion.

We assessed compositional change in the live tree layer
by calculating the abundance-based Bray—Curtis dissimi-
larity using the species-specific basal area between the
pre-fire and remeasurement periods for each plot. Bray—
Curtis dissimilarity does not provide directional infor-
mation on change (e.g., pine to fir conversion) but rather
indicates when communities are increasingly dissimilar
(higher values). Two forests with completely (un-)similar
structure would have a ‘0’ (‘1’) value. Because the Bray—
Curtis dissimilarity was bounded between 0 and 1, we
used the ‘betar’ family of GAMs, with the modification
that we adjusted 0 and 1 values by 0.0001 to exclude ‘0’
and ‘1’ values. To assess changes in fuel loadings between
post-fire and remeasurement events, we grouped fuels
measurements into broader categories based on their
proximity in the forest, shared originating processes
governing their accumulation, and expected similarity
in influencing fire behavior (e.g., seedlings and shrubs,
grasses and forbs, fine woody, coarse woody, litter, and
duff). When assessing change in fuel mass between the
pre-fire and remeasurement time points, we used the
absolute change because the relative change could not
be calculated when a particular fuel class was absent
pre-fire. The absolute change in fuel mass was used as
a dependent variable in separate GAM models for each
type of fuel.

To assess how forest composition changed, we calcu-
lated species-specific basal area changes between pre-
fire and remeasurement events. We calculated changes
across only those plots in which a specific species
occurred. Because of difficulty in differentiating P. pon-
derosa and P. jeffreyi in some plots where ranges overlap
(Bradshaw 1941), we combined them into a ‘yellow pine’
grouping for all species-specific analyses. To compare

Table 2 List of a priori explanatory variables we tested to explain post-fire changes in forest composition, fuel biomass, and ecosystem

carbon for plots in California, USA

Variable Time-frame

Origin

Post-fire drought (SPEI) Post-fire (1 year)
McCune Heat Load -
Topographic wetness -

Elevation (m) -

Fire energy (MJ m?) During-fire

RANBR Post-fire (1 year)
Time since fire Post-fire (1-20 years)

Canopy scorch (%) Post-fire (1-10 days)

Calculated from interpolated climate data
Calculated from DEM

Calculated from DEM

Calculated from DEM

Calculated from fuel consumption
Monitoring Trends in Burn Severity (2023)
Fire Behavior Assessment Team (2022)
Fire Behavior Assessment Team (2022)
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forest structure among the NRYV, the pre-fire conditions
(for control and burned plots), and the remeasured for-
est structure, we conducted a nonmetric multidimen-
sional scaling (NMDS) ordination with 999 permutations
for the number of tree stems, by size class, using the
Mahalanobis distance measure using the vegan 2.6—4 R
package (Oksanen et al. 2023). To understand what influ-
enced the distribution of points in ordination space, we
fit vectors of forest structure to the ordination using 999
permutations. We did not assess immediate post-fire for-
est structure in the NMDS because overstory tree mor-
tality may not be apparent over short pre- to immediate
post-fire time periods such as represented in the FBAT
datasets.

We used analysis of variance (ANOVA) and a conserv-
ative Tukey’s honest significant difference test in base R
to test for pairwise differences in the mean values of for-
est and fuel characteristics (as described above) between
pre-fire, post-fire and remeasurement conditions. For
each ANOVA, we tested assumptions of normality
using a Shapiro—Wilk test and homoscedasticity using
a Bartlett test in base R (R Core Team 2023). Plots were
assumed to be independent as they were typically sepa-
rated on the landscape at scales > 200 m.

To estimate the range of potential C emissions if plots
were to reburn, we used the mean relative consumption
percentage, by RANBR burn severity class (Miller and
Thode 2007), previously recorded in these plots (Birch
et al. 2023). We used 51.3% snag consumption estimates
of Becker and Lutz (2023), whose dataset co-occurs with
four FBAT plots, has a larger sample size than our data,
and is broadly representative of the fire behavior and low
to moderate burn severity characteristic of our dataset.
We multiplied each remeasurement type of fuel load-
ing by the percent consumption, by severity class, and
calculated the mean potential C emissions. To connect
changes in potential fuels to burn severity we used lin-
ear regressions in base R to test (1) how pre-fire propor-
tion of C in potential fuels related to RANBR at the time
of burning, and (2) how the proportion of C in potential
fuels related between pre-fire and remeasurement sam-
pling events.

