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Abstract 

Background  Giant sequoias, an iconic tree found only in a narrow band along the western slope of the Sierra 
Nevada of California, are facing unprecedented threats. Despite being adapted to fire and resistant to both drought 
and insect attack, the species has exhibited signs of vulnerability to these stressors in recent years, with the most 
substantial impacts coming from wildfire. Recently, several unprecedentedly large and severe fires have resulted 
in the deaths of many large trees and, in some cases, limited postfire regeneration. These impacts have led to height-
ened efforts by managers to implement treatments to protect those places that are still vulnerable. Here, we provide 
a comprehensive, range-wide assessment of the condition of the species, including an evaluation of the trends 
in wildfire and its effects on large giant sequoia mortality and the potential for local extirpation, treatment patterns, 
and vulnerability to future fire.

Results  From 2015 to 2024, 82% of giant sequoia grove area burned in wildfire, compared to 24% between 1910 
and 2014. We conservatively estimate that 17.6% of all large giant sequoias have been killed by wildfire since 1984, 
with most dying in 2020 and 2021. Due to very severe wildfire, roughly 13% of the range is at some risk of local extir-
pation due to the loss of mature trees and limited predicted regeneration. Treatment activity has increased since 1995, 
with treatment type and amount varying by jurisdiction. The combination of treatment and wildfire has created 
a mosaic of resistance to severe fire, with 26% of grove area at high resistance, 38% at moderate resistance, 2% at low 
resistance, and 16% having no resistance. The remaining 18% are areas where mature giant sequoia forest was lost 
due to high severity fire.

Conclusions  Giant sequoias have experienced substantial losses due to recent wildfire, with large areas at risk 
of grove loss. However, most burned area had lower severity effects, creating opportunities to leverage wildfire 
as a treatment. When combined with areas of active management, these opportunities can promote giant sequoia 
conservation in a time of rapid change.
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Resumen 

Antecedentes  Las sequoias gigantes, árboles icónicos que se encuentran sólo en una angosta franja a lo largo de la 
ladera oeste de la Sierra Nevada de California, están recibiendo amenazas sin precedentes. A pesar de estar adaptadas 
al fuego y ser resistentes tanto a la sequía como a los ataques de insectos, esta especie está exhibiendo signos de 
vulnerabilidad a esos factores estresantes en los últimos tiempos, con los impactos más sustanciales provenientes de 
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los incendios. Recientemente, incendios grandes y severos sin precedentes conocidos, han resultado en la muerte 
de algunos árboles grandes, y, en algunos casos, han limitado su regeneración en el post fuego. Estos impactos han 
llevado a aumentar los esfuerzos de los gestores de recursos para implementar tratamientos y proteger aquellas áreas 
que son todavía vulnerables. En este trabajo, proveemos de una determinación comprensiva y de un amplio rango 
sobre la condición de esta especie, incluyendo una evaluación de las tendencias en los incendios de vegetación y sus 
efectos en la mortalidad de estas sequoias gigantes y el potencial para su erradicación local, los patrones de tratami-
ento, y su vulnerabilidad a futuros incendios.

Resultados  Desde 2015 a 2024, el 82% de los bosques dominados por grandes sequoias gigantes, se quemaron en 
diferentes incendios, comparado con el 24% que se quemaron entre 1910 y 2014. Estimamos de manera conservativa 
que aproximadamente el 18% de las grandes sequoias gigantes fueron quemadas por incendios desde 1984, la mayo-
ría de ellas muriendo entre 2020 y 2021. Debido a fuegos muy severos, alrededor del 13% del hábitat de las sequoias, 
se encuentran en riesgo de erradicación local debido a la pérdida de árboles maduros y una regeneración probable-
mente limitada. La actividad de realización de tratamientos se incrementó desde 1995, con tipos de tratamientos y su 
cantidad variando en función de la jurisdicción. La combinación de estos tratamientos y los efectos de los incendios 
ha creado un mosaico de resistencia a fuegos severos, con el 26% del hábitat de las sequoias presentando una alta 
resistencia a fuegos de alta severidad, un 38% mostrando una mediana resistencia, un 2% una baja resistencia, y un 
16% sin ninguna resistencia. El otro 18% lo representan áreas donde sequoias gigantes maduras se perdieron debido 
a incendios de alta severidad.

Conclusiones  Las sequoias gigantes han experimentado pérdidas sustanciales debido a incendios recientes, con 
muchas áreas de esta especie en riesgo de perder su hábitat. Sin embargo, en la mayoría de las áreas quemadas, el 
efecto de la severidad fue bajo, lo que crea oportunidades para el uso del fuego como tratamiento. Cuando se com-
binan con áreas de manejo activo, estas oportunidades pueden promover la conservación de las sequoias gigantes 
en tiempos cambiantes.

Introduction
Giant sequoias (Sequoiadendron giganteum (Lindl.) 
Buchholz) are among the oldest and largest organ-
isms on earth, with individual giant sequoias living 
to > 3000  years old (Hartesveldt et  al. 1975). They also 
have a limited distribution, covering ~ 10,000 ha in the 
western Sierra Nevada mountains of California, USA. 
The ancient, iconic trees have been highly valued by 
humans for millennia (Franco 1994; Rueger 1994), and 
they have attracted visitors from across the globe for 
over a century (Tweed 2015). Their longevity has been 
attributed to their resistance to pests and disease, as 
well as adaptations to frequent low to moderate sever-
ity fire (Hartesveldt et al. 1975; Kilgore and Taylor 1979; 
Parsons and DeBenedetti 1979); until recently, the main 
cause of large giant sequoia mortality was toppling, 
often a consequence of successive fires that weakened 
their base. Yet, the past decade has seen a series of new 
threats for these iconic trees, raising concerns about 
the survival of the highly-valued ancient trees as well 
as the long-term persistence of the species within its 
current range (Nydick et al. 2018; Parsons and DeBene-
detti 1979; Stephenson et al. 2018, 2024a). The histori-
cally unprecedented drought from 2012 to 2016 caused 
novel foliage dieback (Stephenson et  al. 2018), and 
emerging drought-beetle-fire interactions may be con-
tributing to the deaths of large, mature giant sequoias 

(Foote et  al. 2024). But arguably the most immedi-
ate threat to these ancient trees is the rapid increase 
in severe wildfire throughout the species’ geographic 
range (Shive et al. 2022; Soderberg et al. 2024; Stephen-
son et al. 2024a).

Like many of the dry conifer forests of the western US, 
giant sequoia groves historically experienced frequent 
fires that resulted in lower severity fire effects (Swet-
nam 1993). These fires were ignited by Indigenous peo-
ple tending the landscape or by lightning, and they were 
generally patchy, occurring roughly every 2  years at the 
scale of a large grove (~ 350  ha) and every ~ 15  years at 
the individual tree scale (Swetnam 1993; Swetnam et al. 
2009). Giant sequoias have thick bark that insulates the 
cambium from fire and tall crowns that can escape sur-
face fires. The species is also semi-serotinous, with the 
most successful establishment associated with very small 
patches (0.1 ha to a few ha) of higher intensity fire, which 
creates bare, ashy mineral soil and open sunny conditions 
(Hartesveldt et  al. 1969; Stephenson 1996,  1999). In the 
past, these small pockets of high intensity likely primar-
ily killed co-occurring conifers (e.g., white fir, incense 
cedar, and sugar pine) but very few large giant sequoias 
(Stephenson et al. 2024a). Fire exclusion began in earnest 
in the late nineteenth and early twentieth century with 
Euro-American colonization, ostensibly to protect the 
giant trees from wildfire.



Page 3 of 24Shive et al. Fire Ecology           (2026) 22:30 	

As early as the 1960s, giant sequoia managers identi-
fied two of the most concerning consequences of pro-
longed fire exclusion (Parsons 1994): (1) the substantial 
accumulation of surface and ladder fuels, both of which 
could contribute to unnaturally severe wildfires (Biswell 
1961, Biswell and Weaver 1968), and (2) the near-absence 
of natural giant sequoia regeneration (Hartesveldt 
and Harvey 1967; Harvey et  al. 1980). To address these 
changes, managers called for restoring fire to the groves 
to reduce tree densities and woody surface fuels and to 
stimulate giant sequoia regeneration, with mechanical 
thinning used as an additional tool when necessary (Ste-
phenson 1996; Stewart 1994). Over time, studies have 
corroborated the efficacy of such treatments in reduc-
ing the severity of subsequent wildfires in related forest 
types (Davis et  al. 2019; Kalies and Yocom Kent 2016). 
Yet despite some initial optimism (Schuft 1973), progress 
in reversing the effects of fire exclusion in giant sequoia 
groves was relatively slow. By the mid-1990s, only about 
18% of native grove area had been treated with prescribed 
fire and roughly another 6% by mechanical thinning, the 
latter of which was usually followed by planting of giant 
sequoias and other conifer seedlings (Stephenson 1996). 
As of ~ 2010, 90% of groves exhibited high or extreme fire 
return interval departure, which created forest condi-
tions characterized by elevated tree densities and surface 
fuels (York et al. 2013).

While total grove area treated remained relatively 
small, so, initially did the areas affected by wildfires (Ste-
phenson 1996; Meyer and Safford 2011). The few wild-
fires that entered giant sequoia groves were relatively 
easily contained, and few mature giant sequoias were 
killed. By the mid-2010s, however, periodic bouts of his-
torically severe drought and heat set the stage for more 
extensive and severe wildfires, both by adding to fuel 
loads through the death of millions of trees (Northrop 
et al. 2024; Stephens et al. 2022) and by contributing to 
exceptionally low fuel moisture and extreme fire weather 
(Abatzoglou and Williams 2016; Williams et al. 2019).

Over the last 10  years, six historically unprecedented 
wildfires—in 2015, 2017, 2020, and 2021—were particu-
larly devastating to giant sequoia groves, killing a sub-
stantial number of large, mature giant sequoias across 
much of their native range (Shive et al. 2021, 2022; Soder-
berg et  al. 2024; Stephenson and Brigham 2021). Mor-
tality at this scale was unprecedented over at least the 
last 1000  years and probably much longer (Stephenson 
et  al. 2024a). These losses are especially troubling given 
that more than 20% of large giant sequoias were already 
lost to extractive logging in the late nineteenth to early 
twentieth centuries (Stephenson 1996). In addition to the 
loss of large, mature giant sequoias, the recent fires may 
reduce the overall extent of giant sequoia populations 

because, although small pockets of higher intensity fire 
are needed for giant sequoia regeneration and establish-
ment, the extent of high severity crown fire in recent 
years has been associated with post-fire giant sequoia 
seedling densities well below historical levels (Soderberg 
et al. 2024). Where areas of limited regeneration are also 
out of the dispersal zone of surviving trees, there is par-
ticular concern around local extirpation of the species.

