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Abstract

Background While the reintroduction of recurring fire restores a key process in frequent-fire adapted forests,

the ability to significantly shift the structure and composition of departed contemporary forests has not been
clearly demonstrated. Our study utilized an extensive network of field plots across three short-interval successive
fires occurring in the northern Sierra Nevada, California. We evaluated the influence of plot-level forest structure
and composition, topography, and weather on fire severity in a third successive fire (i.e., second reburn). Addition-
ally, we assessed the range of forest structural conditions that emerge following multiple low- to moderate-severity
fires, whether these conditions were associated with fire severity in a third fire, and how they compare to historical
estimates for these forests.

Results Across plots that burned in multiple low- to moderate-severity fires, our findings indicated that post-fire out-
comes in these systems are variable, resulting in a range of structural conditions following a first reburn (i.e., second
fire). Areas with high levels of dead biomass burned at significantly higher severity in the third fire compared to those
with higher shrub cover. Following a second fire, many plots exceeded historical estimates of stand structure metrics
for yellow pine and mixed-conifer forests of the Sierra Nevada, particularly for coarse woody debris load, with some
plots exceeding historical natural range of variation (NRV) estimates for live tree density. In plots with a history of vary-
ing fire severity in the initial and second fires, we found that snag basal area was associated with higher fire severity
in the third fire.

Conclusions Low- to moderate-severity fire has the ability to restore ecosystem processes and reduce future fire
severity in the long term, but our results suggest that it can also create fuel conditions that drive higher fire severity
in successive fires. Our study demonstrates that vegetation and fuel conditions existing prior to the initial first-entry
fire can largely influence post-reburn outcomes.
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Resumen

Antecedentes Mientras que la reintroduccién de fuegos recurrentes restaura procesos claves en bosques adapta-
dos al fuego, la habilidad para cambiar significativamente la estructura y composicion de bosques contemporaneos
no ha sido aun claramente demostrada. Nuestro estudio utilizd una extensa red de parcelas a campo a través de tres
fuegos ocurridos sucesivamente en un corto intervalo de tiempo en el norte de la Sierra Nevada de California. Evalu-
amos la influencia de la estructura y composicion, topografia, y el tiempo meteoroldgico sobre la severidad del fuego
en el tercer fuego consecutivo (i.e. segunda requema). Adicionalmente, determinamos el rango de las condiciones
estructurales que emergieron luego de multiples fuegos de baja a moderada severidad, cuando esas condiciones
estuvieron asociadas con la severidad del fuego en un tercer incendio, y como ellos se comparaban con estimaciones
histdricas para esos bosques.

Resultados A través de las parcelas que se quemaron en multiples fuegos de severidad baja a moderada, nuestros
resultados indican que los efectos en esos sistemas fue variable, resultando en un rango de condiciones estructurales
posteriores a la primer requema (i. . el sequndo fuego). Areas cubiertas por altos niveles de biomasa muerta se
quemaron a severidades mas altas en la segunda requema que aquellas con mayor cobertura de arbustos. Luego

del segundo fuego, muchas parcelas excedieron las estimaciones histéricas sobre las métricas de la estructura de los
rodales para el pino amarillo y de coniferas mixtas de la Sierra Nevada, particularmente para la carga de restos leflosos
gruesos, con algunas parcelas excediendo las estimaciones de los rangos naturales de variacion histérica (NRV) para la
densidad de de drboles vivos. En parcelas con una historia de variacion en la severidad del fuego en el incendio inicial
y en la primera requema, encontramos que el drea basal de los drboles muertos en pié (snags) estuvo asociado a una
severidad mas alta en la segunda requema.

Conclusiones Los fuegos de baja a moderada severidad tuvieron la habilidad de restaurar los procesos ecosistémi-

cos y reducir la severidad de fuegos futuros en el largo plazo, aunque nuestros resultados sugieren que pueden tam-
bién condiciones de combustibles que lleven a severidades mayores en fuegos sucesivos. Nuestro estudio demostréd
que la vegetacién y la condiciéon de los combustibles existentes antes de la primera quema influencian grandemente

los resultados de quemas subsiguientes.

Background

As the size and severity of wildfires continue to rise in
the western US (Singleton et al. 2019; Williams et al.
2023; Parks and Abatzoglou 2020), managers are faced
with a growing number of challenges that may ultimately
impact the viability of long-term forest recovery. Within
these large fire footprints, lower severity fire effects are
generally considered ecologically beneficial and are often
a lower priority for post-fire restoration and recovery
actions. However, are areas that have burned at low-to
moderate-severity restored in terms of forest structure,
and resilient to future wildfire? This question is particu-
larly relevant in many dry conifer forests across the west-
ern US, where forest management practices, the removal
of Indigenous burning (Anderson 2005), and a century of
fire exclusion have significantly altered forest structure
and composition (Hagmann et al. 2021). The legacy of
these practices has contributed to increased tree densi-
ties, dominance of shade-tolerant species, continuity
and accumulation of fuels, and landscape homogene-
ity (Stephens et al. 2015; Naficy et al. 2010; Scholl and
Taylor 2010; Safford and Stevens 2017; Hessburg et al.
2019). Together, the compounding effects of climatic
change, shifts in fire regimes, and altered landscape con-
ditions may trigger an increase in spatially overlapping

successive wildfires (i.e., reburns) (Coop et al. 2020;
Nemens et al. 2022; Prichard et al. 2017; Harvey et al.
2023), with potential for increases in their frequency and
severity.

Previous fires can modify the patterns, severity, and
interactions of fire-on-fire events; the effects varying
both temporally and spatially, with the interval between
fires and initial fire severity influencing subsequent fire
patterns (Prichard et al. 2017; Parks et al. 2014; Cop-
poletta et al. 2016; Van Wagtendonk, Van Wagtendonk,
and Thode 2012; Collins et al. 2009). In turn, overlapping
fires can facilitate feedbacks in which one fire impacts
the occurrence and severity of a future fire (Harvey
et al. 2023). These feedbacks are evidenced historically,
where frequent low- to moderate-severity fire regimes
that characterized many mixed-conifer, ponderosa pine
(Pinus ponderosa Dougl. ex Laws. & C. Laws.), and Jeffrey
pine (Pinus jeffreyi Grev. & Balf.) forests of the western
US played an important role in disrupting fuel continu-
ity, maintaining understory vegetation and overstory spe-
cies composition, and ultimately creating landscape-level
heterogeneity (Hessburg et al. 2015; Safford and Stevens
2017). Throughout time, this frequent low- to moderate-
severity fire regime created a self-limiting stabilizing
feedback, in which regular fires promoted future low- to
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moderate-severity fire (Larson et al. 2013; Collins et al.
2009; Coppoletta et al. 2016; Murphy et al. 2021). This
relationship has been demonstrated in contemporary
systems in several studies, where previous fire footprints
have been shown to moderate the behavior of subsequent
fires, thereby minimizing fire spread, size, and severity
(Teske et al. 2012; Prichard et al. 2017; Parks et al. 2014;
Collins et al. 2009).