Results

Changes in forest structure and comparison to the natural
range of variability

Changes in tree-species basal area, as assessed by pair-
wise dissimilarity between pre-fire and remeasurement,
were well-explained (R*=0.48) by a GAM, with dissim-
ilarity having no change with increasing time after fire
(Fig. 3a; P=0.074). Basal area dissimilarity had no clear
relationship with fire energy (Fig. 3b; P=0.288) and had
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greater dissimilarity from the pre-fire condition with
increasing RANBR values (Fig. 3c; P<0.001). Basal area
dissimilarity increased with wetter conditions in the
year after fire (Fig. 3d; P=0.033).

Because there were no patterns of change in basal
area dissimilarity with time (Fig. 3a), we report mean
changes in structure and composition between remeas-
urement and pre-fire conditions (median time since
fire =7 years; Table 3). Overstory tree density declined
50% in burned plots from 404 trees ha™! pre-fire to
204 trees ha™! at remeasurement whereas pole tree
density was similar between pre-fire (723 poles ha™?)
and remeasurement (259 poles ha™!; Table 3). Tree-
layer height to live crown increased by 4.6 +0.6 m in
the immediate post-fire environment, and this increase
was largely retained at the time of plot remeasurement
with a mean difference of 2.5+ 0.7 m, relative to pre-
fire (Table 3). Pre-fire and remeasurement trees per
hectare by size class were similar to overstory Sierra
mixed-conifer forests in the 1930s and 1940 (Fig. S3)
for both burned and control plots, though NRV plots
were more correlated with greater density of large-
diameter stems (>58 c¢cm DBH) than plots from our
modern dataset.

Live overstory biomass in burned plots declined
between pre-fire and remeasurement by a mean of
101.0 0.4 Mg ha™! (SE) (Table 4). Live overstory basal
area declined by 20.8 +3.0 m* ha™! in burned plots and
had no change in controls (Fig. S4), relative to pre-fire.
The change in burned plot basal area at remeasurement
was primarily caused by mortality of yellow pine spe-
cies (8+19% SE loss), A. concolor (15+14% loss), C.
decurrens (64+10%), Q. kelloggii (77 +8% loss), and P.
lambertiana (76 £12% loss) and ingrowth of P. men-
ziesii (14+125% gain; Fig. S4). Relative to the pre-fire
measurements, snag mass increased by 281+46% in
the immediate post-fire environment and remained
elevated at the time of remeasurement (249 +24%;
Table 4). The GAM explaining the change in snag mass
between post-fire and remeasurement events per-
formed poorly (R*=0.21), with no pattern with time
since fire (Fig. 3e; P=0.925) or fire energy (Fig. 3f;
P=0.797), but snag mass was lower with increasing
RANBR (Fig. 3g; P=0.027), and greater with drier con-
ditions in the year after fire (Fig. 3h; P=0.005). Tree
mortality and the subsequent addition of new snags
between pre-fire and remeasurement increased the
quadratic mean diameter of snags by 14.1+4.3 cm,
and the overall number of snags ha™! (Table 3). The
overwhelming majority of snags were of decay class 1
(mostly sound) at pre-fire (87.1%), post-fire (99.0%),
and remeasurement (82.6%, Table S5).
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Table 3 Pre-fire, post-fire, and remeasurement forest structural characteristics