Given giant sequoias’ limited distribution and poten-
tial for ongoing loss, an understanding of the cumula-
tive impacts of this altered fire regime at range-wide 
scales is critically needed for restoration planning and 
prioritization. For example, recent reports suggest that 
an estimated 13–19% of all existing large giant sequoias 
(> 1.1  m in diameter) were killed in the 2020 and 2021 
wildfires (Shive et  al. 2021; Stephenson and Brigham 
2021). While this initial effort was informative, the extent 
of recent research and monitoring in the region provides 
an opportunity to improve on these estimates by using 
a much larger reference dataset, building a more robust 
modelling framework, and expanding these estimates to 
include mortality across more wildfires. In addition, areas 
of high mortality can be intersected with areas where 
seedling regeneration is expected to be limited (Soder-
berg et al. 2024) to estimate the risk of local extirpation 
from wildfire.

Given the potential for restoration treatments (primar-
ily prescribed fire and mechanical thinning) to forestall 
these adverse high severity fire impacts, giant sequoia 
managers are working to increase the pace and scale of 
these treatments in response to the record-breaking 
2020 and 2021 fire seasons (e.g., National Park Service 
2022; US Forest Service 2022), but the extent to which 
this is happening across the range has not been quanti-
fied. Moreover, examining trends in treatment rates and 
types can elucidate differences among management enti-
ties and highlight opportunities to expand, diversify, and 
prioritize treatments range-wide. Simultaneously, there 
is increasing recognition that low to moderate severity 
areas of otherwise undesirable wildfires can be restora-
tive (Larson et  al. 2022; Meyer et  al. 2021; North et  al. 
2021; Stevens et  al. 2021). In these areas, large, mature 
giant sequoia survival is generally high (Shive et al. 2022), 
and surface and ladder fuels are reduced (Das et al. 2025). 
While the impacts of high severity fire have received sig-
nificant management and research attention, the extent 
of this potentially beneficial wildfire is less well docu-
mented in giant sequoia. Moreover, both wildfires and 
treatments interact to shape current conditions, and 
disturbance history can be used to estimate the relative 
resistance to high severity fire (Shive et  al. 2025) across 
the range, which will also be an important consideration 
in prioritizing future treatments.
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To better understand trends and conditions across 
the giant sequoia range, we addressed the following 
questions:

1.	 What are the trends in wildfire history and severity, 
including beneficial wildfire, in giant sequoia groves?

2.	 What are the impacts of altered fire regimes on 
large giant sequoia mortality and, when considering 
expected regeneration patterns, what is the potential 
for local extirpation?

3.	 What are the trends in active forest management (i.e., 
prescribed fire, thinning) in giant sequoia groves, and 
how do these compare with beneficial wildfire?

4.	 How do treatments and wildfire interact to confer 
resistance to high severity fire across groves?

Methods
Study area
Giant sequoia groves occur within the mixed conifer 
forest zone on the western slope of the Sierra Nevada 
mountains, between 898 and 2680  m in elevation. In 
addition to giant sequoias, the groves include a range of 
other conifer species that commonly occur in the neigh-
boring mixed conifer forests, typically including vary-
ing components of white fir (Abies concolor (Gordon & 
Glend.) Lindl. ex Hildebr.), sugar pine (Pinus lamber-
tiana Douglas), incense cedar (Calocedrus decurrens 
(Torr.) Florin), ponderosa pine (Pinus ponderosa Douglas 
ex Lawson & C. Lawson), and black oak (Quercus kellog-
gii Newb.) (Rundel, 1971). The climate is mediterranean 
with hot, dry summers and cool, moist winters, where 
mean annual precipitation ranges from 960 to 1179 mm.

The natural range is bounded to the north by Placer 
Grove on the Tahoe National Forest and to the south by 
Deer Creek Grove in Giant Sequoia National Monument 
(GSNM), with 96% of the range area occurring south of 
the Kings River (Hart 2023; Fig. 1). The mapped area of 
giant sequoia extent has varied due to different mapping 
approaches, but a 2020 effort formalized agreed upon 
boundaries to support research and range-wide track-
ing (Hart 2023, though individual management enti-
ties may retain their own geographic boundaries that 
are associated with land management designations). All 
spatial analyses and results use the Hart (2023) bounda-
ries, which cover ~ 10,133  ha across 97 distinct mapped 
populations or isolated trees, which are tradition-
ally lumped to ~ 70 groves (grove numbers vary across 
sources, depending on how populations are lumped or 
split). There are a few additional groves that occur on 
the Tule River Indian Reservation, but spatial data on 
these are not publicly available. Our analysis is focused 
on the majority of the range, which is primarily in public 
ownership.

Table 1 reports the grove area managed by entity which 
was derived from rectified ownership boundaries in the 
California Protected Areas Database ((CPAD) GreenInfo 
Network, 2022). The sum of these hectares (10,137  ha) 
slightly exceeds the Hart (2023) mapped boundaries 
due to small areas of overlap between some neighboring 
agencies. The Supplementary Materials include a table of 
the Hart (2023) mapped populations and their manag-
ing entity (Appendix A, Table A1), as well as information 
on how the Hart (2023) boundaries were rectified with 
CPAD (Appendix B).

Table  1 also reports the total number of groves each 
managing entity recognizes, and the years for which 
treatment data are available (Table 1) (e.g., for USFS, the 
earliest treatment record in the Forest Service Activity 
Tracking System across the three management units was 
1937, though this treatment was not in a giant sequoia 
grove, it reflects the time in which records began).

All spatial data were manipulated in R (R Core Team 
2023) using the tidyverse (Wickham 2019), sf (Pebesma 
2018; Pebesma and Bivand 2023), and terra (Hijmans 
2025) packages.

Wildfire data
To evaluate area burned over the last century, we used 
a database of fire perimeters from California, start-
ing in 1910, the first year a fire was recorded in a giant 
sequoia grove, through 2024 (CAL Fire 2023a). Note 
that records prior to ~ 1950 are likely less comprehen-
sive and spatially accurate than the later records. We 
assessed trends in fire severity between 1984 and 2024, 
since fire severity data are based on Landsat imagery 
which first became available in 1984. We used Google 
Earth Engine to calculate the Relativized differenced 
Normalized Burn Ratio (RdNBR) to create extended 
assessment (e.g., roughly 1 year postfire) severity maps 
for each fire that occurred in a grove in this timeframe. 
RdNBR quantifies the change in vegetation condition 
based on mean pre- and postfire scenes, using 30-m 
resolution LANDSAT satellite imagery (Parks et  al. 
2018). We also used an existing immediate postfire 
severity assessment from the US Forest Service Rapid 
Assessment Vegetation Condition program for the 
2024 Coffee Pot Fire, which is based on 20 m Sentinel 
imagery, since the analysis occurred too soon after the 
fire to obtain the extended assessment (the Coffee Pot 
Fire covered only 3% of the total fire severity dataset 
within giant sequoia groves). RdNBR was then classi-
fied into four severity classes using established thresh-
olds for Sierra Nevada forests (Miller and Thode 2007). 
These classes include undetected change, low severity 
(> 0–25% change in live vegetation), moderate severity 
(25–75% change), and high severity (75–100% change). 
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Fig. 1  The giant sequoia range with managing entity. Groves are buffered by 500 m to improve visibility. Mountain Home Demonstration State 
Forest, Save the Redwoods League, Tulare County and UC Berkeley boundaries are not visible at this scale. The Tule River Tribe also manages sequoia 
groves, but their grove locations are not publicly available
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For high severity, the overall change metric has been 
linked with > 90% basal area mortality for overstory 
trees (Miller et al. 2009). Note that in forested systems, 
undetected change means that the satellite did not 
detect a change in canopy conditions, which in some 
cases is a totally unburned area, and in other cases the 
area experienced a light underburn. Where we use the 
severity data in our regeneration and resistance clas-
sifications (described below), we took a conservative 
approach and treat the undetected change category as 
unburned. Our collated severity dataset included 37 
total wildfires.

To more closely examine recent patterns of high 
severity, we used the landscapemetrics package (Hes-
selbarth et al. 2019) in R to calculate high severity patch 
sizes for all fires in our fire severity dataset (1984–
2024). We used a 4-pixel neighborhood rule (where the 
pixels above, below, left, and right are also high sever-
ity) to define contiguous high severity patches, which 
may or may not have small lower severity patches 
inside them. These high severity patches were identified 

across each of the fire areas and clipped to the grove 
boundaries.

Estimating large giant sequoia mortality
To estimate large giant sequoia mortality across burned 
areas, we built on the framework developed by Stephen-
son and Brigham (2021) and used in Shive et al. (2021), 
which collectively covered the 2020 and 2021 wildfires 
(the differences between these initial efforts and the cur-
rent modelling are detailed in the Supplementary Materi-
als, Appendix C). We focused on the mortality of “large 
giant sequoias” (defined as trees > 107 cm (3.5′) diameter 
at breast height (DBH)) because they are highly cultur-
ally valued, and also produce the most cones (Sillett et al. 
2019). Note that this classification is distinct from repro-
ductive maturity, as many smaller trees have some cones 
with viable seeds; throughout the text, we use “large” 
giant sequoias when referring to the size class used for 
the mortality estimates, and “mature” when referring to 
concerns around regeneration.

Table 1  Land managers of giant sequoia groves throughout the range and the grove extent that they manage in hectares based 
on Hart (2023) and the number of groves the agencies report that they manage. Treatment data availability refers to the time period 
during which the agency was recording any treatment data, regardless of whether or not it was in a grove. Details on the 16 grove 
units that span agency boundaries can be found in the Supplementary Materials (Appendix A, Table A1)

The Case Mountain Groves have roughly 44 ha of private ownership which are managed by the BLM under existing agreements, but these hectares are shown under 
private ownership in this table

Managing agency/unit Hectares (from  Hart 
2023)

Number of agency-
recognized groves

Years with 
treatment data 
available

Bureau of Land Management 2011–2024

  Case Mountain Extensive Recreation Management Area 37 6

California State Parks 2000–2024

  Calaveras Big Trees State Park 172 2

California Department of Forestry and Fire Protection (CAL FIRE) 1951–2024

  Mountain Home Demonstration State Forest 985 Portions of 4

National Park Service 1970–2024

  Sequoia and Kings Canyon National Parks 4,146 39

  Yosemite National Park 126 3

US Forest Service 1937–2024

  Giant Sequoia National Monument 4,005 33

  Sierra National Forest 153 2

  Tahoe National Forest 1 1

Tulare County None documented

  Balch Park 81 Portion of 1

Non-profit 1997–2024

  Save the Redwoods League 130 Portion of 1

UC Berkeley 2001–2024

  Whitaker’s Research Forest 119 Portion of 1

Private ownership 1997–2024

  Miscellaneous owners 182 Portions of 13
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We based our analysis on a large, combined dataset 
with data from Soderberg et al. (2024), Shive et al. (2022), 
Meyer et al. (2025), and additional unpublished data from 
Save the Redwoods League (SRL), University of Califor-
nia, Berkeley (UCB), and the University of Nevada-Reno. 
These data included the live/dead status for 3741 large 
giant sequoias, spanning 38 groves in eight different wild-
fires that occurred from 2015 to 2022 (Table 2). Note that 
the data from Shive et al. 2022, which is 12% of the total 
mortality dataset, used a slightly larger size cut off for 
their surveys (120 cm; ~ 4′). All field assessments occurred 
within 5 years following wildfire (Table 2). A 5-year post-
fire window captures both immediate and some of the 
delayed fire-induced mortality (Shive et al. 2022), depend-
ing on the number of years postfire the measurements 
were taken. The 5-year window also minimizes the influ-
ence of background mortality due to natural causes, which 
is estimated to be roughly 0.1% annually for large giant 
sequoias (Lambert and Stohlgren 1988). Giant sequoias 
included in the dataset were sampled across a range of 
fire severity classes and multiple jurisdictions, including 
Sequoia and Kings Canyon National Parks (SEKI), Yosem-
ite National Park (YOSE); GSNM; Mountain Home Dem-
onstration State Forest (MHDSF); Sierra National Forest; 
and lands managed by SRL and UCB. Tree sizes across 
these datasets ranged from 107 to 950 cm, with a mean of 
266 cm and a median of 243 cm. Note that the largest DBH 
in our dataset exceeds the largest diameter published for 
giant sequoia; we assume that this is due to the difficulty 
with measuring large giant sequoias in the field using con-
ventional methods (e.g., DBH tapes).