The fire-vegetation interactions of a landscape both
influence and are influenced by the burn mosaics that
result from previous fires (Airey Lauvaux, Skinner, and
Taylor 2016; Prichard et al. 2017). Post-fire vegetation,
fuel development, and forest structure, often linked to
burn severity, are important factors in determining how
an area reburns in one or more subsequent fires. For
instance, an initial high-severity fire may result in sub-
stantial dead biomass, an accumulation of surface fuels,
and a vegetation composition shift from conifers to
resprouting species, which affects the severity of a future
fire (Coop et al. 2020; Coppoletta et al. 2016; Lydersen
et al. 2019; Airey Lauvaux, Skinner, and Taylor 2016;
Coop et al. 2016). Furthermore, vegetation composition
and structure following fire can influence the ability of
landscapes to resist high-severity reburn and vegetative
transitions, and recover towards forested states (Steel
et al. 2021). Thus, in historically frequent-fire ecosystems,
previous wildfire can act as both a stabilizing (i.e., self-
limiting) and destabilizing (i.e., self-reinforcing) feedback
process, thereby enhancing or diminishing resilience to
future disturbance (Steel et al. 2021; Coop et al. 2020).

Particularly in areas that initially burn at high sever-
ity, post-fire changes can catalyze pronounced shifts
in understory vegetation and forest structure. These
changes have the potential to inhibit the ability of pre-
vious fires to moderate future fires and tend to drive
subsequent high-severity fire, thereby contributing to a
destabilizing feedback (Coppoletta et al. 2016; Van Wag-
tendonk, Van Wagtendonk, and Thode 2012). Short-
interval high-severity fire, in turn, can cause extensive
and prolonged shifts, acting as a mechanism for vegeta-
tion-type conversion and ecological state changes in the
long term (Coop et al. 2020; Johnstone et al. 2016). This
reinforcing effect of wildfire, where stand-replacing fire
promotes future stand-replacing fire (Thompson et al.
2007; Coop et al. 2020), has justifiably raised growing
concern over the recovery and trajectory of these forest
ecosystems in the future. Over time, it is possible that the
adaptive mechanisms of these ecosystems are eroded to
a point in which post-fire forest recovery and resiliency
is compromised (Johnstone et al. 2016; Coop et al. 2020).

However, not all reburns facilitate a trajectory of tran-
sition, particularly those occurring at low-to moderate-
severity. Rather, low-and moderate-severities are often
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combined to uniformly characterize fire effects that
restore ecosystem structure and function (Mallek et al.
2013; North et al. 2012; Williams et al. 2023). These
effects have been demonstrated to reduce tree densities
and fuel loads (Becker and Lutz 2016; Collins, Everett,
and Stephens 2011), promoting resilience to future wild-
fire and thereby promoting a stabilizing feedback (Lyd-
ersen et al. 2017; Parks et al. 2014; Wu et al. 2023; Taylor
et al. 2022). Previous studies also indicate that repeated
low- to moderate-severity fires modify departed forest
structure and composition (Prichard et al. 2017; Holden
et al. 2007; Stevens-Rumann et al. 2016; Larson et al.
2013), and it has been suggested that two successive fires
may promote restoration of pre-suppression stand struc-
ture in terms of stand density and gap creation in pon-
derosa pine (Taylor 2010; Ng et al. 2020; Lydersen and
North 2012).

Despite these demonstrated effects, other studies point
to the inability of low- to moderate-severity fire to sub-
stantially change forest structure to achieve restoration
goals of lower tree densities, canopy gaps (Schmidt et al.
2006; Steel et al. 2021), and shifts in species composition
(Paudel et al. 2022; Greenler et al. 2023) reflective of his-
torical conditions. This is further evidenced by previous
studies highlighting that prescribed fire treatments alone,
even with multiple burns, had residual tree densities that
greatly exceeded those described from historical or ref-
erence forests (Stephens et al. 2024; Hood et al. 2024).
As such, the vulnerability in the face of enhanced forest
stressors such as drought, insects, and disease is quite
high relative to treatments involving mechanical tree
removal (Collins et al. 2014; Hood et al. 2016).

While much of the research and management empha-
sis has focused on the short- and long-term effects of
high-severity fires and especially high-severity reburns,
we were specifically interested in examining the effects
of repeated low- to moderate-severity fires to understand
post-fire stand structure outcomes to identify future
management options. Our study leveraged a unique
opportunity to use extensive field data across three suc-
cessive short-interval fires occurring in the northern
Sierra Nevada, California between 2000 and 2021. Specif-
ically, we asked the following questions: (1) what are the
forest structural characteristics, weather conditions, and
topographic variables that drive plot-level fire severity in
a third successive fire (i.e., second reburn)? and (2) focus-
ing specifically on plots that burned previously at low-to
moderate-severity (in both the first and second fire), (a)
what is the range of forest structural conditions follow-
ing two “restorative” fires (i.e., low-to moderate-severity),
(b) how do these conditions compare with historical
estimates (natural range of variation, NRV), and (c) is
there an association between these conditions and fire
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severity in a third fire? This research aims to understand
how repeated fires influence forest structure and sub-
sequent fire severity in dry mixed-conifer forests, with
the ultimate goal of identifying post-fire stand structure
characteristics that managers can target to meet desired
restoration objectives and promote resiliency in the face
of subsequent fire.

Methods

Study area

The study area covers approximately 10,545 ha located
on the Plumas and Lassen National Forests in the north-
ern Sierra Nevada, California (Fig. 1). Between 2000
and 2021, several wildfires occurred in short succession
across the study area. Two initial, non-overlapping fires,
the 2000 Storrie Fire and 2008 Rich Fire, burned a total
of 25,160 ha. In 2012, the Chips Fire reburned approxi-
mately 10,166 ha within the Storrie Fire footprint and 379
ha within the Rich Fire footprint. In 2021, the Dixie Fire
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ignited in the southwest of the study area and reburned
a majority of the previous fire footprints. Our sampling
focused mostly on the area originally burned in the Stor-
rie and Rich fires (initial) which then reburned in the
Chips Fire (second) and then reburned again in the Dixie
Fire (third).