Burned Control

Variable Pre-fire Post-fire Remeasure Pre-fire Remeasure
Overstory trees per hectare 404+53a 232+32b 204+29b 215+35a 195+35a
Pole trees per hectare 723+381a 548+386a 259+84a 166+61a 113+50a
Snags per hectare 39+09a 163+42b 84+1a 60+23a 63+18a
Overstory QMD (cm) 46.2+24a 443+34a 468+3.2a 46.9+4.0a 503+4.7a
Snag QMD (cm) 216+3.6a 31.0+3.0ab 358+4.2b 340+76a 36.3+6.0a
Height to live crown (m) 6.3+04a 11.2+0.6b 8.7+0.6¢ 6.1+0.6a 6.7x0.6a
Tree height (m) 20.0+09a 183+1.3a 20.5+1.3a 189+1.5a 226+2.7a
Snag height (m) 8.8+ 1.6a 105+1.2a 109+ 1.4a 70+1.6a 95+ 1.8a

Mean + 1 SE forest structural characteristics for plots in California, USA. Different letters indicate significant differences (P <0.05) between mean values at differing

sampling dates
QMD quadratic mean diameter

Changes in surface and ground fuels and associated

factors

Changes in seedling and shrub biomass between post-
fire and remeasurement events were negligible (Table 4)
and explained little of the variation in our GAM model
(R?=0.17). There was no pattern with time since fire

(P=0.467; Fig. S5a), and no change with fire energy
(P=0.610; Fig. S5b), but seedling and shrub biomass were
greater with RANBR values >400 (P=0.012; Fig. S5c¢), and
had no relationship with percent canopy scorched and
torched (P=0.980; Fig. S5d). Changes in forb and grass
biomass between post-fire and remeasurement events
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Table 4 Pre-fire, post-fire, and remeasurement fuel biomass (Mg ha™") and proportional contributions (%) to potential fuels

Burned (Mg ha™")

Control (Mg ha™")

Variable Pre-fire Post-fire Remeasure Pre-fire Remeasure
Tree-layer* 294.0+£25.5a 231942554 1929+213b 250.0+42.7a 2373+324a
Snags 27.8+6.8a 782+14.2b 69.3+11.5b 39.2+134a 679+19.3a
Seedling 3.7+28a 36+28a 1.5+05a 0.03+0.02a 1.2+0.6b
Shrub 48+2.1a 0.6+0.3b 2.7+0.6ab 6.0+2.6a 11.0+4.5a
Grass 0.0+0.0ab 0.0+0.0a 0.1+0.0b 0.0+0.0a 0.1+0.1a
Forb 0.0+0.0a 0.0+0.0a 03+0.2a 0.0£0.0a 00+£0.2a
1000+-h 350+7.2a 57+14b 364+75a 154+37a 33.9+64b
100-h 39+04a 0.5+0.1b 40+0.5a 4.7+0.8a 2.7+03b
10-h 26+0.2a 0.5+0.1b 5.1+0.6¢ 25+02a 48+0.5b
1-h 0.7+0.1a 0.1+£0.0b 08+0.0a 09+0.1a 08+0.1a
Litter 19.5+2.7a 26+04b 129+1.2¢ 177+2.1a 19.8+2.6a
Duff 415+38a 6.7+£12b 28.1+2.1c¢ 52.1+9.0a 51.2+6.1a
Total fuels 1556134 106.8+14.2b 1724+14.6a 151.0+£18.1a 207.0+£22.0a
Total mass* 4339+28.5a 300.6+27.3b 3548+24.1a 380.1+£49.2a 431.2+46.5a
Proportional contribution to potential fuels (%)
Foliage* 16.3+1.7a 22.8+3.2b 11.0+14a 10.8+1.6a 74+1.1a
Snags 120+2.1a 469+4.38b 27.6+34c 19.7+5.1a 21.6+4.7a
Seedling 14+0.8a 20+1.2a 1.3+0.3a 0.0+0.0a 0.6+0.3b
Shrub 42+13a 16+0.7a 1.8+0.3b 51+26a 6.0+22a
Grass 0.0£0.0a 0.0£0.0a 0.2+0.0a 0.0+£0.0a 0.1+£0.7a
Forb 0.0£0.0a 0.0£0.0a 03+0.2a 0.0+0.0a 0.0+0.0a
1000+-h 16.5+2.5a 69+1.7b 170+2.1a 13.0+3.2a 19.8+3.5a
100-h 34+05a 1.6+0.5b 32+04a 43+09a 14+0.1b
10-h 2.7+05a 1.6+0.6a 4.0+04b 20+0.2a 33+06b
1-h 0.6+0.0a 0.3+0.0b 0.7+0.0a 0.7+0.0a 04+0.0a
Litter 140+1.3a 6.0+1.1b 10.1+0.8a 13.8+14a 11.3+1.7a
Duff 284+22a 142+24b 224+19a 32.6+4.0a 274+32a