We fit a Bayesian generalized additive model with a 
negative binomial family and logit link, which estimated 
a global spline representing the nonlinear RdNBR–mor-
tality curve. The empirical dataset consisted of indi-
vidual trees classified as alive or dead; the model used 
these observations to estimate mortality probabilities 
across the continuous RdNBR gradient. This approach 

captures nonlinear severity responses while accounting 
for variance inflation common in ecological data, and is 
conceptually analogous to recent efforts to link continu-
ous burn-severity metrics to mortality outcomes (e.g., 
Furniss et al. 2020; Greenler et al. 2023). Posterior predic-
tive checks, performed by simulating new datasets from 
the fitted model and comparing them with observed pat-
terns, showed close agreement between observed and 
replicated mortality statistics across the RdNBR range 
(Figs. C1–C2). In Fig. 4, we also plot empirical mortality 
proportions in 200-unit RdNBR bins against the model fit 
to illustrate model–data agreement. Full model specifica-
tion, priors, and diagnostics are provided in Supplemen-
tary Material, Appendix C.

We then used RdNBR across the range to scale our 
estimates up to the total number of dead large giant 
sequoias, for all wildfires between 1984 and 2024. We 
used the expected density of 6.6867 large giant sequoias 
ha−1 (derived from the Sequoia Tree Inventory (National 
Park Service 1973) and grove boundaries (Hart 2023)) 
to estimate the number of large giant sequoias based on 
pixel area (determined by the sensor resolution: 30  m 
for Landsat, 20 m for Sentinel) and applied the RdNBR-
based mortality model to estimate the number of trees 
killed. We then aggregated pixel-level results to estimate 
total large giant sequoia mortality per fire event. Consid-
erations about how past logging may have impacted the 
density estimates, which came from predominantly old-
growth forests, can be found in the Supplementary Mate-
rial (Appendix C).

Estimating the risk of local extirpation
We classified the risk of local extirpation by consider-
ing both expected recent regeneration and the retention 
of live seed trees, where the extirpation risk could range 
from low (areas that retain mature live seed trees) to very 
high (areas that lack live seed trees postfire and that had 
little regeneration). We distinguished these classes based 

Table 2  Number of large sequoias (> 107 cm DBH) that were surveyed in a given year postfire, for each wildfire. For the Rough, Pier 
and Railroad Fires (12% of the data), large sequoias were defined as > 120 cm DBH

Survey delay (years 
since fire)

Fire-year

Rough
2015

Pier
2017

Railroad
2017

Eden
2018

Castle
2020

KNP
2021

Windy
2021

Washburn
2022

Total

1 – – 53 – 689 923 427 21 2100

2 – – – – 220 111 4 – 335

3 – 205 – – 540 60 1 – 806

4 – – – – 170 – – – 183

5 196 – – 121 – – – – 317

Total trees 196 205 53 121 1619 1094 432 21 3741
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on relationships between disturbance type, large tree 
mortality, and regeneration (Soderberg et  al. 2024) for 
disturbances that occurred between 1984 and 2024. For 
both seed tree retention and expected regeneration, we 
further subdivided the high severity class into three sub-
classes (Table  3) to account for important variations in 
levels of tree mortality and regeneration as documented 
in Soderberg et al. (2024) and in our mortality analysis.

For regeneration, we classified areas with no fire or 
treatment as “effectively none” (Table  3), because suc-
cessful establishment requires the bare mineral soil and 
forest gaps created by fire (Hartesveldt et al. 1969). This 
includes unburned areas and areas of undetected change 
within fire perimeters on severity maps (i.e., some of 
which may have had a light underburn). Within areas 
that had no recent fire history, areas that had mechanical 
thinning were classified as having “none to sparse, scat-
tered patches.” Hand thinning or lop and scatter treat-
ments that do not expose the soil are unlikely to promote 
regeneration (Stephens et  al. 1999), but thinning treat-
ments conducted with heavy equipment that expose bare 
mineral soil and create canopy gaps can promote some 
regeneration, since giant sequoias release some seed each 
year (Meyer and Safford 2011).

Within burned areas, regeneration tends to follow a hump-
shaped curve, with the least regeneration in very low and 
very high severity areas (Soderberg et al. 2024; Stephenson 
1994). We classified low and moderate severity areas as likely 
having “sparse, scattered patches to many patches” of regen-
eration; these areas can result in “many patches” even in low 
severity areas as some small, local higher-severity patches 
can go undetected by RdNBR (Stephenson et  al. 2024b). 
We assigned the same expected regeneration for prescribed 
fire footprints presumed to be predominantly low severity. 

Within high severity, we assigned expected regeneration 
based on established relationships with the type of crown 
damage (Soderberg et  al. 2024; Soderberg and Das 2023). 
Crown scorch occurs when the foliage is killed, but not con-
sumed, by radiant or convective heat. Crown torch results 
in direct needle combustion from a crown fire, and has 
been associated with the lowest regeneration rates (Soder-
berg et al. 2024), likely because the seeds are either burned 
up or subjected to lethal temperatures. Soderberg and Das 
(2023) linked individual giant sequoias with ≥ 90% crown 
torch with ~ 1100 RdNBR, where the remaining crown was 
scorched or had < 1% live crown remaining (most had 0%). 
An RdNBR of ≥ 1100 also corresponds to a steep drop off in 
regeneration rates (Soderberg et  al. 2024), so we classified 
areas > 1100 as having “sparse, scattered patches”. An RdNBR 
of ~ 800 corresponds to areas with ~ 50% crown torch (where 
the remaining crown is scorched or has ≤ 8% live crown; 
Soderberg and Das (2023)), so we classified areas 800–1100 
as having “scattered patches to many patches.” The lowest 
subclass within high severity was defined as RdNBR values 
640–800, which were classified as being likely to have “many 
patches,” given observed regeneration patterns in crown 
scorch areas, where seed release was likely abundant and the 
increase in canopy openings can increase seedling survival.

For seed tree retention, unburned, low severity, and pre-
scribed fire areas were all classified as “very high,” rang-
ing down to “very low” in the highest severity areas (e.g., 
RdNBR > 1100; Table  3). Within the three high severity 
subclasses, we modified the classifications in Table  3 in 
high severity areas that are within the estimated dispersal 
distance of unburned or lesser burned areas as a proxy for 
seed tree retention. We used 67.8  m as the dispersal dis-
tance, which is where 99% of the giant sequoia seed rain is 
expected to fall (Clark et al. 1999). Where the high severity 

Table 3  Expected patterns of recent regeneration and seed tree retention by treatment type and across a fire severity gradient. For 
disturbance types, active treatment is further subdivided by the coarse treatment types (mechanical treatments and fire-related 
treatments) and wildfire is subdivided by severity lass (and high severity is further parsed out into three groups). Both recent 
regeneration and seed tree retention were then combined to estimate the potential risk of local giant sequoia extirpation

Disturbance type Expected current natural regeneration Seed tree retention Risk of local 
extirpation

Untreated/unburned Effectively none Very high Low 

Active treatment Mechanical treatments None to sparse, scattered patches Very high Low

Fire-related treatments Sparse, scattered patches Very high Low 

Wildfire Undetected change Effectively none Very high Low

Low severity Sparse, scattered patches Very high Low

Moderate severity Scattered patches to many patches High to moderate Low 

High severity RdNBR 640-800 Many patches Moderate Moderate

RdNBR 800-1100 Scattered patches to many patches Low High

RdNBR >1100 Sparse, scattered patches Very low Very high
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areas are within this potential dispersal zone, we changed 
the class for seed tree retention by one qualitative level (e.g., 
areas of high severity that are expected to have “Low” seed 
tree retention were reassigned to “Moderate,” “Moderate” 
retention were reassigned to “High to Moderate”).

Finally, considering both the expected regeneration 
and seed tree retention patterns, we classified the range 
into the degree of risk of local extirpation as detailed in 
Table 3. We also overlaid federally designated wilderness 
boundaries to estimate how much of the area that is at 
risk is also potentially more difficult to access.

Treatment data
We used a suite of sources for the treatment data. For fed-
eral lands, we used a combination of publicly available data-
sets (National Park Service 2024; US Forest Service 2023a, 
b), which we supplemented with data directly from the 
agencies as needed (additional details in the Supplementary 
Materials, Appendix B). For all federal sources, we excluded 
all “Fire Use” or other treatment types that refer to a wild-
fire that had resource benefit, since these fires are more 
meaningfully represented in our fire severity dataset.

For private and state lands, we used the CAL FIRE 
Forest and Range Assessment Program prescribed fire 
database (CAL Fire 2023a), the CAL FIRE Timber Har-
vest Plan (THP) database (CAL Fire 2023b, c), the Intera-
gency Tracking System, and data for MHDSF came from 
Phelan (2024). Note that we lack spatial data for single 
tree removal of beetle killed trees (2013–2018) (Jim Kral, 
MHDSF Forester, personal communication).

For private lands with no THPs, it is possible that some 
of these areas were treated under an exemption, which we 
cannot track. We also note that there was a Non-indus-
trial Timber Management Plan (NTMP) from 1999 for 
478  ha of Dillonwood Grove. However, NTMPs simply 
authorize a broad range of work but do not document if 
or where work has taken place, so we did not consider this 
area treated. In addition, Dillonwood grove became part 
of SEKI in 2000, so it is unlikely much treatment was done 
in one year. Private inholdings in the BLM Case Moun-
tain Recreation Area groves have had some mechanical 
thinning and mastication treatments in conjunction with 
BLM treatments, which is included in the BLM mapped 
polygons (Danielle Thomas, BLM Forester, personal com-
munication). For both the BLM Case Mountain Recrea-
tion Area groves and Calaveras Big Trees State Park, there 
were some past treatments ranging from the 1980s to 
early 2000s, but these were not documented spatially. In 
areas where some treatment data are lacking, our sum-
mary should be considered a conservative estimate.