Topography in the area is steep, with elevation ranging
from 525 to 2160 m. The study site was predominantly
mixed-conifer forest prior to the initial fires. Vegetation
consisted of white fir (Abies concolor [Gordon & Glend.]
Lindl. ex Hildebr.), Douglas-fir (Pseudotsuga menziesii
[Mirb.] Franco var. menziesii), Jeffrey pine, sugar pine
(Pinus lambertiana Dougl.), ponderosa pine, California
black oak (Quercus kelloggii Newb.), and incense-cedar
(Calocedrus decurrens [Torr.] Florin). Montane chapar-
ral species, including manzanita (Arctostaphylos spp.)
and wild lilac (Ceanothus spp.), were present in the study
area and were dominant on lower elevation, drier canyon
slopes. Red fir (Abies magnifica A. Murray bis) stands
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Fig. 1 Map of study area location in the Storrie, Rich, Chips, and Dixie fires in the Plumas and Lassen National Forests, California, USA. Circles
represent permanent field plot locations established in 2009 to 2012 (n= 351) and field plot locations resampled in 2017 or 2018 (n=147) and 2023
(n= 82). Stars represent Remote Automatic Weather Stations (RAWS)
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were present in moist, higher elevation sites above 1800
m. Historically, this area was characterized by a low- to
moderate-severity, frequent fire regime with a mean fire
return interval of 8 to 22 years (Moody et al. 2006). How-
ever, in the century prior to the initial fires, only 15% of
the area had burned (Coppoletta et al. 2016). The region is
characterized by a Mediterranean climate with cold, wet
winters and hot, dry summers. Average annual precipita-
tion ranges from 950 to 2290 mm, with average minimum
temperatures from 1.8 to 9.4 °C and maximum tempera-
tures from 13.8 to 22.2 °C (http://www.prism.oregonstate.
edu/normals/). Prior to the Dixie Fire, California expe-
rienced a record-breaking drought from 2012 to 2016
(Bedsworth et al. 2018), exacerbated by unusual warmth
(A. P. Williams et al. 2015) and low Sierra Nevada snow-
pack levels (Dettinger and Anderson 2015). Hotter and
drier than average conditions developed again in water
year 2020, with half the state in an exceptional drought by
the start of water year 2021 (Abatzoglou 2021).

Field data

This study utilized permanently marked field plots
that were established by the US Forest Service (USES)
between 2009 and 2012 in the 2000 Storrie and 2008
Rich Fire footprints (Coppoletta et al. 2016). Plots were
established in areas that were characterized by lower
montane mixed-conifer forest prior to the initial fires
and were placed on the vertices of an 800-m grid in
the Storrie Fire and a 200-m grid in the Rich Fire. Plots
were resampled in 2017 and 2018 after the second fire
(2012 Chips Fire), and again in 2023, after the third fire
(2021 Dixie Fire). Forest treatment history was deter-
mined using the Forest Service Activity Tracking System
(FACTS) and verified on-site, with sampling only com-
pleted at sites without visual evidence of forest treat-
ment or activity such as salvage logging. All sampling
methods followed the USFS Common Stand Exam Pro-
tocol, consisting of a plot center with two concentric cir-
cular plots, with four transects in each cardinal direction
(USDA Forest Service 2007).

Within the larger 11.3 m radius plot, we collected tree
data (> 12.7 cm diameter at breast height, dbh) includ-
ing species, dbh, and status (live or dead). We meas-
ured fuels following a planar intersect method (Brown
1974) that included measurements for duff, litter, and
fuel depth, fine woody fuels, and 1000-h fuels along the
length of each 11.3-m transect. A smaller 5 m radius plot
was used to measure seedlings and saplings. Within the
small plot, the dbh, height, number, species, and status of
saplings (> 1.7 m tall) and height class, species, and status
of seedlings (< 1.7 m tall) were measured for conifers and
hardwoods. Percent shrub cover was visually estimated
in each quadrant of the small plot; total shrub cover was
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then calculated as the average across quadrants. All data
and statistical analyses were conducted with RStudio
software version 2024.04.2 +764 (R Core Team 2024),
using a significance level of P< 0.05 to determine sta-
tistical significance. Live and snag basal area (m* ha™?),
coarse woody debris loads (Mg ha™), and live tree den-
sity (trees ha™') were calculated for each plot and time
period (i.e., after the second and third fires) using the
“BerkeleyForestAnalytics” package (Rutherford, Foster,
and Battles 2024). Tree density and basal area calcula-
tions included conifer and hardwood trees >12.7 cm dbh.

Plot selection

We used the following criteria to select plots to resam-
ple in 2023 (post-Dixie Fire): (1) plots were resampled in
2017 or 2018 after the second fire (post-Chips Fire), (2)
had adequate data quality in 2017 and 2018 with consist-
ency in data collection methods and minimal missing or
suspect values, and (3) had no documented treatments
after the second or third fires. To ensure sampling cap-
tured the range of conditions found across the study area,
plots were stratified based on forest structure measure-
ments taken in 2017 and 2018 after the second fire. We
used both live tree and snag basal area, including conifers
and hardwoods, as our primary metric to indicate forest
structure and stratified plots based on basal area classes
from low to high.

Spatial data

Fire severity for each fire was estimated using the Rela-
tive Differenced Normalized Burn Ratio (RANBR) to
facilitate comparisons with prior analyses (Coppoletta
et al. 2016) and for its utility in comparing sever-
ity between fires throughout time and space, allowing
for landscape-level analyses (Miller and Thode 2007).
Thirty-meter resolution RANBR rasters were generated
for the Storrie, Rich, Chips, and Dixie fires in Google
Earth Engine (Gorelick et al. 2017) from methods estab-
lished by Parks et al. (2018). This methodology uses a
mean compositing approach over a specified date range
(June to September) pre-fire (1 year before) and post-
fire (1 year after) (Parks et al. 2018). RANBR values were
then categorized into unchanged (< 69), low (69 to 315),
moderate (316 to 640), and highseverity (> 641) classes
based on thresholds determined by Miller and Thode
(2007). Field verification of RANBR using methods such
as Composite Burn Index (CBI) plots or other field-
based methods were not conducted in this study. Topo-
graphic variables, including slope (%) and elevation (m),
were derived for each plot from the LANDFIRE database
(https://www.landfire.gov). To characterize fire severity
and topography at each plot, we used the “sf” package in


http://www.prism.oregonstate.edu/normals/
http://www.prism.oregonstate.edu/normals/
https://www.landfire.gov

Jasperse et al. Fire Ecology (2025) 21:46

R (Pebesma and Bivand 2023; Pebesma 2018) to extract
RANBR, slope, and elevation raster values to plot points
with bilinear interpolation.

To assess the importance of fire weather as a driver of
fire severity in the 2021 Dixie Fire, we extracted average
daily weather variables corresponding to each plot on
its estimated burn day. Weather data from two Remote
Automated Weather Stations (RAWS) near our study
region and within the Dixie Fire perimeter were collected
from the Fire and Aviation Application Information and
the Desert Research Institute Program for Climate, Eco-
system, and Fire Applications portals. Distance from the
RAWS to plots ranged from approximately 3 to 25 km
depending on plot location. Hourly relative humidity (%),
dry bulb temperature (°C), windspeed (km h™!), burning
index (BI), and energy release component (ERC) were
extracted and processed in Fire Family Plus 5 (https://
www.firelab.org/project/firefamilyplus). Energy release
component represents potential fire intensity, incorpo-
rating live and dead fuel moisture from days to weeks,
while BI represents potential flame length by incorporat-
ing wind speed (Taylor et al. 2022). Hourly weather data
was averaged for each day between 11:00 and 18:00 PST
to represent periods of heightened weather influence on
fire behavior (Stephens et al. 2022).