Mean = 1 SE biomass for Fire Behavior Assessment Team plots in California, USA. Different letters indicate significant differences (P < 0.05) between sampling dates

(Table 4) were negligible and were poorly explained by
the GAM model (R>=0.11) with a slightly negative trend
with increasing time since fire (P=0.004; Fig. S5) and
no significant patterns with other explanatory variables
(Fig. S5e:h).

The mass of all fine woody fuels at remeasurement
was similar to or exceeded pre-fire conditions (Table 4;
median time since fire=7 years). The changes in fine
woody fuel biomass between post-fire and remeasure-
ment were poorly explained by the GAM (R*=0.19).
Fine woody fuels increased slightly in the 7 years after
fire (P=0.009: Fig. 4a), had no change with fire energy
(P=0.281; Fig. 4b), were lower at RANBR values > 600
(P=0.024; Fig. 4c), and exhibited no relationship with
drought in the year after fire (P=0.097; Fig. 4d). At the
median time of remeasurement (7 years), coarse woody
fuel mass was similar to pre-fire levels (Table 4) and the
change in coarse woody fuel mass between post-fire and

remeasurement events was poorly explained by a GAM
model (R*=0.09). The change in coarse woody fuel
mass had a marginally significant trend of increasing
with time since fire (P=0.073; Fig. 4e), no change with
fire energy (P=0.485; Fig. 4f), increased with higher
RANBR (P=0.023; Fig. 4g), and showed no pattern with
drought in the year after fire (P=0.882; Fig. 4h).

At the median time of remeasurement (7 years), lit-
ter and duff mass were collectively lower than pre-fire
(Table 4) and the rates of accumulation between post-
fire and remeasurement were poorly explained by a
GAM model (R2=0.24). Combined litter and duff mass
increased in the seven years after fire (P=0.001; Fig. 4i),
increased with fire energy (P=0.006; Fig. 4j), and
showed no patterns with RANBR (P =0.460; Fig. 4k) or
drought in the year after fire (P=0.763, Fig. 41).
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Fig. 4 Partial effects plots with 95% confidence intervals (blue-shading) for change in fine woody fuel (Mg ha™'; a-d), coarse woody fuel (Mg ha™;

1.

e-h), and litter and duff fuel (Mg ha™'; i-I) between post-fire and remeasurement in California, USA. a, e, i Time since fire, b, f, j fire energy (MJ). ¢, g,
k Relativized delta normalized burn ratio (RANBR). d, h, I Drought in the year after fire (SPEI). Values above (below) ‘0" on the y-axis indicate greater

(lower) fuel mass at the time of remeasurement, to relative to pre-fire

Post-fire changes in the distribution of fuels

and vulnerability of carbon to emission in future fire

At the median time of remeasurement (7 years), the fuel
mass vulnerable to loss during fire (i.e., potential fuel
load: tree foliage, snags, seedling, shrub, grass, forb, fine
and coarse woody fuels, litter, and duff) had accumulated
to values consistent with pre-fire conditions and the rela-
tive proportion of each fuel class out of total potential
fuel load generally remained unchanged between pre-
fire to remeasurement (Fig. 5; Table 4). Notably, snags
increased from 12.0+2.1% pre-fire to 27.6+£3.4% of
potential fuel at remeasurement, the largest shift of any
fuel class. At remeasurement, potential fuels in burned