We reclassified all treatment types into two coarse 
treatment classes: “Fire-related treatment,” which 
includes broadcast burning and pile burning. Pile 

burning can be less effective at reducing subsequent 
wildfire severity (62% mean reduction versus 72% mean 
reduction for broadcast burning; Davis et al. 2024), likely 
because it does not reduce woody fuels continuously 
across the forest floor. However, the differences are not 
large and pile burning does reduce and consume some of 
the surface fuel, so we have combined these to simplify 
our assessment. Mechanical thinning via hand thinning 
or using heavy equipment were classified as “Mechanical 
treatments” (for a detailed crosswalk of treatment types, 
see Appendix S1, Table  S1 in Shive et  al. 2025). While 
there is tremendous variation in mechanical treatments, 
we combined them since their overall goal is tree den-
sity reduction without surface fuel consumption. For the 
bar graphs summarizing treatment over time, we report 
“activity hectares” sensu Knight et al. (2022), which refers 
to the total amount of treatment on an area basis, but 
did not distinguish if area (i.e., “footprint hectares”). We 
made this choice because, as noted above, one of our 
interests is in how much work can get done. Footprint 
hectares are considered as part of the classification of 
resistance to high severity fire, described below, and also 
discussed in the text.

Classifying resistance to high severity wildfire
Building on an assessment of forest resistance in the 
Sierra Nevada yellow pine and mixed conifer forests 
(Shive et al. 2025), we evaluated the potential resistance 
to high severity fire across the giant sequoia range in 
terms of stand-level fuel conditions (not the fire resist-
ance of individual giant sequoias). We inferred this by 
disturbance history, including both past treatments and 
wildfires. We considered both the type, number, and 
timing of prior disturbances to estimate the state of 
giant sequoia groves as of 2024. Beneficial disturbances 
included low and moderate severity fire, fire-related 
treatments, and mechanical thinning.

We classified the range into six categories based on 
disturbance history, where disturbance efficacy was set 
at 15  years, so that the most recent disturbance had to 
occur within that time frame (2010–2024) for an area 
to have some level of resistance. Several studies suggest 
that treatments remain effective for ~ 10  years, but, as 
this is an approximation and can be site specific, we used 
15 years to allow for some variation in effectiveness, and 
because it matches the historic fire return interval. We 
classified areas as having High resistance to high severity 
wildfire where they had (1) ≥ 2 disturbances that included 
either low or moderate severity fire, prescribed fire, pile 
burning or thinning, where at least one was a fire-related 
treatment that reduced surface fuels; and (2) the time 
between treatments was < 22 years (Fig. 2). Note that we 
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used a longer time frame for the maximum time between 
treatments (22  years, based on North et  al. 2022) than 
time since treatment (15  years). We made the choice to 

use different time intervals because while > 15 years since 
the last treatment may result in fuels conditions that lead 
to severe fire effects during the height of wildfire season, 

Fig. 2  Examples of the four resistance classes (No, Low, Moderate and High resistance) and mature forest loss
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if that area receives another treatment within 22  years 
before burning in a wildfire, the legacy effects of the first 
treatment are likely to persist and contribute to increased 
resistance (Stephens et al. 2012). This differs slightly from 
the similar classification in Shive et al. (2025) which used 
the 22-year window for both time since beneficial distur-
bance as well as time between treatments.

Because several studies have shown that prescribed 
fire-only treatments are more resistant to high sever-
ity fire than mechanical treatments alone (Davis et  al. 
2024; Prichard et  al. 2020), we classified groves that 
have had only one fire treatment or beneficial wildfire 
as Moderate resistance (Fig. 2). We classified areas that 
have had only mechanical treatments (one or more) as 
Low resistance. Thinning-only treatments are gener-
ally the most variable in terms of their impact on sub-
sequent fire severity; areas with excess fuels that were 
created by the treatment may burn more severely, 
whereas areas where those fuels were addressed as 
part of the prescription, could have neutral to positive 
effects (Davis et al. 2024; Kalies and Yocom Kent 2016; 
Prichard et  al. 2021). For the sake of this exercise, we 
make the simplifying assumption that thinning-only 
treatments had a modest positive impact. Note that 
areas where > 22 years passed between treatments were 
classified based solely on the most recent disturbance, 
under the assumption that the extended time period 
between treatments negated the benefit of repeated 
treatments; therefore these areas were classified as 
Low or Moderate resistance (but we acknowledge that 
some of these areas that had multiple widely spaced out 
treatments may still be more resistant than areas with 
just one disturbance, depending on the site).

Areas with no treatments or areas within wildfires that 
were classified as undetected change during the period 
of analysis (2010–2024) were classified as No resist-
ance  (Fig.  2). No Resistance represents stand-level con-
ditions that lack an inherent resistance to severe wildfire 
due to elevated fuels and dense forest structure; it does 
not imply that a grove will burn severely under all envi-
ronmental conditions (e.g., nighttime, periods with higher 
fuel moisture). In other words, “No resistance” is simply 
an assessment of the fuels-based risk of high severity fire.

We further classified areas that burned at high sever-
ity as Mature forest loss  (Fig.  2). For this class only, we 
included all areas that burned at high severity 1984–
2024, since they would not have re-grown to mature 
giant sequoia forests in this timeframe, even if there was 
adequate postfire regeneration. Figure 2 includes photo-
graphic examples of forest structure and fuels for each 
of these classes. To understand where the benefits of 
restoration work have potentially been lost (i.e., “faded” 
resistance), we also classified areas where > 15 years have 

passed since the last treatment for presentation in a sepa-
rate figure.

Results
Q1: wildfire trends
Area burned (1910–2024)
The first recorded wildfire occurred in 1910, after the 
onset of fire exclusion and during the active suppres-
sion period. Between 1910 and 2024, 10,789 ha of giant 
sequoia grove area burned, which covered a total of 8514 
footprint hectares (Supplementary Materials, Fig. A1).

Between 1910 and 2014, there were 70 wildfires docu-
mented within grove boundaries that burned a total of 
2440 ha, which is 24% of the total grove area. During this 
period, the largest fire was 363 ha and the median wild-
fire size was 6 ha. Five wildfires burned more than 100 ha 
of giant sequoia forests (one in 1910, two in 1928, one 
in 1955, and one in 1991). These fires burned in Black 
Mountain Grove (1928), Freeman Creek Grove (1910), 
the mostly second growth Converse Basin Grove (1928 
and 1955), and the East Fork Grove (1991; this wildfire 
was managed for resource benefit).

Between 2015 and 2024, 82% of giant sequoia grove 
area burned, with the onset of large wildfires beginning 
with the 2015 Rough Fire (Supplementary Materials, 
Fig. A1). This period includes 15 wildfires that burned 
8349  ha, over three times more than burned between 
1910 and 2014 (or 23  ha per year in 1910–2014 ver-
sus 835  ha per year in 2015 to 2024, which is a 36-fold 
increase in the rate of burning). Most of these fires were 
naturally ignited by lightning, and several of them were 
in the backcountry and were managed for resource ben-
efit. However, the larger and more recent fires were man-
aged primarily for suppression objectives. This included 
the 2020 Castle Fire that burned 3544 ha of giant sequoia 
groves, followed by the 2021 KNP Complex and Windy 
Fires that burned 2231 ha of grove area; these fires were 
also started by lightning, but they were burning under 
severe fire weather conditions.

Wildfire severity (1984–2024)
For the period when severity data are available (1984 to 
present), 9106  ha of giant sequoia grove area burned. 
Roughly 20% (1846  ha) of the fire areas were classi-
fied as high severity, most of which occurred in the lat-
ter part of the study period (2015, 2017, 2020 and 2021; 
Fig. 3). For the largest wildfires that also had the greatest 
area of high severity (2020 Castle Fire, 2021 KNP Com-
plex, 2021 Windy Fire), the severity in individual groves 
varied. Some smaller groves such as Starvation Creek, 
Board Camp, and Deer Creek (all < 20 ha) were classified 
as > 85% high severity, with the 10  ha Starvation Creek 
grove classified as 96% high severity. Some larger groves 
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sustained very high proportions of area burned with high 
severity fire effects, including the 234 ha Wheel Meadow 
grove (79%) and the 572 ha Freeman Creek grove (64%). 
The two largest groves, Mountain Home (1133  ha) and 
Redwood Mountain (1059 ha), experienced a lower pro-
portion of high severity (17% and 25% respectively), but 
these lower percentages still resulted in substantial total 
area impacted due to grove size.

For all wildfires during the 10-year period of 2015–
2024, the largest contiguous patch of high severity wild-
fire was 265.7  ha, which was more than two orders of 
magnitude larger than the largest patch (2.3  ha) during 
the 31-year period from 1984 to 2014. Thirty-two con-
tiguous patches of high severity fire were > 10  ha, and 
all of these occurred during the six large wildfires of 
2015, 2017, 2020, and 2021. The three largest contigu-
ous patches of high severity fire were each > 100 ha and 
collectively spanned 554.2  ha—more than 5% of giant 
sequoia’s native range.

Potentially beneficial fire (low or moderate severity) 
occurred on 5904  ha, over three times the amount of 
high severity area burned. The Undetected change class 
accounted for an additional 1356  ha, some portion of 
which included beneficial fire. Area burned by severity 
for individual wildfires and impacted groves can be found 
in the Supplementary Material (Table A2).

Q2a: large giant sequoia mortality
The model showed a strong fit to the calibration data, 
with binned field observations closely aligning with 
model-based predictions across the range of RdNBR 
values (Fig.  4). Visual assessments of model fit further 
support this, as predictive distributions closely tracked 
average observed mortality across the full range of 
RdNBR values (Supplementary Materials, Appendix C, 
Figs. C1, C2). This agreement suggests that the model 
effectively captures the nonlinear relationship between 
remotely sensed RdNBR burn severity and large giant 
sequoia mortality, providing a robust basis for ecological 
inference and scenario evaluation.

Combining our modeled probability of large giant 
sequoia mortality based on RdNBR values with the 
expected density of large giant sequoias (6.6867  ha−1) 
across grove areas affected by fire, we estimated a 
cumulative loss of approximately 17.6% of all large 
giant sequoias since 1984 (90% credible interval: 16.4–
18.8%), which corresponds to an estimated ~ 12,340 
trees. This estimate is likely to be conservative, given 
that the majority of mortality assessments occurred 
only 1 year postfire (mean = 2  years postfire) (Table 2) 
and thus undoubtedly missed some delayed mor-
tality (Shive et  al. 2022). Nearly all of the mortality 
occurred since 2015, with the majority occurring dur-
ing the large fire years of 2020 and 2021. During this 
time, Freeman Creek, Redwood Mountain, Mountain 

Fig. 3  Wildfire area burned by severity (left axis) and by the percentage of the giant sequoia range (right axis), 1984–2024. Note that several fire 
years are not visible due to the scale, including six years with < 1 ha burned, and 8 years with 1–11 ha burned
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Home, and Wheel Meadow groves likely sustained the 
largest absolute losses of large giant sequoias, given the 
large areas burned at high severity within these groves 
(Supplementary Material, Appendix A, Table  A1). In 
sharp contrast, between 1984 and 2014, only an esti-
mated 0.2% of large giant sequoias were lost to wildfire 
(Fig. 5).