To estimate the burn day for each plot, we generated
a daily fire perimeter map for the Dixie Fire. We uti-
lized combined Moderate Resolution Imaging Radiom-
eter Spectrum C6 (MODIS) and Visible Infrared Imaging
Radiometer Suite (VIIRS) V1, 375 m active fire detection
points generated by Estabrook (2025) to interpolate daily
fire perimeters. Daily fire perimeters were interpolated
using a convex hull algorithm in the “sf” package, follow-
ing methodology from Briones-Herrera et al. (2020) and
Stephens et al. (2022). Average daily temperature (°C),
relative humidity (%), BL, and ERC were assigned to each
plot based on its estimated burn date. Weather variables
from each RAWS were joined to plots based on geo-
graphic proximity, assigning data from Cashman RAWS
to plots located in the Rich Fire perimeter and Humbug
Summit RAWS to plots within the Storrie Fire perimeter
(Fig. 1).

To assess how weather conditions during the Dixie Fire
deviated from average conditions preceding the Dixie
Fire for the area, we compared weather conditions for the
year of the Dixie Fire (2021) with those of previous years
(2012 to 2017) following methodology from Stephens
et al. (2022). To estimate conditions for years preceding
the Dixie Fire for the region, the “boot” package (Davi-
son and Hinkley 1997; Canty and Ripley 2024) was used
to bootstrap 95% confidence intervals for each weather
variable from 2012 to 2017 across RAWS. Bootstrapping
was then performed for 2021 to assess if daily weather
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conditions during the Dixie Fire fell outside the region’s
baseline average for years preceding the Dixie Fire. We
focused on the months of July and August for our analy-
sis given that the majority of our plots burned during that
period.

Data analysis

Drivers of fire severity in a second reburn

To determine the key drivers of reburn severity in a third
fire, we utilized plot-level data collected in 2017 and 2018
(n= 83), in addition to topographic and weather data.
This part of the analysis considered plots across all fire
severity classes (i.e., including high-severity) and did not
utilize 2023 field data.

We utilized a two-stage approach to assess the effect
of weather, topography, and plot-level variables on fire
severity in the third fire. First, a random forest (RF) anal-
ysis was performed to identify potential influential vari-
ables and to rank their relative importance in explaining
the dependent variable, Dixie Fire severity (RANBR). The
RF generates multiple regression trees, randomly select-
ing a subsample from the data for each tree. Along with
slope, elevation, BI, temperature, wind, relative humid-
ity, and ERC, five plot-level variables were selected for
the RF to represent structural conditions post-second
fire and pre-third fire, including live basal area, snag basal
area, live tree density, coarse woody debris load (1000-h
fuels), and shrub cover. Variables were selected given
their importance for forest structure and fire severity.
We generated three replicate conditional inference trees,
each with 5000 regression trees, using the “party” pack-
age (Hothorn et al. 2006; Zeileis et al. 2008; Strobl et al.
2007, 2008). The number of predictor variables used to
assemble each tree was set to the square root of the total
number of variables. Conditional permutation measures
were used to rank and indicate predictor variables with
importance values greater than the absolute value of the
lowest negative score. Variables ranked greater than this
value in the three replicates were thus considered influ-
ential and used in the second step, a regression tree (RT)
analysis. The RT analysis was used to identify the predic-
tor variable thresholds that best explained the observed
variation in the Dixie Fire RANBR values. All variables
identified as influential were included in the RT. The RT
used a conditional inference tree approach and a parti-
tioning algorithm with an alpha level of 0.05 from Monte
Carlo simulations.

Forest conditions following two “restorative” fires

and how they fared in a third fire

To evaluate forest conditions following “restorative fires,’
plots that had previously burned at high severity prior
to the 2021 Dixie Fire were excluded for this part of the
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analysis. We limited our analysis to plots that burned
at low-to moderate-severity (< 641 RANBR) in the first
and second fires (n= 52). Field observations indicated a
range of structural characteristics across these plots after
the second and third fires, likely reflecting the variabil-
ity in structural outcomes resulting from the interaction
between initial conditions and fire severity. Rather than
representing each plot-level variable individually, we used
a clustering approach to simplify data across the diverse
suite of conditions within our plots. We used the same
five plot-level variables from our first research question
to represent structural conditions post-second fire and
pre-third fire, including live basal area, snag basal area,
live tree density, coarse woody debris load, and shrub
cover. A principal component analysis (PCA) was used as
a dimension reduction measure to simplify the plot-level
data. We used the “vegan” package (Oksanen et al. 2023)
to reduce our five plot-level structure metrics into prin-
cipal components (PC), which represent a composite of
variables and characterize variation in the data (Gotelli
and Ellison 2013). Contributions to the overall PCA were
assessed by examining percent of variance explained by
each PC, ensuring optimal dimension reduction to PCs
explaining the majority of variation in the data (Gotelli
and Ellison 2013).

We performed a K-means clustering on the retained
PCs, with 25 randomly generated initial configura-
tions, using the “stats” package (R Core Team 2024). The
K-means clustering algorithm utilizes a distance measure
minimizing the sums of squares of distances from each
object to its assigned cluster (Gotelli and Ellison 2013). A
cluster size of k= 3 was determined as the optimal num-
ber of clusters based on results from an elbow plot gen-
erated with the “NbClust” package (Charrad et al. 2014).
We investigated how fire severity patterns in the third
fire varied among the three resulting clusters by test-
ing for differences in Dixie Fire severity with a one-way
analysis of variance (ANOVA) using the “stats” package
(R Core Team 2024) with a significance level of P< 0.05.
Dixie Fire RANBR and ANOVA residuals were tested for
normality using Shapiro—Wilk tests and variances were
assessed using Levene’s tests using the “stats” package
(Shapiro and Wilk 1965; Whitlock and Schluter 2015; R
Core Team 2024).

Comparisons of forest structure pre- and post-third fire

to historical estimates

To understand the trajectory of plots throughout time,
we compared forest structural metrics before and
after the third fire (second reburn) across each cluster.
Although 52 plots were used in the K-means analysis,
only 30 of those plots were remeasured in 2023. We com-
pared how metrics in these 30 plots changed pre- and
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post-third fire across all plots and within each cluster. We
evaluated significant differences using the two-sided Wil-
coxon signed-rank test with Bonferroni correction (Wil-
coxon 1945; Whitlock and Schluter 2015); R Core Team
2024), a non-parametric alternative to the paired t-test,
to account for non-normal distributions of some varia-
bles and multiple comparisons within the data. Variables
were evaluated for normality utilizing Shapiro—Wilk tests
using the “stats” package (Shapiro and Wilk 1965); R Core
Team 2024) and differences from the Wilcoxon signed-
rank tests were considered significant when P< 0.05. To
evaluate if a third fire moved forest conditions closer to
historical conditions, we used average estimates of pre-
settlement natural range of variation (NRV) for tree den-
sity (60 to 328 trees ha™!) and basal area (21 to 54 m?
ha™'), and estimates of historical average coarse woody
debris from reference studies (1-1000-h fuels; 17.7 Mg
ha™) for yellow pine and mixed-conifer forests of the
Sierra Nevada (Safford and Stevens 2017).