plots represented 52 + 3% of aboveground ecosystem bio-
mass, compared to 38 £2% pre-fire and 37 + 3% post-fire
(Fig. 5). The pre-fire proportion of ecosystem C existing
as potential fuels was positively associated with RANBR
(y=471.11x+136.00, R?=0.12, P=0.001, Fig. S6). For-
ests with greater proportions of pre-fire C as potential
fuels had increases in their proportions of ecosystem C
as potential fuels at remeasurement (R?=0.24, P<0.001,
Fig. 5¢). Because these fuels are highly susceptible to con-
sumption during fire, future reburns could produce mean
C emissions ranging from 48.5 Mg ha™! (unchanged to
very low RANBR burn severity), 55.5 Mg ha™* (low sever-
ity), 61.1 Mg ha™! (moderate), or 67.0 Mg ha™' (high),
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assuming similar fire behavior and consumption esti-
mates as prior FBAT-recorded fires (Table S6).

Discussion

Post-fire forests are more similar to the natural range

of variability

Our results indicate that reductions in forest densities
due to the immediate effects of fire plus delayed mor-
tality increased similarity to the historic natural range
of variability (NRV). Fire shifted stand densities from a
pre-fire high of 404 +53 trees ha™' to 204+ 29 trees ha™
at remeasurement, a value comparable to USFS tim-
ber inventories in 1923 which recorded a mean of 128
trees ha™! (Stephens et al. 2018). Though it is likely that
pre- and post-fire forests in our dataset were deficient in
large-diameter stems (e.g.,>92 cm DBH; Fig. S3) relative
to the NRV. Whereas overstory stand densities were sim-
ilar to the NRYV, it is likely that fire-intolerant Abies spp.
are present in much greater abundance in both the pre-
fire and remeasurement conditions relative to the NRV
(Steel et al. 2015).

A 25+0.7 m increase in height to live crown per-
sisted through the median remeasurement, and, together
with survival of large trees and reduced stand density,
may increase resistance to future wildfire mortality and
facilitate low-intensity surface fire behavior during wild-
fires and prescribed fire treatments (Cruz et al. 2004;
Zhang et al. 2019; Birch et al. 2026). As well, decreases in
stand density can reduce competition for water (Vernon
et al. 2018; Schmitt et al. 2020), thereby reducing stress
and density-dependent mortality, which together can

increase tree resilience to drought stress, pests, or patho-
gens (Birch et al. 2019; Germain and Lutz 2024).

Few identifiable drivers of snag loadings
and the accumulation of fine and coarse woody fuels
High variability in fuel accumulation rates in our study
limited our ability to identify generalizable drivers
and thresholds of forest change after wildfire. The bio-
mass (i.e., fuel loading) for most fuel classes equaled or
exceeded pre-fire mass—likely because fire-killed and
other snags deposited fine and coarse woody fuels in the
decade after fire. On average, most fire-originated snags
fragment or fall within 2—15 years after fire (Ritchie et al.
2013; Becker and Lutz 2023; Peterson et al. 2023), a time-
frame consistent with the accumulation of surface and
ground fuels in our study. However, the absence of any
significant decline in snag density and mass over time
since fire in this study suggests that many of the snags
originating from wildfire may already have fragmented or
fallen by the median time of our remeasurement (7 years)
and were replaced by new snags produced from delayed
tree mortality. Snag retention rates can drive post-fire
fuel accumulation (Roccaforte et al. 2012), and we expect
that other systems with slower snag decay rates, such
as Canadian boreal mixedwoods (15-26 years for 50%
retention; Angers et al. 2010), may have slower surface
fuel accumulation commensurate with lower rates of
snag fragmentation and deposition.

Delayed tree mortality leading to snag creation can
result from indirect fire effects that manifest over time
after a site is burned; for example, fire-induced necrosis
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of live tissues may induce stress that predisposes or pre-
vents defense against bark beetle attack (Jenkins et al.
2013), pathogens (Maringer et al. 2016), or contribute to
mechanical failure (Franklin et al. 1987; Shive et al. 2022).
Compounding disturbances (e.g., drought and bark bee-
tle disturbances between 2013 and 2015) likely contrib-
uted to delayed overstory mortality and elevated snag
density (Butler and Dickinson 2010; Goulden and Bales
2019; Keen et al. 2022; Reed and Hood 2023).