Q2b: local extirpation risk
Considering wildfires and treatment from 1984 to 2024, 
an estimated 13% of the range (1280 ha) is at risk of local 
extirpation due to limited expected natural regeneration 
and very low seed tree retention. Specifically, 3% (310 ha) 
was classified as very high risk and 5% (476 ha) was clas-
sified at high risk. Of these high and very high risk areas, 
140 ha are in federally designated wilderness.

Q3: trends in treatment
A total of 9361  ha were recorded as treated during 
the 1951–2024 period (Fig.  6; note that the figure only 
shows 1969–2024 for readability), covering a foot-
print of 4788  ha (2609  ha of mechanical treatments, 
and 2903  ha of fire-related treatments). There has been 
an overall increasing trend in area treated since ~ 1995, 

with stronger year-to-year increases in mechanical treat-
ments since 2015 (Fig. 6). Maximum area treated by year 
and treatment type were mechanical treatments in 2023 
(570  ha) and fire-related treatments in 2003 (480  ha). 
When comparing treatments from 1984 to 2024 with 
beneficial wildfire (low and moderate severity fire) dur-
ing the same period, active management comprised 
7949  ha, compared with 5905  ha of beneficial wildfire. 
Fire-related treatments alone covered 4464  ha, which is 
76% of the total area impacted by beneficial wildfire. For 
large fire years in giant sequoia (2020 and 2021), active 
treatment comprised just 7% of the area burned by ben-
eficial wildfire.

Treatments were not consistently tracked across agen-
cies, but the three land managers that have conducted 
the most treatment (USFS, NPS, and MHDSF) also have 
the longest and most robust treatment records (Fig.  7). 
Considering activity hectares, we found different trends 
by managing agency. The USFS treated a total of 1648 ha 
with mechanical thinning between 1981 to 2024, with 
the maximum area treated in 2024 (261  ha). The USFS 
completed a total of 679 ha of fire-related treatment, with 
over half of this area being treated in 2024. The footprint 
of treated area covered 1393 ha, 34% of their grove area 

Fig. 4  Modeled probability (mean ± 90% credible interval) of a large giant sequoia (> 107 cm DBH) dying from direct wildfire effects (i.e., dying 
within 1–5 years of the fire) as a function of remotely sensed burn severity metric “RdNBR” (Relativized differenced Normalized Burn Ratio; Miller & 
Thode 2007). *The proportion of live and dead sequoias (presented as 0 for live and 1 for dead) is presented as the mean ± binomial 95% confidence 
intervals (Clopper and Pearson, 1934) from 200 RdNBR bins and plotted at the median of each bin. For example, the mean and standard error 
for the proportion of live vs. dead large sequoias within RdNBR values of 0–200 are plotted at RdNBR = 100
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(4158  ha), which included 1064  ha of mechanical treat-
ment and 509 ha of fire-related treatments. On MHDSF 
lands, there was a total of 1079  ha of mechanical thin-
ning, with 242 ha of fire-related treatments. Considering 
the footprint area treated, MHDSF treated 81% of their 
grove area (832 ha), which was dominated by mechanical 
treatments.

The NPS conducted the most treatment (activity hec-
tares) in giant sequoia groves, totaling 4422  ha between 
1970 and 2024 (Fig.  7). This is nearly twice that of the 

USFS, which had the next highest treatment rates. The 
vast majority of treatments on NPS lands were fire-
related treatments (3904 ha), most of which were broad-
cast burns, whereas most of the fire-related treatment 
on USFS lands was pile burning. The majority of NPS 
burns occurred in SEKI, which has much more giant 
sequoia area under their management than YOSE. A total 
of 518 ha were mechanically treated, with most of those 
being implemented more recently, including the largest 
annual area treated mechanically in 2024 (260  ha). For 

Fig. 5  Estimated fire-caused large giant sequoia mortality from 1985 to 2024. Presented are estimates of the number of large sequoias killed (left 
axis) and their corresponding proportion of the total large sequoia population (right axis), shown annually (bars) and cumulatively (lines) over time. 
Estimates are displayed as mean values with 90% credible intervals. See “Appendix B: Statistical Methods: model equation, coefficients, and priors” 
for details

Fig. 6  Total annual treated area by the two coarse treatment classes in sequoia groves (left axis) and by the percentage of the giant sequoia range 
(right axis), 1969–2024. Note that prior to roughly 2010, some of the smaller giant sequoia land managers lack treatment records
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total area treated, the NPS treated 50% of their grove area 
(4270 ha).

For land managers with smaller areas of giant sequoia 
groves under their management, activity hectares treated 
between 1969 and 2024 included Calaveras Big Trees 
State Park (126 ha), UCB Whitaker’s Forest (141 ha), BLM 
Case Mountain (114 ha), and private/nonprofit landown-
ers (265 ha). Management activities at Calaveras Big Trees 
State Park were primarily broadcast burning, whereas the 
other entities were dominated by mechanical treatments.

Q4: resistance to high severity fire
A snapshot of current resistance
We classified 26% of the range as High resistance (Fig. 8). 
Roughly 38% is classified as Moderate resistance, the vast 
majority of which is due to recent wildfire. Low resist-
ance (mechanical treatments only) comprised 2%. Loss 
of mature giant sequoia forests due to high severity fire 
has occurred over 18% of the range (1840  ha), and 16% 
was classified as No resistance. Of the areas classified as 
having No or Low resistance (totaling 1824 ha) due to a 

Fig. 7  Activity hectares for active management treatments for the three giant sequoia land managers that manage the largest area of giant 
sequoia, 1969–2024, since this is the period in which all three entities have treatment histories available. Note the total grove area managed by each 
agency is in the upper left

Fig. 8  Estimated relative resistance to high severity wildfire and mature forest loss across the giant sequoia range, based on disturbance history
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lack of recent fire history, 686 ha were undetected change 
areas of wildfires, where a light underburn may have 
occurred. The distribution of resistance classes within 
individual groves can be found in the Supplementary 
Material (Table A3).

Tracking resistance through time
There are 686 ha that had some level of resistance before 
2010, which has likely faded without retreatment (Fig. 9, 
dark shaded area). This included a total of 242  ha that 
would have been classified as High resistance and 376 ha 
that would have been classified as Moderate resistance. 
There are an additional 1177 ha that last had a beneficial 
disturbance in 2010–2015, which could lose their resist-
ance if another treatment does not occur in roughly the 
next 5 years (Fig. 9, light shaded area). Over time, capi-
talizing on the Moderate resistance created by recent 
fires would require the most retreatment area with active 
management or beneficial wildfire.

Discussion
A decade of change
The last decade brought significant changes to the giant 
sequoia range, with the largest impacts driven by exten-
sive high severity fire. The increase in area burned at high 
severity has been on the rise in historically frequent-fire 
forests throughout the western US, driven primarily 
by climate change and fuel accumulation (Abatzoglou 

and Williams 2016; Parks et  al. 2025). In giant sequoia, 
lengthy fire history records show that these extensive, 
severe fires are anomalous at millennial time scales (Ste-
phenson et al. 2024a). In addition to the increase in total 
high severity area, we observed individual patches of 
high severity spanning hundreds of contiguous hectares, 
orders of magnitude larger than historical patch sizes that 
ranged from a few hundredths of a hectare to a few hec-
tares (Stephenson 1996, 1999; Stephenson et al. 2024a).

These extensive areas of high severity are the largest 
contributor to our cumulative total mortality estimate 
of ~ 17.6% (90% credible interval of 16.4–18.8%) of large 
giant sequoia. Considering 2020 and 2021 fire seasons 
only, we estimate a total of 14% mortality, which is within 
the lower end of the initial estimates for these fire years 
that were generated with a coarser approach (13–19%; 
Shive et  al. 2021; Stephenson and Brigham 2021). The 
use of continuous severity data and a larger calibra-
tion dataset, which also includes substantially greater 
spatial and temporal variation than the previous effort, 
likely improved the accuracy of our estimate. However, 
the estimate is still likely to be conservative, since the 
majority of trees were surveyed 1-year postfire and do 
not capture delayed mortality. Stephenson et  al. (2024a, 
b) estimated that given the high fire frequencies preced-
ing the era of fire exclusion, a typical 1000-year-old giant 
sequoia will have lived through more than 60 fires. That 
the recent extreme fire events are killing large swaths of 

Fig. 9  Giant sequoia grove area by most recent resistance class and last treatment (1970–2024). Beneficial disturbances include fire-related 
treatments or low to moderate severity fire. The dark grey shaded area represents > 15 years after the last beneficial disturbance, where any 
resistance that was created has likely been lost. The light grey shaded area includes 2010–2015, highlighting where follow up treatments would 
likely need to happen soon to enhance or maintain resistance before fuels conditions are hazardous again
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large and old giant sequoias highlights just how anoma-
lous the modern fire regime is.

The loss of these highly culturally valued trees is also 
threatening the onsite persistence of giant sequoia in 
some areas. We estimated that a total of 13% of the range 
is at some risk of local extirpation, with 8% at high or very 
high risk as a result of the loss of seed trees and limited 
immediate postfire regeneration. This mirrors a well-doc-
umented issue in large patches of high severity in other 
historically frequent fire, dry conifer forests of the west-
ern US (Chambers et  al. 2016; Kemp et  al. 2019; Shive 
et al. 2018). However, this trend is particularly alarming 
given that giant sequoias are semi-serotinous. While suc-
cessful giant sequoia regeneration is strongly linked to 
fire, the type of fire is important. Some areas of very low 
severity may not result in enough canopy gap creation 
and seed release that facilitates abundant postfire regen-
eration, but such areas were a normal part of the hetero-
geneous burning patterns in ancient fires (Stephenson 
et  al. 2024a, b), and mature tree retention means that 
there are still future opportunities for regeneration. As 
fire severity increases, so does regeneration, but only to 
a point. The recent, novel occurrence of very high sever-
ity—areas that experienced crown fire with total crown 
consumption—is associated with very limited postfire 
regeneration and a lack of mature trees to contribute 
seeds into the future (Soderberg et al. 2024). As a result, 
forest managers are increasingly planting giant sequoia 
seedlings in some areas of high severity to ensure local 
giant sequoia persistence (National Park Service 2023; 
Sequoia National Forest and Giant Sequoia National 
Monument 2023a, b). Given the limited distribution of 
this highly valued species, some of these planting efforts 
have occurred in remote federally designated Wilderness 
areas, which adds significant logistical challenges since 
these areas do not have road access. Roughly 140  ha of 
the areas that we classified most at risk are within Wil-
derness (e.g., some areas of Mature forest loss in Red-
wood Mountain Grove, Fig. 10a). It is important to note 
that our inferences of extirpation risk depend on pre-
dicted relationships between remotely-sensed data, large 
tree survival, and regeneration (Soderberg et  al. 2024; 
Soderberg and Das 2023), but there will of course be vari-
ation on the ground. While the risk areas we identified 
are likely the most concerning, managers may choose to 
plant in other areas depending on the actual conditions 
on the ground, and/or differing management objectives.