Results

Drivers of fire severity in a third fire

The RF analysis identified five potential influential predic-
tor variables of Dixie Fire severity (Fig. 2a). Snag basal area
was identified as the most important predictor in all three
RF replicates. Coarse woody debris was ranked moder-
ately associated, while elevation, slope, and ERC were
identified as marginally associated. Live tree density, rela-
tive humidity, B, wind, temperature, shrub cover, and live
basal area were not identified as predictor variables given
they did not meet the conditional permutation conditions
for each replicate, and thus were not included in the RT.
The RT produced a tree with two terminal nodes (Fig. 2b),
with snag basal area as the only significant explanatory
variable (P= 0.001). Predicted Dixie Fire severity was on
average highest in plots with a snag basal area greater
than 11.62 m? ha™! (= 40) and lowest in plots with a
snag basal area of 11.62 m? ha™' or below (1= 43).

Results from the 95% confidence interval bootstrap-
ping analysis indicated that ERC and relative humidity
had the greatest number of days deviating from baseline
conditions for July and August 2021 during the Dixie Fire
(Fig. 3a and d). Across the days in which plots included in
the RF and RT analysis burned (n= 83 plots over 7 days),
relative humidity was below baseline conditions for 3
days, while ERC and BI exceeded baseline conditions for
5 and 2 days, respectively (Fig. 3a and c). Notably, relative
humidity and ERC were departed from estimated base-
line conditions on the day of Dixie Fire ignition (July 13),
and relative humidity, ERC, and BI were all departed on
the day in which the majority of our plots burned (July
20). Temperature remained within the normal range for
most of July and August (Fig. 3b).
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Fig. 2 Variable importance plot (a) for the 12 variables included in the random forest (RF) analysis for Dixie Fire reburn severity (relativized dNBR;
RANBR). The Y-axis indicates predictor variables included in each variable importance replicate. The x-axis indicates the median conditional variable
importance value, where variables with importance values higher than the absolute value of the lowest negative score were considered potentially
important. Pre-Dixie Fire plot measurements were taken in 2017 and 2018 (n=83) and weather measurements are from Remote Automatic Weather
Stations (RAWS) in the Plumas and Lassen National Forests, California, USA. Regression tree (RT; b) for Dixie Fire reburn severity (RANBR) using

the significant predictor variables identified in the RF analysis. The top node displays significant explanatory variables with their associated splitting
threshold values and the number of plots in each group. The Y-axis of each terminal node represents fire severity (RANBR), where RANBR > 641
indicates high severity. Horizontal black lines within each boxplot show the median RANBR value for the respective group. P values were derived
from Monte Carlo randomization tests with an alpha level of 0.05 to determine statistical significance

Forest conditions following two “restorative” fires

and how they fared in a third fire

PC1 and PC2 were retained from the PCA for the
K-means analysis, cumulatively explaining approximately
74.2% of the variance in our data. PC1 explained 45.1%
of the variance, with highest contributions from live basal
area and live tree density, respectively. PC2 explained
29.1% of the variance, with highest contributions from
coarse woody debris and snag basal area, respectively.
The K-means clustering on PC1 and PC2 resulted in
three distinct structural clusters (Fig. 4d), with vary-
ing numbers of plots in each group (n= 13, 29, and 10).
Median structural metrics that indicated different salient
characteristics were identified for each cluster (Table 1;
Fig. 4a—c). Cluster 1 was associated with relatively high
shrub cover (48.8%), cluster 2 with relatively high live
basal area (38.3 m? ha™') and live tree density (175.0 trees
ha™'), and cluster 3 with relatively high coarse woody
debris (120.3 Mg ha™!) and snag basal area (61.5 m* ha™?).
We found a significant difference in Dixie Fire severity
among clusters (F, 4= 3.622, P= 0.034; Fig. 5). Among

the clusters, the highest average RANBR (i.e., higher fire
severity) was associated with the cluster with highest
coarse woody debris and snag basal area (cluster 3) post-
second fire. Plots in this cluster burned at significantly
higher severity (P= 0.029) compared to plots with high
shrub cover (cluster 1; Fig. 5). They did not burn signifi-
cantly higher than plots characterized by high live tree
density and basal area (cluster 2; Fig. 5).

Comparisons of forest structure pre- and post-third fire

to historical estimates

After the third fire, we found a decrease in median live
tree density (P= 0.003) and median live basal area (P=
0.017) overall across plots compared to after the second
fire (Fig. 6a, b), and in plots with the highest live tree
density and live basal area post-second fire (cluster 2; P=
0.014, P=0.015, respectively). After the second fire (first
reburn), 81% of plots in this cluster were within the NRV
for live tree density (60 to 328 trees™!) and 13% were
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Fig. 3 Departure of Dixie Fire weather from baseline conditions preceding the Dixie Fire (2012 to 2017) for relative humidity (a), temperature (b),
burning index (Bl; ¢), and energy release component (ERC; d) generated using 95% confidence interval bootstrapping based on methodology
from Stephens et al. (2022). The vertical dashed green line indicates the start of the Dixie Fire (July 13, 2021). Error bars are confidence intervals

for 2021 and gray shaded areas are bootstrapped 95% confidence intervals for baseline weather conditions. Black dots denote observations

within the normal range of baseline conditions, red dots indicate observations above, and green dots indicate observations below. For relative
humidity, red dots indicate observations below the baseline and green dots indicate observations above. Weather measurements are from Remote
Automatic Weather Stations (RAWS) located in the Plumas and Lassen National Forests, California, USA

above, while 69% were within the NRV for live basal area
(21 to 54 m? ha™!) and 25% were above.

After the third fire, 31% of plots in this cluster were
within the NRV for live tree density, while 13% of plots
were within the NRV for live basal area and 13% above.
In plots with high shrub cover after the second fire
(cluster 1), 38% of twice-burned plots were within the
NRV for live tree density, while 25% were within the
NRYV for live basal area. After the third fire, 13% of plots
in this cluster had a live tree density within the NRV,
while 25% were within the NRV for live basal area. In
plots with high coarse woody debris and snag basal area
after the second fire (cluster 3), 33% of twice-burned
plots were within the NRV for live tree density, while
17% of plots were within the NRV for live basal area.
After the third fire, 17% of plots in this cluster were
within the NRYV for live tree density and live basal area.