Dense concentrations of snags can make wildfire behav-
ior more difficult to manage due to safety concerns for
firefighters as well as by contributing to elevated intensity
and spotting (Page et al. 2013). Snags at remeasurement
were largely non-rotten and of decay class 1 (82.6%) or 2
(12.7%) which are less likely to be fully consumed during
a fire than are snags of advanced decay (Stockstad 1979;
Becker and Lutz 2023; Table S5). Over time, snag decay
contributes to coarse woody fuels—a type of fuel which
is 62-91% more vulnerable to consumption than snags
(Birch et al. 2023; their Table 4).

We expected that worsening drought (lower SPEI) in
the year after fire would be associated with greater over-
story mortality and therefore fuel loadings at remeas-
urement. However, the SPEI in the year after burn was
frequently included in the best-performing models
but had unclear directionality or marginal significance
for changes in overstory basal area and fine and coarse
woody fuels. Similarly, the topographic wetness index
and McCune Heat Load, which are indirect measures
of moisture availability, were absent from all top-per-
forming models. Other researchers also have reported
an unclear relationship between post-fire tree mortality
and drought (Barker et al. 2022; Reed and Hood 2023),
which can arise from physiological differences among
and between tree species or an easing of competition
for water in a fire-thinned overstory. Despite the unclear
associations reported here and elsewhere, we broadly
expect that aridity and drought stress will drive more
severe fire effects owing to lower fuel moistures (Rao
et al. 2022), and by inducing stress and contributing to
cavitation during and after fire (Hood et al. 2018; Furniss
et al. 2020).

Fire increases vulnerability of carbon stocks

to consumption under future wildfire

The transition from live to dead biomass pools (i.e.,
live trees to snags) and accumulation of fine and coarse
woody fuels indicates that the fires in our study increased
forest C vulnerability to emission in future wildfires, by
increasing the loadings of fuel classes most likely to be
consumed. Work by Tortorelli et al. (2024) found that
reburns that occur within 13 years after low to moder-
ate severity fires, such as those in our dataset, are likely
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to have moderated impacts on the overstory because of
altered forest structure from the first fire, and slow accu-
mulation of fuels. Based on our study, the weakly posi-
tive trend between RANBR and the pre-fire portion of
ecosystem C contained in potential fuels (Fig. S6), as well
as increases in the proportions of ecosystem C in poten-
tial fuels at remeasurement (Fig. 5¢c) together suggest that
future reburns may be of slightly greater burn severity
than past burns. However, high consumption of surface
fuels and corresponding C emissions may not directly
translate to loss of live overstory C stocks, as surface and
ground fuel consumption are weakly linked to overstory
mortality in California mixed-conifer forests (R?=0.34;
Birch et al. 2023)—particularly in cases where consump-
tion occurs away from tree crowns, boles, and surface
roots (Hood et al. 2018).

Despite elevated canopy base heights, reduced stem
density, and unchanged overstory quadratic mean diame-
ter, the C pools vulnerable to loss in fire had accumulated
within a decade after fire to conditions similar to the
pre-fire status. Notably, the 12% proportional increase
in potential fuels, to 52% of aboveground ecosystem
C, highlights the potential for large losses of stored C
via high C emissions in future wildfires (Table S6). Our
reported proportion of C vulnerable to future fire is simi-
lar to the upper range reported shortly after high sever-
ity wildfire in Australian sclerophyll forests (e.g., 20-60%
aboveground C; Nolan et al. 2022), though our reported
absolute and relative consumption rates are greater
across coarse and fine woody fuels than those estimated
in Australia (Nolan et al. 2022; Volkova et al. 2022). Given
the uncertainty in estimating consumption from post-
fire measurements alone, more co-located pre-fire and
post-fire measurements in other systems are needed to
identify how pre-fire fuel structure and fuel consumption
relate to post-fire changes in C pools and their vulner-
ability to future fire.