Treatment trends
There is now ample research showing that, in histori-
cally frequent-fire forests, long-unburned stands with 
heavy woody fuel loads and high tree densities tend to 
burn more severely than areas that have had restoration 

Fig. 10  Sequoia groves with varied resistance to high severity fire 
and different disturbance histories: a Redwood Mountain, b Freeman 
Creek, and c Mountain Home groves
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to reduce fuels (Davis et al. 2024; Kalies and Yocom Kent 
2016). The majority of giant sequoia groves were long 
unburned and untreated prior to recent wildfires, mak-
ing the fuel conditions extremely hazardous and anoma-
lous (Das et al. 2025; Parsons and DeBenedetti 1979; York 
et  al. 2013). While statistical models specific to sequoia 
groves have not yet been published, anecdotal evidence 
shows that in at least one grove, Redwood Mountain, the 
areas of lower severity fire line up nearly identically with 
areas that had previously had prescribed fire, while the 
area with no past treatments burned at very high severity 
(Boerigter et  al. 2024). These treatments also facilitated 
some backburning along the road during the wildfire to 
help reduce fire severity, which was safe to do in part 
because of the prior restoration activities (Hankin et  al. 
2023).

Overall, we found that the pace and scale of treat-
ments in the giant sequoia range have been increasing 
in the last decade, particularly after the 2020 and 2021 
fire seasons, but the trends differed slightly by manag-
ing agency and treatment type. Fire-related treatments 
fluctuated strongly through the entire period of record, 
which is likely due to shifting burn windows (Baijnath-
Rodino et  al. 2022; Swain et  al. 2023), the alignment of 
burn windows with staff availability, and the status of 
environmental compliance (Schultz et  al. 2019; Striplin 
et al. 2020; Swain et al. 2023). Reductions in fuels budgets 
in the 2010s (Riddle 2020) meant fewer staff to plan and 
implement prescribed burns or pile burns, and in recent 
years, large fires also interrupted planned burns.

Notably, fire-related treatments still comprised a 
larger proportion of treated area within giant sequoia 
groves than they do in the more widespread Sierra 
Nevada yellow pine and mixed conifer forest type (Shive 
et  al. 2025), likely due to the concentration of groves in 
national parks, where broadcast burning is the primary 
forest management tool. This emphasis on prescribed 
fire resulted in a greater proportion of NPS grove area 
being in the High resistance category than USFS grove 
area, particularly when considering resistance that was 
conferred by active treatments only (i.e., without wild-
fire-induced resistance). Moreover, the NPS empha-
sis on broadcast burning rather than pile burning also 
likely contributes to more overall resistant conditions 
(Davis et al. 2024). However, NPS fire-related treatments 
have been heavily concentrated in a handful of accessi-
ble groves that have been prescribed burned in national 
parks since the 1970s (e.g., Giant Forest, General Grant 
Grove, Redwood Mountain Grove, Mariposa Grove). 
The emphasis on specific groves has paid off in that, out-
side of areas where wildfires created the High resistance, 
these areas of repeated treatments comprise much of the 
26% of the range currently with High resistance to high 

severity fire. Yet if expanding prescribed fire to include 
less accessible groves is desired, managers could consider 
the use of “potential operational delineations” (PODs; 
Thompson et  al. 2016), which have been proposed as 
one way to facilitate landscape-scale prescribed fire. In 
addition, several studies have identified funding, staffing 
and policy changes that could be addressed to support 
increasing prescribed fire implementation (Clark et  al. 
2024; Schultz et al. 2019). Managed wildfire could also be 
used in more remote areas containing groves based on a 
PODs approach (North et al. 2024).

Mechanical treatments have also fluctuated but show a 
clearer increasing trend, likely due in part to the onset of 
severe wildfires in the range in 2015, with the NPS in par-
ticular using much more mechanical thinning after the 
2020 fire season (National Park Service 2022; US Forest 
Service 2022). Mechanical treatments have been the pri-
mary management tool of the USFS, where most of the 
High resistance areas were created by wildfire intersect-
ing mechanical treatments. There has been a substantial 
increase in area treated mechanically by the USFS since 
2015, which is likely due in part to a relatively novel com-
bination of the onset of extensive severe fire, emergency 
restoration funding (US Forest Service 2022), completion 
of the updated 2023 Sequoia National Forest Manage-
ment Plan (US Forest Service 2023c), and partnerships 
with outside entities that have facilitated implementation 
(Giant Sequoia Lands Coalition 2024).

While the increase in mechanical treatments is impor-
tant for achieving structural restoration goals that can 
also help confer resistance to drought and insect infesta-
tions (Fettig et  al. 2022; Restaino et  al. 2019), the addi-
tional application of fire is critical for reducing fire 
severity. Prescribed fire or thinning plus prescribed fire 
has repeatedly been shown to be more effective than 
thinning-only treatments in reducing fire severity (Davis 
et  al. 2024; Kalies and Yocom Kent 2016). Combined 
thinning and prescribed fire may be more effective than 
prescribed fire alone in some cases (Brodie et  al. 2024; 
Kalies and Yocom Kent 2016). Another benefit of using 
combined treatments is that they can more quickly move 
a stand toward target conditions than a single applica-
tion of prescribed fire (Stephens et al. 2009); while mul-
tiple prescribed fires or lower severity wildfires can also 
help reach desired conditions (Jeronimo et  al. 2019), 
this approach necessarily takes much longer because 
fuels must reaccumulate enough to facilitate subsequent 
burns. Where managers have identified an urgency to 
reduce fuels in the few remaining long-unburned groves 
(National Park Service 2022; US Forest Service 2022), 
thinning plus burning treatments could increase the 
resistance to high severity fire and other stressors more 
quickly than using fire-related treatments alone. On 
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the other hand, some managers might decide to use fire 
alone for their treatments, either because their groves are 
remote and not easily treated mechanically, or because 
they determine that—given the funds available to them—
they can treat significantly more area with fire than they 
can mechanically, given the lower implementation costs 
for prescribed fire (Holland et  al. 2022). Ultimately, 
deciding on the restoration approaches will involve 
weighing funding and resource availability, site access, 
and desired outcomes (fire resistance and/or other resto-
ration goals).

Current conditions and opportunities
Despite the extensive losses of this highly valued species 
to severe fire, recent wildfires have also created opportu-
nities. The extensive area of Moderate resistance (38% of 
the range) was created partly through prescribed fire but 
most is due to low and moderate severity wildfire. These 
areas are first-entry fires, where large trees survived to 
varying degrees and surface fuels were generally con-
sumed (Das et al. 2025; Shive et al. 2022). Given the sub-
stantial evidence that multiple treatments are required 
to reach target conditions (Stephens et  al. 2012; Davis 
et  al. 2024), additional treatments could help enhance 
resistance to severe wildfires (i.e., shifting to High resist-
ance), but the timing and type of treatments would vary 
depending on postfire condition. For example, in Mod-
erate resistance areas, wildfire-killed trees will fall and 
increase woody fuel loads, and, in some areas, there may 
still be too many live trees relative to desired conditions. 
Treatments to enhance resistance could include mechan-
ical treatments to remove some of the standing dead 
material or reduce live tree density soon after the fire, 
which could be pile burned or carried off site (see Fig. 2, 
Moderate resistance). Alternatively, managers could wait 
until the fine woody fuels reaccumulate enough to apply 
a broadcast burn.

While in the past forest managers have focused almost 
exclusively on high severity areas for postfire manage-
ment, this is beginning to change. For example, the 
GSNM is working to enhance resistance by thinning and 
piling in grove areas that recently burned at lower sever-
ity (Sequoia National Forest and Giant Sequoia National 
Monument 2023a, b). The Freeman Creek Grove was 
prized as the largest unlogged grove outside of NPS lands 
prior to the 2020 Castle Fire, but it also had no recent fire 
or fuel treatments, yielding very high surface fuel loads 
and tree densities (Meyer et al. 2025; Sillett et al. 2019). 
Given those conditions, it is not surprising that the grove 
experienced extensive forest loss (Fig. 10b). In the Mod-
erate resistance areas of Freeman Creek Grove (i.e., low 
to moderate severity), the postfire thin and pile-burn 
treatments are clearing dead trees and, in some cases, 

reducing live tree density where it was still higher than 
desired conditions after the fire. These actions have the 
potential to move these areas into the High resistance 
condition. This work may be particularly important for 
Moderate resistance areas in a sea of Mature forest loss 
(Fig.  10b). High severity areas tend to regenerate with 
dense shrubs and the fire-killed trees eventually transi-
tion to elevated woody fuel loads, which often results in 
severe reburns (Steel et  al. 2021; van Wagtendonk et al. 
2012). This can potentially expand the initial high sever-
ity footprint into neighboring low to moderate sever-
ity burned areas. GSNM is also applying similar postfire 
treatments to Long Meadow, Packsaddle, and other 
groves.

Another opportunity to enhance resistance could be 
to burn out unburned islands where the surrounding 
fuels were consumed. For example, Redwood Moun-
tain and Mountain Home groves (Fig. 10a, c) each have 
pockets of No resistance, which in these cases are areas 
of “undetected change” within a larger wildfire burned 
area. While other management considerations will need 
to come into play, including how these areas contribute 
to fuels heterogeneity across the landscape, these areas 
could be prescribed burned shortly after the wildfire with 
reduced implementation complexity. Because the surface 
fuels in the surrounding burned forest have been largely 
removed (Das et al. 2025), the labor needs for construct-
ing control lines can be substantially reduced. However, 
these opportunities are ephemeral since fuels will reaccu-
mulate (van Wagtendonk and Moore 2010), highlighting 
the importance of being able to act fast. One experi-
enced burn boss estimated that the window to be able to 
burn these areas with minimal preparation to be roughly 
3 years postfire (Ben Jacobs, Environmental Scientist and 
Burn Boss, Calaveras Big Trees State Park, personal com-
munication, June 13th, 2025). Completing the necessary 
planning and environmental compliance to implement a 
burn within this timeframe could be challenging in many 
cases (Clark et al. 2024; Morgan et al. 2021; Schultz et al. 
2019). This situation has prompted calls for shifting pol-
icy on the required compliance for prescribed fire (Clark 
et al. 2024).

Between 1984 and 2024, the amount of potentially 
beneficial wildfire (low and moderate severity) was 32% 
greater than the area treated with fire-related treatments 
(e.g., prescribed fire or pile burning), highlighting that 
these fires can create substantial benefits and opportuni-
ties. Notably, the gap between fire-related treatments and 
beneficial wildfire is much lower in giant sequoia groves 
than in the broader Sierra Nevada mixed conifer forest 
matrix which dominates the Sierra Nevada. In the ~ 2.2 
million hectares of mixed conifer forests, Shive et  al. 
(2025) found that beneficial wildfire has impacted over 
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four times more area than fire-related treatments over 
a slightly narrower time period (2001–2022). That ben-
eficial wildfire in giant sequoia groves is only 32% higher 
than fire-related treatments is due primarily to the exten-
sive work that the NPS has done to reintroduce fire into 
groves. The relative lack of wildfire in groves until 2015 
also plays a role in this difference.