Overall, we found no significant change in median
shrub cover (Fig. 6¢), coarse woody debris load, or snag
basal area (Fig. 7a, b) after the third fire after Bonfer-
roni correction. In plots with high shrub cover after the
second fire (cluster 1), 63% of twice-burned plots had a
coarse woody debris load above the historical estimate
(17.7 Mg ha™'), while 38% of thrice-burned plots were
above. For plots with high live tree density and live
basal area after the second fire (cluster 2), 44% of twice-
burned plots had a coarse woody debris load above the
historical estimate, while 31% of thrice-burned plots
were above. For plots with high coarse woody debris
load and snag basal area after the second fire, 100%
of twice-burned plots had a coarse woody debris load
above the historical estimate, while 67% of thrice-
burned plots were above.



Jasperse et al. Fire Ecology

(2025) 21:46

Page 10 of 19

cluster

[e] «
[A] 2
[m] s

Fig.4 Plot photos representing structural conditions after the second fire (measurements taken in 2017 or 2018) across K-means clusters (a—c),
where cluster 1 (a) represents plots with relatively high shrub cover, cluster 2 (b) represents plots with relatively high live tree density and basal
area, and cluster 3 (c) represents plots with relatively high coarse woody debris and snag basal area. K-means clusters (n= 52; d) with principal
component analysis (PCA) reduction, where axes represent principal component 1 (PC1) and principal component 2 (PC2) scores, indicating
the position of each plot in the PCA reduced dimensional space. Photo credit: USDA Forest Service, 2017 and 2018

Discussion

In the era of contemporary fire suppression, wild-
fires that burn the same area in short succession (<
15 years) are a relatively new phenomenon (Prichard
et al. 2017; Buma et al. 2020). Yet under historical fire
regimes, many western forests routinely experienced
short-interval reburns, which were a key regulating

process that limited severe fire effects and large-scale
conversions to non-forest vegetation states (Hessburg
et al. 2019). The reintroduction of low- to moderate-
severity fire in long fire-excluded forests (so-called
first-entry fires) has been shown to reduce surface
fuels (Cansler et al. 2019), tree densities, and ladder
fuels (e.g., Chamberlain et al. 2024), which collectively

Table 1 Structural characteristic medians for plots (n= 52) after the second fire (2012 Chips Fire; measurements taken in 2017
and 2018) by K-means clusters and the number of plots used in the K-means analysis resampled after the third fire (2021 Dixie Fire;
measurements taken in 2023). Bold indicates key structural metrics characterizing the corresponding cluster. Plot measurements

completed in the Plumas and Lassen National Forests, California, USA

Cluster Coarse woody Live tree Shrub
debris (Mg ha™) density cover

(trees ha™) (%)

13.0 25.0 48.8

2 19.0 175.0 3.0

3 120.3 0.0 15.4

Snag basal Live basal Plots
area (m?ha')  area (m? ha™) resampled in
2023 (n = 30)
4.2 8.2 8
1.4 38.3 16
61.5 0.0 6
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Fig. 5 Dixie Fire severity (relativized dNBR; RANBR) by K-means cluster (n=52). Higher RANBR values indicate increased severity, where values
>641 represent high severity (Miller and Thode 2007). Plot structural data is based on plot measurements taken in 2017 or 2018 pre-Dixie Fire

in the Plumas and Lassen National Forests, California, USA

moderate subsequent wildfire effects (Tortorelli et al.
2024). Therefore, in forests that historically experienced
relatively frequent fire, it is often assumed that reburn-
ing at less than high severity is largely restorative. It has
been argued that this type of process-based restoration
can be effective at restoring historical forest conditions
on its own, without the need for structural restoration
(i.e., mechanical treatment; Stephenson 1999). Our
results add some nuance to this argument. In particu-
lar, the influence of dead wood, as both snags and heavy
fuels, in contributing to higher-severity fire effects in
a third fire (i.e., second reburn) suggests that the long
legacy of fire exclusion may persist even after two low-
to moderate-severity fires. Therefore, the assumption
that forests will be restored after two low- to moderate-
severity fires may not be accurate; it may take three or
more fires to achieve forest overstory, understory, and
fuel restoration objectives.

Drivers of fire severity in a third fire (second reburn)

Snag basal area was positively associated with higher
fire severity in the third fire. Interestingly, coarse woody
debris was not identified as a significant contributor in
the RT for reburn severity despite findings from the RF
and K-means analyses. We presume this result reflects
the high degree of correlation between the two vari-
ables, where snags contribute to corresponding coarse
woody surface fuels accumulations over time. It is likely
that the variation in snag fall and coarse woody debris

accumulation after fire varies temporally and with pre-
fire stand structure and species composition (Peterson
et al. 2023). It is important to note that the interval
and timing of measurements in our study may have
impacted the observed levels of coarse woody debris
and snags. Measurements collected in 2017 and 2018
(i.e., after the second fire) used in this analysis were
taken 3 to 4 years prior to the third fire (i.e., second
reburn). It is possible that snags measured at this time
further degraded into coarse woody debris in the 3 to 4
years leading up to the 2021 Dixie Fire. As a result, our
estimated snag basal area could be over-representative
and coarse woody debris loads under-representative of
actual conditions prior to the third fire. Despite poten-
tial limitations in our measurements, our results overall
indicate the important role that dead biomass (whether
snags or coarse woody debris) resulting from one fire
has in contributing to subsequent fire severity, as also
demonstrated by Stephens et al. (2022) and in studies
within our study area (Coppoletta et al. 2016; Lydersen
et al. 2019).

Among the weather variables measured, ERC and rela-
tive humidity departed from the baseline (2012 to 2017)
for more days during July and August 2021 than other
weather indices measured. This finding corresponds
with results from the RF, where ERC was identified as
potentially important for predicting Dixie Fire severity.
These departures also indicate significantly drier than
average conditions across the fire area both in the near



Jasperse et al. Fire Ecology (2025) 21:46
a.
500 e
L]
High shrub High live High dead
400 cover plots tree plots biomass plots
_______ L .
300 °

IN]
o
S

Live tree density (trees ha"1)

o
S
L]

K-means cluster

Page 12 of 19
b . High live .
' High shrub tree plots * High dead
cover plots biomass plots
°
60
72 ________ i
£ .
§ 40 .
3
8
2 g I
-

1 2 3
K-means cluster

c High shrub High live High dead

) cover plots tree plots biomass plots

60

Status

;\3 . Pre-fire
g 40 M . Post-fire
8 ° E Pre-fire
g E Post-fire
t'lc> ‘ Pre-fire

20 I E Post-fire

0 T T T

1 2 3

K-means cluster

Fig. 6 Change in (a) live tree density, (b) live basal area, and (c) shrub cover pre- and post-Dixie Fire by K-means cluster (n= 30). Dashed blue lines
represent the natural range of variation (NRV) for Sierra Nevada yellow pine and mixed-conifer forest, including tree density ranging from 60 to 328
trees ha™' and live basal area ranging from 21 to 54 m” ha™". Circles represent outliers. Clusters denoted with an asterisk indicate a significant result.
Pre-Dixie Fire measurements were taken in 2017 or 2018 and post-Dixie Fire measurements were taken in 2023, in the Plumas and Lassen National

Forests, California, USA

term (relative humidity) and long term (ERC). These dry
conditions leading up to the Dixie Fire, combined with
potential antecedent drought-induced aridity, likely had
a considerable effect on pre-conditioning fuels across the
landscape. While it is surprising that weather was not
identified as significant in predicting Dixie Fire sever-
ity in our RT analysis, this lack of observed significance
of weather conditions on fire severity in our plots may
also point to the potential role of fuels, specifically the
observed high levels of dead biomass created from prior
fires in our study, coupled with dry conditions, in driving
fire behavior and severity.