Apart from contributing to further climate forcing of
wildfire regimes (Liu et al. 2014; Abatzoglou et al. 2019),
consumption of accumulated fuels may drive high-inten-
sity wildfire behavior with a greater risk of high overstory
mortality and stable state conversion (Serra-Diaz et al.
2018; Stephens et al. 2022) and result in large pulses of
atmospheric particulate matter harmful to human health
(Xu et al. 2024). As well, subsequent wildfires may com-
pound existing fire injuries (e.g., partial girdling or fire
scars; Shive et al. 2022) leading to mechanical failure,
or—in combination with environmental stressors—
reduce tree resistance to even low-intensity wildfire. Our
assessments of post-fire changes in fuel accumulation and
overstory structure are likely not applicable for forests
that burn under wind-driven, high-intensity fires (e.g.,
Goforth and Minnich 2008) or forests in more marginal,
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water-limited habitat that may be more prone to stable
state conversion outside of the NRV (Hill et al. 2023), nei-
ther of which are well-represented by our dataset.

The effects of wildfire on plots in this study were pri-
marily low to moderate severity (Fig. S1), the type of fire
which is often claimed as a hazardous fuel treatment
for vegetation types that historically burned at frequent
intervals. For example, the US Forest Service may claim
acreage as hazardous fuel reduction in the Forest Activ-
ity Tracking System (United States Forest Service 2024)
where it meets management objectives. Fuel reductions,
snag densities, and C vulnerabilities in our dataset may
thus be representative of the types of fire effects to be
expected from wildfire managed for resource benefit or
prescribed fire in long-unburned mixed-conifer forests
with unmanaged fuels. Future fire managed for resource
benefits in our study area will likely produce mean C
emissions of 48.5-55.5 Mg ha™! (Table S6); however,
such estimates remain lower than estimated C emissions
under high severities (e.g.,>67.0 Mg ha™). A previous
analysis of this dataset showed that fuel consumption
(and energy release) is mitigated in backing fires relative
to heading fires (Birch et al. 2023); thus, fuel consump-
tion can be influenced by fire management actions (e.g.,
through ignition operations) and, along with fuel treat-
ments (especially prescribed fire), can help reduce unde-
sirable fire effects.

Reducing fuels through greater use of managed wildfire
or prescribed fire may iteratively reduce excessive fuel
mass and prevent future high severity fires. For example,
even under weather-driven fire behavior, burn severity
may be moderated when wildfires burn through areas
previously treated with prescribed fire (Brodie et al. 2024;
Birch et al. 2026). Given the inadequate pace and scale of
prescribed fire and thinning (North et al. 2021), greater
use of managed wildfire in combination and in addition
to repeated and gradual reintroduction of prescribed
fire, coupled with mechanical treatments where feasi-
ble, are likely needed to avoid high-severity wildfire over
large areas in California mixed-conifer forests (Hurteau
et al. 2024). This may preempt positive feedback cycles
where high-severity wildfire leads to abundant post-fire
fuel deposition and therefore more high-severity wildfire
(Coppoletta et al. 2016; Harris et al. 2021).

Conclusion

Our results support the expectation that fire under cer-
tain conditions can improve forest resilience to detrimen-
tal wildfire impacts in future fires by decreasing forest
stand density and increasing height to live crown, despite
mean consumption of 61.1 Mg ha~' C. However, the
increase in snag abundance and biomass, and accumu-
lation in fine and coarse woody fuels returned potential
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fuel loadings to pre-fire levels within a decade. Thus, the
carryover and accumulation of fuels raises concern about
the potential for large C emission events in future wild-
fire. Achieving resilience in these and similar dry, fire-
suppressed, and fuel-dense forest types may be achieved
through management intervention such as low-intensity
prescribed burns or managed low-intensity wildfires that
produce only low-severity impacts on the canopy while
incrementally reducing the loadings and accumulation
rates of fuels available for future fires.
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