Recent wildfires also contributed to creating more High 
resistance areas, where wildfire overlapped with prior 
treatments or previous beneficial wildfires. For example, 
in Redwood Mountain Grove, the large areas of High 
resistance were created where low to moderate severity 
wildfire overlapped eight different prescribed fires that 
occurred between 2004 and 2016 (Fig. 10a). Other places 
like MHDSF were managed primarily with mechanical 
thinning, much of it including sustainable timber har-
vest; with the addition of a lower severity wildfire, much 
of the area now has High resistance (Fig. 10c).

Where capacity is limited, there could be competing 
demands between working in long-unburned forests, 
recently burned areas and eventually, implementing 
maintenance treatments in high resistance areas. Increas-
ing the use of managed wildfire or landscape-scale pre-
scribed fire has the potential to help overcome some of 
those capacity limitations (North et al. 2024). Moreover, 
we hypothesize that once a stand has met target condi-
tions, there is a longer window than there would be after 
a first entry treatment until it becomes hazardous again. 
This could apply to some of the areas of “fading resist-
ance” (e.g., grey areas of Fig.  10), which our framework 
classified as No resistance because more than 15  years 
had passed since the last treatment.

To take advantage of these wildfire-created opportuni-
ties, additional research would help us better understand 
fuel reaccumulation rates across differing severities, dis-
turbance histories, and site conditions. With so much 
giant sequoia grove area burned in recent years, forest 
managers could benefit from more information on these 
patterns to inform priorities around retreatments, since 
capacity restraints means that follow-up treatments may 
need to be staggered through time.

Study limitations
The primary limitation of our analyses is the presence of 
errors in, or inadequate resolution of, the spatial data. 
While we worked directly with forest managers to con-
firm treatment areas, there are likely some errors in the 
exact spatial configurations on the ground (Knight et al. 
2022). To facilitate a range-wide analysis, we also made 
generalized assumptions about the impact of treatments 
and wildfire, but the actual results on the ground can vary 
considerably. For example, a prescribed fire in one area 

may have been successful at meeting restoration goals, 
but in another area may have burned too cool to meet 
objectives, in which case our classification of resistance 
could be an overestimate. In addition, the low and mod-
erate severity classes that we considered to be beneficial 
fire necessarily include a wide range of conditions, some 
which may not be considered restorative on the ground 
(e.g., the very low end of low severity that may fail to 
sufficiently reduce elevated fuels or the very high end of 
moderate severity that may kill more large giant sequoias 
than is desirable). In addition, while repeated fire is often 
restorative (Collins et  al. 2016; Jeronimo et  al. 2019), 
the starting conditions matter. A recent study found 
that in degraded (e.g., second or third growth) forests, 
some areas that burned twice at low or moderate sever-
ity burned at high severity in a third fire, because of the 
extensive dead biomass remaining on site (Jasperse et al. 
2025). Because the majority of the giant sequoia range is 
in an old-growth condition, this may be less of a concern, 
but it reiterates the importance of local conditions, and 
that inferred conditions from disturbance history will 
need to be confirmed on the ground. Given these points, 
our resistance analysis is likely best suited to under-
standing range-wide patterns and for general overviews 
of individual groves, but a more detailed look would be 
needed for future management planning (Meyer et  al. 
2021). Finally, our focus here is on giant sequoia and 
does not consider the impacts to co-occurring tree spe-
cies within giant sequoia groves. While we expect wild-
fire and treatment effects on these species to be largely 
similar, regeneration of the non-giant sequoia conifers is 
likely to be very different from giant sequoias, since none 
of them are serotinous. After high severity fire, regen-
eration of these other conifers is likely to be limited by 
distance to live tree seed source alone (Davis et al. 2023; 
Shive et al. 2018).

Conclusions
Our assessment focused on the condition of the giant 
sequoia range as of early 2025, based on shifts in fire 
regimes. We documented significant impacts on large 
giant sequoia survival and potential risks to long-term 
species persistence in parts of its current geographic 
range. We also highlighted opportunities to work with 
the more positive outcomes of wildfire. However, a 
full understanding of the “state of the giant sequoias” 
requires a better grasp of other novel climate-related 
stressors to the species, about which we know little. 
For example, the extensive 2012–2016 drought resulted 
in foliage die-back in some stands, but the areas most 
impacted were not where prior analyses had predicted 
the species to be most at risk (Stephenson et al. 2018). 
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In addition, the interacting stressors of drought and fire 
appear to be contributing to some of the first observa-
tions of giant sequoia mortality linked with attack by 
bark beetles (Phleosinus punctatus; Foote et  al. 2024). 
Researchers are just beginning to understand the basic 
biology of these beetles and the extent of their impact. 
It is also unclear where and when a warming climate 
may influence patterns of giant sequoia regeneration 
and the potential for high severity reburns (e.g., Steel 
et  al. 2021). In short, a more robust understanding of 
direct and indirect climate stressors will be critical for a 
comprehensive understanding of the “state of the giant 
sequoias.” Nonetheless, the snapshot provided here 
can help guide forest management in a time of rapidly 
changing fire regimes.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s42408-​026-​00469-5.

Supplementary Material 1. Includes Appendix A: Supplementary tables 
and figure; Appendix B: Additional methodological details: spatial data; 
and Appendix C: Additional methodological details: mortality estimates. 

Acknowledgements
Data collection for the mortality data was funded by Save the Redwoods 
League, the US Forest Service (including the Sequoia National Forest and 
State and Private Forestry) and the US Geological Survey (including the Land 
Change Science Program and Ecosystems Mission Area), the National Park 
Service (including Sequoia and Kings Canyon National Parks and the Inventory 
and Monitoring Program), and the California Department of Forestry and Fire 
Protection as part of the California Climate Investments Program. US Forest 
Service and Save the Redwoods League funding supported partnerships with 
the University of California Berkeley and University of California Davis to hire 
and manage field crews. Thanks to Christy Brigham for helping to identify 
synthesis needs for this project. Any use of trade, firm, or product names is 
for descriptive purposes only and does not imply endorsement by the US 
Government.

Authors’ contributions
K.S. Conceptualized the paper. K.S., B.B. and D.S. compiled the datasets and 
did the analysis. K.S., B.B. and D.S. prepared the figures. K.S. and D.S. prepared 
the tables. L.H., D.S., A.D., M.M., B.N. and S.B. contributed data. K.S. wrote the 
manuscript text with revisions from all authors.

Funding
This research did not receive funding.

Data availability
Data and code are available on request, and may eventually be uploaded to 
Dryad.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Environmental Science, Policy and Management, University 
of California, Berkeley, Berkeley, CA, USA. 2 US Geological Survey, Western Eco-
logical Research Center, Three Rivers, CA, USA. 3 National Park Service, Yosemite 
National Park, El Portal, CA, USA. 4 USDA Forest Service, Pacific Southwest 
Region Ecology Program, Vallejo, CA, USA. 5 University of Nevada, Reno, Reno, 
NV, USA. 

Received: 21 August 2025   Accepted: 4 March 2026

References
Abatzoglou, J. T., and A. P. Williams. 2016. Impact of anthropogenic climate 

change on wildfire across western US forests. Proceedings of the 
National Academy of Sciences 113:11770–11775. https://​doi.​org/​10.​
1073/​pnas.​16071​71113.

Baijnath-Rodino, J. A., S. Li, A. Martinez, M. Kumar, L. N. Quinn-Davidson, R. 
A. York, and T. Banerjee. 2022. Historical seasonal changes in pre-
scribed burn windows in California. Science of the Total Environment 
836:155723. https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​155723.

Biswell, H.H. 1961. The big trees and fire. National Parks Magazine 35:11–
14. https://​npshi​story.​com/​npca/​magaz​ine/​apr-​1961.​pdf.

Biswell, H., and H. Weaver. 1968. Redwood Mountain. American Forests 
74(8):20–23.

Boerigter, C. E., S. A. Parks, J. W. Long, J. D. Coop, M. Armstrong, and D. L. 
Hankins. 2024. Untrammeling the wilderness: Restoring natural con-
ditions through the return of human‑ignited fire. Fire Ecology 20:76. 
https://​doi.​org/​10.​1186/​s42408-​024-​00297-5.

Brodie, E. G., E. E. Knapp, W. R. Brooks, S. A. Drury, and M. W. Ritchie. 2024. 
Forest thinning and prescribed burning treatments reduce wildfire 
severity and buffer the impacts of severe fire weather. Fire Ecology 
20:17. https://​doi.​org/​10.​1186/​s42408-​023-​00241-z.

CAL FIRE. 2023a. Historic fire perimeters 2023 geodatabase. California Depart-
ment of Forestry and Fire Protection (CAL FIRE) Fire and Resource 
Assessment Program (FRAP). https://​www.​fire.​ca.​gov/​what-​we-​do/​
fire-​resou​rce-​asses​sment-​progr​am/​fire-​perim​eters.

CAL FIRE. 2023b. CAL FIRE (California Department of Forestry and Fire Protec-
tion) Timber Harvesting Plans All WGS 1984 (2010–2023). https://​forest-​
pract​ice-​calfi​re-​fores​try.​hub.​arcgis.​com/​maps/​04777​bf6e6​ce4b4​
d9329​8f4e3​ba88d​7f/​about.

CAL FIRE. 2023c. CAL FIRE (California Department of Forestry and Fire Protection) 
Historical Timber Harvesting Plans All WGS 1984 (1997–2009). https://​
forest-​pract​ice-​calfi​re-​fores​try.​hub.​arcgis.​com/​maps/​04777​bf6e6​ce4b4​
d9329​8f4e3​ba88d​7f/​about.

Chambers, M. E., P. J. Fornwalt, S. L. Malone, and M. A. Battaglia. 2016. 
Patterns of conifer regeneration following high severity wildfire in 
ponderosa pine-dominated forests of the Colorado Front Range. 
Forest Ecology and Management 378:57–67. https://​doi.​org/​10.​1016/j.​
foreco.​2016.​07.​001.

Clark, J. S., M. Silman, R. Kern, E. Macklin, and J. HilleRisLambers. 1999. Seed 
dispersal near and far: Patterns across temperate and tropical forests. 
Ecology 80:1475–1494.

Clark, S. A., J. N. Archer, S. L. Stephens, B. M. Collins, and D. L. Hankins. 2024. 
Realignment of federal environmental policies to recognize fire’s role. 
Fire Ecology 20 (1): 74. https://​doi.​org/​10.​1186/​s42408-​024-​00301-y.

Clopper, C.J., Pearson, E.S. 1934. The Use of Confidence or Fiducial Limits 
Illustrated in the Case of the Binomial. Biometrika 26:404–413. https://​
doi.​org/​10.​2307/​23319​86.

Collins, B. M., J. M. Lydersen, D. L. Fry, K. Wilkin, T. Moody, and S. L. Stephens. 
2016. Variability in vegetation and surface fuels across mixed-conifer-
dominated landscapes with over 40 years of natural fire. Forest 
Ecology and Management 381:74–83. https://​doi.​org/​10.​1016/j.​foreco.​
2016.​09.​010.