It is important to note that there are limitations in using
RAWS data to characterize fire weather in our study. For

example, RAWS data do not capture the high degree of
spatial variability across our study area because stations
are few and far between. While these weather stations do
provide an approximation of conditions, finer spatial and
temporal resolution are needed to better explain vari-
ability in conditions and provide more localized context.
Furthermore, bootstrapped 95% confidence interval esti-
mates may reflect a range of conditions between the two
RAWS, given varying site locations and conditions (i.e.,
topographic differences) that in turn affect weather meas-
urements. Given gaps in data availability for each RAWS,
our analysis period was limited to 2012 to 2017 and thus
does not capture longer-term conditions for the region or
years immediately preceding the Dixie Fire. Additionally,
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Fig. 7 Change in (a) coarse woody debris and (b) snag basal area pre- and post-Dixie Fire by K-means cluster (n= 30). The dashed blue line
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represent outliers. Pre-Dixie Fire measurements were taken in 2017 or 2018 and post-Dixie Fire measurements were taken in 2023, in the Plumas
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it is possible that because many of our plots burned on
the same days and thus had similar weather inputs in our
RF and RT analyses, a lack of variability could have con-
tributed to the observed insignificance.

It is also important to note that although RANBR is a
widely used measure of fire severity, the method used
to assign severity indices in this study produces an esti-
mated RANBR that benefits from field-verification meth-
ods such as CBI plots. However, in our study, RANBR
values were not field-verified using CBI plots or other
validation methods, which may limit the assessment and
accuracy of these remotely sensed severity estimates.
Despite this limitation, Saberi and Harvey (2023) found
that when short-interval reburns are preceded by lower
severity (i.e., non-stand replacing) fires, RANBR tends to
align more closely with its interpretation for single fires.
Given that many of the plots in our analysis burned at
low-to moderate- severity prior to the third fire, RANBR
estimates likely provide a reasonable approximation of
fire severity.

Forest conditions following two “restorative” fires

and how they fared in a third fire

Snag basal area and coarse woody debris have been iden-
tified as significant predictors of severity in a second fire
(Lydersen et al. 2019; Coppoletta et al. 2016; Collins et al.

2018). Our finding that, even in areas burned twice at
low-to moderate-severity, high snag basal area and coarse
woody debris loads were associated with significantly
higher severities than plots with high shrub cover indi-
cates that these variables are important in a third fire as
well. These results also highlight that the contribution of
these structural characteristics in driving reburn sever-
ity was evident in plots across the full range of past fire
severity, including those with a history of low- to mod-
erate-severity fire. How snags directly impact fire behav-
ior is not well understood (Donato et al. 2013). However,
the presence of snags can result in high heat generation
during combustion (Brown, Reinhardt, and Kramer
2003; Stephens 2004). Consequently, snags and associ-
ated heavy fuel accumulation can act as mechanisms for
increased smoldering combustion, ember production,
crowning and torching, and spot fire ignition, thereby
facilitating fire spread and rate of growth (Ritchie et al.
2013; Stephens 2004; Van Wagtendonk 2006; Stephens
and Moghaddas 2005).

The succession of dead biomass post-fire can be a rein-
forcing mechanism for reburns, given the long residence
time and smoldering characteristics of coarse woody
debris (Brown, Reinhardt, and Kramer 2003; Johnson
et al. 2020; Van Wagtendonk 2006). This relationship,
understood as the “reburn hypothesis,” suggests that
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extensive areas of post-fire snags are prone to reburn at
higher severity with the accumulation of coarse woody
debris and regeneration of shrubs over time (Johnson
et al. 2020; Mclver and Starr 2001). In such instances, the
likelihood of long-term conversion from forest to either
shrub- or grass-dominated can be quite high (Coop et al.
2020). Among plots resampled post-Dixie Fire (n= 30),
seven plots had no live trees or saplings after the sec-
ond fire, and 13 plots had no live trees or saplings after
the third fire, potentially indicating a shift towards non-
forested conditions following successive reburns in our
study. Multiple reburns can further impact the dynam-
ics of dead biomass, influencing snag recruitment, fall
rates, decomposition, and surface fuel accumulation
post-reburn, while contributing to future fire effects.
These dynamics were exemplified in our study, in which
dead biomass produced following the second fire was
likely influenced by a third fire through consumption of
available material and possible impacts to standing snags
during reburn. Furthermore, we found that these same
structural characteristics after the second fire also drove
fire severity in the subsequent reburn.

Shrub cover was not identified as a significant driver
of severity in the third fire in our study. The lack of sig-
nificant influence of shrub cover on reburn severity aligns
with findings of previous studies (e.g., Collins et al. 2018),
where shrub cover in areas burned at moderate severity
had little influence on the severity of a subsequent fire.
Similarly, Brodie et al. (2024) demonstrated generally
lower fire severity in areas with higher pre-fire shrub
cover. Collectively, it appears that shrubs in stands with
live overstory trees may ameliorate fire effects, which is
generally counter to findings on the influence of shrubs
where overstory trees were largely fire-killed (Coppoletta
et al. 2016). The effect of shrub cover on fire intensity
can vary depending on age and live fuel moisture. Young
shrubs with high fuel moisture can act as heat sinks
reducing fire intensity (Stephens et al. 2018) but can burn
at increased intensity as they mature and live fuel mois-
ture decreases. The presence of substantial coarse woody
debris intermixed with shrubs may also exacerbate fire
intensity as the combustion of long-burning woody fuels
pre-heat and ultimately reduce the live fuel moisture of
shrubs.

Management implications

Our results indicating a range of live basal area and live
tree densities after both a second and third fire sug-
gest that fire effects to stand structure, and particularly
tree density, can vary significantly within the low- to
moderate-severity class as highlighted in previous stud-
ies (Collins et al. 2018). In the cluster with the most live
trees remaining after the second fire (cluster 2), a third
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fire reduced live tree density and live basal area below the
NRYV in over half of plots (69% and 75%, respectively). In
contrast, for plots with few live trees after the second fire
and high levels of coarse woody debris and snags (cluster
3), a third fire resulted in only one plot within the NRV
for live tree density and live basal area. These results
suggest that the influence of highly departed forest con-
ditions (i.e., too many trees, too much surface fuel) can
manifest itself even after experiencing “restorative” burns
due to the lasting legacy of fire-killed trees. The fact that
high coarse woody fuel accumulations and stand densi-
ties in some plots persisted not only after a first fire but
also after the second fire is further evidence of this leg-
acy. Particularly in the current context of extremely large
wildfires (Safford et al. 2022) with significant areas expe-
riencing short-interval reburns, our findings suggest that
a diverse set of management tools, including mechanical
thinning, will be needed to achieve desired restoration
outcomes.

Mechanical thinning treatments can be effective in
reducing canopy bulk density and limiting fire spread
(Brodie et al. 2024). However, these treatments may be
limited in their ability to achieve adequate surface fuel
reduction, which can result in more variable wildfire
outcomes (Knapp et al. 2004; Stephens et al. 2024). In
contrast, prescribed fire can significantly reduce fuel
loads (Stephens and Moghaddas 2005) that contribute
to scorching, crown fire behavior, and associated tree
mortality (Brodie et al. 2024). Numerous studies sug-
gest the efficacy of combined mechanical treatment
with low- to moderate-severity fire in reducing future
fire severity (Davis et al. 2024). Studies have shown that
forests that are treated with a combination of mechani-
cal treatments and prescribed fire are able to largely
resist burning at high severity (Shive et al. 2024), and
significantly reduce modeled fire behavior and pre-
dicted mortality (Stephens et al. 2009), even during
extreme weather and fire growth conditions (Lydersen
et al. 2017; Brodie et al. 2024). Prioritizing treatments
prior to an initial fire that reduce stand density have the
potential to also reduce post-fire standing snags, coarse
woody debris, and ultimately the severity of a subse-
quent fire (Coppoletta et al. 2016).

In addition to buffering future fire severity, previous
studies have shown the effectiveness of tailored mechani-
cal and prescribed fire treatments in promoting ecosys-
tem structure and processes that are more aligned with
historical conditions. Thinning and fuel treatments can
reduce forest vulnerability to climate extremes such as
drought by reducing tree competition for water and pro-
moting more drought-tolerant species (Low et al. 2021;
North et al. 2022), where repeat fire alone may not be
able to (Paudel et al. 2022). Findings from a 20-year forest
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restoration study in the northern Sierra Nevada demon-
strate the utility of combined mechanical treatments and
prescribed fire in reducing stand density index (SDI) to
within the partial competition range (25 to 34%), indi-
cating reduced inter-tree competition comparable to
historical mixed-conifer forests (Stephens et al. 2024).
This notion of combined treatments facilitating stand
structure that is more aligned with historical condi-
tions is further supported by North et al. (2007), where
a combination of understory thinning and prescribed fire
were able to significantly reduce stand density and pro-
mote spatial heterogeneity reflective of historical condi-
tions. Results from these studies highlight that effective
treatments in contemporary stands should substantially
reduce small- to moderate-sized tree densities, minimize
stem clustering, and decrease the percentage of shade-
tolerant species (North et al. 2007). While not directly
addressed in our study, it is relevant to note that field
observations across our plots indicated prolific resprout-
ing of California black oak (Quercus kelloggii) despite
areas of high conifer mortality. These observations coin-
cide with previous studies within our study region (Ste-
phens et al. 2023; Nemens et al. 2022) and underscore
an opportunity for California black oak to reestablish
dominance in many of these landscapes post-Dixie Fire—
particularly in areas where conifers may be less likely to
persist under current, post-fire, or future climatic condi-
tions (Stephens et al. 2023).

It is also critical that management in these systems
focus not only on targeting conditions prior to the initial
fire, but also consider the heterogeneous post-fire condi-
tions following subsequent reburns that in turn influence
future fire severity. Our results demonstrate that some
areas retained relatively high live tree densities and basal
area after the second fire (i.e., cluster 2), indicating a
need for proactive restoration actions. In areas with high
dead biomass post-fire (i.e., cluster 3), selective removal
of standing snags could also reduce the accumulation of
coarse woody debris over time (Stevens-Rumann et al.
2012), potentially buffering subsequent fire severity. Uni-
form prescriptions of snag retention and downed woody
material contrast with the historically patchy distribu-
tion of biomass across dry conifer forests (Holden et al.
2007; North et al. 2009; Stephens and Fulé 2005; Ste-
phens et al. 2007). Retaining the largest post-fire snags,
coupled with flexible retention guidelines, could enable
conditions more characteristic of frequent-fire forests
(Hessburg et al. 2015). However, the degree to which
managers should plan for retention and removal of snags
and coarse woody debris is an important question; man-
agement approaches will need to balance both fire haz-
ard reduction while ensuring the ecological function that
they support.
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Conclusion

As wildfires continue to increase in size and sever-
ity, many forests across the western US are experienc-
ing an overlap of successive fires. How repeated fires
influence future fire severity, when pre-fire stand con-
ditions are fundamentally departed, raises critical ques-
tions for management of these systems. Furthermore,
while reburns have the potential to act as a mechanism
for reintroducing reoccurring fire that was historically
a critical component of these frequent-fire forests, the
ability of repeat low- to moderate-severity fire to restore
forest structure is an important management consid-
eration. Low- to moderate-severity fire has been previ-
ously demonstrated to restore ecosystem processes and
reduce future fire severity long-term, but our results indi-
cate that it can also create fuel conditions that can drive
higher fire severity in successive fires. Post-fire outcomes
in these structurally and compositionally departed forests
are nuanced. In our study, successive low- to moderate-
severity fires resulted in distinct structural groups repre-
senting a range of conditions characterized by high dead
biomass, high live tree density and basal area, and high
shrub cover. We found that following a second fire, many
plots still exceeded historical estimates of stand structure
metrics for yellow pine and mixed-conifer forests of the
Sierra Nevada, particularly for coarse woody debris load,
with some plots also exceeding historical natural range
of variation (NRV) estimates for live tree density (Safford
and Stevens 2017). Collectively, our study demonstrates
that the structural conditions (i.e., dead biomass) result-
ing from a previous fire can consequently drive severity
in a subsequent fire, particularly when combined with
weather influences. The growing concerns regarding
the proportion and area burned at high severity in the
western US bring to light the management challenges
for ensuring forest conservation and recovery across
these systems in the years to come. However, our find-
ings demonstrate that particularly in areas where fire
has been long excluded, the impacts of past management
on forest structure may persist even after repeat low- to
moderate-severity fire. Although successive fires may act
to restore the frequency of fire associated with historical
fire regimes of these forests, our study underscores that
fire alone may not be able to achieve desired manage-
ment outcomes where forest restoration is the goal. In
these areas, forest restoration will require on-going man-
agement efforts to enhance landscape resilience amidst
changing climate conditions and inevitable future fire.
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