Das, A. J., L. M. Rosenthal, and K. L. Shive. 2025. The effectiveness of wildfire 
at meeting restoration goals across a fire severity gradient in the 
Sierra Nevada. Forest Ecology and Management 580:122486. https://​
doi.​org/​10.​1016/j.​foreco.​2024.​122486.

https://doi.org/10.1186/s42408-026-00469-5
https://doi.org/10.1186/s42408-026-00469-5
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1016/j.scitotenv.2022.155723
https://npshistory.com/npca/magazine/apr-1961.pdf
https://doi.org/10.1186/s42408-024-00297-5
https://doi.org/10.1186/s42408-023-00241-z
https://www.fire.ca.gov/what-we-do/fire-resource-assessment-program/fire-perimeters
https://www.fire.ca.gov/what-we-do/fire-resource-assessment-program/fire-perimeters
https://forest-practice-calfire-forestry.hub.arcgis.com/maps/04777bf6e6ce4b4d93298f4e3ba88d7f/about
https://forest-practice-calfire-forestry.hub.arcgis.com/maps/04777bf6e6ce4b4d93298f4e3ba88d7f/about
https://forest-practice-calfire-forestry.hub.arcgis.com/maps/04777bf6e6ce4b4d93298f4e3ba88d7f/about
https://forest-practice-calfire-forestry.hub.arcgis.com/maps/04777bf6e6ce4b4d93298f4e3ba88d7f/about
https://forest-practice-calfire-forestry.hub.arcgis.com/maps/04777bf6e6ce4b4d93298f4e3ba88d7f/about
https://forest-practice-calfire-forestry.hub.arcgis.com/maps/04777bf6e6ce4b4d93298f4e3ba88d7f/about
https://doi.org/10.1016/j.foreco.2016.07.001
https://doi.org/10.1016/j.foreco.2016.07.001
https://doi.org/10.1186/s42408-024-00301-y
https://doi.org/10.2307/2331986
https://doi.org/10.2307/2331986
https://doi.org/10.1016/j.foreco.2016.09.010
https://doi.org/10.1016/j.foreco.2016.09.010
https://doi.org/10.1016/j.foreco.2024.122486
https://doi.org/10.1016/j.foreco.2024.122486


Page 22 of 24Shive et al. Fire Ecology           (2026) 22:30 

Davis, K. T., S. Z. Dobrowski, P. E. Higuera, Z. A. Holden, T. T. Veblen, M. T. 
Rother, S. A. Parks, A. Sala, and M. P. Maneta. 2019. Wildfires and 
climate change push low-elevation forests across a critical climate 
threshold for tree regeneration. Proceedings of the National Academy 
of Sciences 116:6193–6198.

Davis, K. T., M. D. Robles, K. B. Kemp, P. E. Higuera, T. Chapman, K. L. Metlen, 
J. L. Peeler, K. C. Rodman, T. Woolley, R. N. Addington, B. J. Buma, C. 
A. Cansler, M. J. Case, B. M. Collins, J. D. Coop, S. Z. Dobrowski, N. S. 
Gill, C. Haffey, L. B. Harris, B. J. Harvey, R. D. Haugo, M. D. Hurteau, D. 
Kulakowski, C. E. Littlefield, L. A. McCauley, N. Povak, K. L. Shive, E. 
Smith, J. T. Stevens, C. S. Stevens-Rumann, A. H. Taylor, A. J. Tepley, D. 
J. N. Young, R. A. Andrus, M. A. Battaglia, J. K. Berkey, S. U. Busby, A. R. 
Carlson, M. E. Chambers, E. K. Dodson, D. C. Donato, W. M. Down-
ing, P. J. Fornwalt, J. S. Halofsky, A. Hoffman, A. Holz, J. M. Iniguez, M. 
A. Krawchuk, M. R. Kreider, A. J. Larson, G. W. Meigs, J. P. Roccaforte, 
M. T. Rother, H. Safford, M. Schaedel, J. S. Sibold, M. P. Singleton, M. 
G. Turner, A. K. Urza, K. D. Clark-Wolf, L. Yocom, J. B. Fontaine, and 
J. L. Campbell. 2023. Reduced fire severity offers near-term buffer 
to climate-driven declines in conifer resilience across the west-
ern United States. Proceedings of the National Academy of Sciences 
120:e2208120120. https://​doi.​org/​10.​1073/​pnas.​22081​20120.

Davis, K. T., J. Peeler, J. Fargione, R. D. Haugo, K. L. Metlen, M. D. Robles, and T. 
Woolley. 2024. Tamm review: A meta-analysis of thinning, prescribed 
fire, and wildfire effects on subsequent wildfire severity in conifer 
dominated forests of the Western US. Forest Ecology and Management 
561:121885. https://​doi.​org/​10.​1016/j.​foreco.​2024.​121885.

Fettig, C. J., J. B. Runyon, C. S. Homicz, P. M. A. James, and M. D. Ulyshen. 
2022. Fire and insect interactions in North American forests. Current 
Forestry Reports. https://​doi.​org/​10.​1007/​s40725-​022-​00170-1.

Foote, N. E., G. G. Foote, N. Comai, J. R. I. Caballero, J. E. Stewart, A. R. 
Ambrose, W. L. Baxter, and T. S. Davis. 2024. Patterns of occurrence, 
phenology, and phylogeny of Phloeosinus punctatus LeConte 
(Coleoptera: Curculionidae, Scolytinae) in giant sequoia. Environmen-
tal Entomology 53:1183–1196. https://​doi.​org/​10.​1093/​ee/​nvae0​89.

Franco, F. J., Jr. 1994. Native American views and values of giant sequoia. 
In Proceedings of the symposium on giant Sequoias: their place in the 
ecosystem and society, general technical report, ed. P. S. Aune. Albany: 
US Department of Agriculture, Forest Service, Pacific Southwest 
Research Station.

Furniss, T. J., V. R. Kane, A. J. Larson, and J. A. Lutz. 2020. Detecting tree 
mortality with Landsat-derived spectral indices: Improving ecological 
accuracy by examining uncertainty. Remote Sensing of Environment 
237:111497. https://​doi.​org/​10.​1016/j.​rse.​2019.​111497.

Giant Sequoia Lands Coalition. 2024. 2024 Giant Sequoia lands coalition 
progress report. Save the Redwoods League. San Francisco, CA. https://​
www.​savet​hered​woods.​org/​wp-​conte​nt/​uploa​ds/​files/​PR-​20250​513_​
2024-​GSLC-​Annual-​Report.​pdf.

GreenInfo Network. 2022. California Protected Areas Database. https://​calan​ds.​
org/.

Greenler, S. M., C. J. Dunn, J. D. Johnstone, M. J. Reilly, A. G. Merschel, R. K. Hag-
mann, and J. D. Bailey. 2023. Too hot, too cold, or just right: can wildfire 
restore dry forests of the interior Pacific Northwest? PLoS ONE. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02819​27.

Hankin, L. E., C. T. Anderson, G. J. Dickman, P. Bevington, and S. L. Stephens. 
2023. How forest management changed the course of the Washburn 
fire and the fate of Yosemite’s giant sequoias (Sequoiadendron gigan-
teum). Fire Ecology 19:40. https://​doi.​org/​10.​1186/​s42408-​023-​00202-6.

Hart, R. 2023. Giant sequoia groves of the Sierra Nevada California. URL https://​
www.​fs.​usda.​gov/​detail/​r5/​landm​anage​ment/​gis/?​cid=​stelp​rdb53​
27836. Accessed 15 Mar 2023.

Hartesveldt, R. J., and H. T. Harvey. 1967. The fire ecology of Sequoia regenera-
tion. In Proceedings: 7th Tall Timbers Fire Ecology Conference 13.

Hartesveldt, R. J., H. T. Harvey, H. S. Shellhammer, and R. E. Stecker. 1969. 
Sequoias’ dependence on fire. Science 166:552–553. https://​doi.​org/​10.​
1126/​scien​ce.​166.​3905.​552.b.

Hartesveldt, R. J., H. T. Harvey, H. S. Shellhammer, and R. E. Stecker. 1975. The 
giant sequoia of the Sierra Nevada. Washington, DC: US Department of 
the Interior, National Park Service.

Harvey, H.T., Shellhammer, H.S., Stecker, R.E. 1980. Giant sequoia ecology: fire 
and reproduction (Scientific Monigraph Series No. 12). US Department 
of the Interior, National Park Service, Washington, DC. 

Hesselbarth, M., M. Sciaini, K. With, K. Wiegand, and J. Nowosad. 2019. Land-
scapemetrics: An open-source R tool to calculate landscape metrics. 
Ecography 42:1648–1657.

Hijmans, R. 2025. terra: Spatial Data Analysis. R package.
Holland, T., Evans, S., Long, J., Maxwell, C., Scheller, R., Potts, M. 2022. The man-

agement costs of alternative forest management strategies in the Lake 
Tahoe Basin. E&S 27:art43. https://​doi.​org/​10.​5751/​ES-​13481-​270443.

Jasperse, L., B. M. Collins, M. Coppoletta, K. Merriam, and S. L. Stephens. 2025. 
Drivers of fire severity in repeat fires: Implications for mixed-conifer 
forests in the Sierra Nevada, California. Fire Ecology 21:46. https://​doi.​
org/​10.​1186/​s42408-​025-​00378-z.

Jeronimo, S. M. A., V. R. Kane, D. J. Churchill, J. A. Lutz, M. P. North, G. P. Asner, and J. 
F. Franklin. 2019. Forest structure and pattern vary by climate and landform 
across active-fire landscapes in the montane Sierra Nevada. Forest Ecology 
and Management 437:70. https://​doi.​org/​10.​1016/j.​foreco.​2019.​01.​033.

Kalies, E. L., and L. L. Yocom Kent. 2016. Tamm review: Are fuel treatments 
effective at achieving ecological and social objectives? A systematic 
review. Forest Ecology and Management 375:84–95. https://​doi.​org/​10.​
1016/j.​foreco.​2016.​05.​021.

Kemp, K. B., P. E. Higuera, P. Morgan, and J. T. Abatzoglou. 2019. Climate will 
increasingly determine post-fire tree regeneration success in low-
elevation forests, Northern Rockies, USA. Ecosphere 10:e02568. https://​
doi.​org/​10.​1002/​ecs2.​2568.

Kilgore, B. M., and D. Taylor. 1979. Fire history of a Sequoia-mixed conifer forest. 
Ecology 60:129–142. https://​doi.​org/​10.​2307/​19364​75.

Knight, C. A., R. E. Tompkins, J. A. Wang, R. York, M. L. Goulden, and J. J. Battles. 
2022. Accurate tracking of forest activity key to multi-jurisdictional 
management goals: A case study in California. Journal of Environmental 
Management 302:114083. https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​
114083.

Lambert, S., Stohlgren, T.J. 1988. Giant sequoia mortality in burned and 
unburned stands. Journal of Forestry 86:44–46. 

Larson, A. J., S. M. A. Jeronimo, P. F. Hessburg, J. A. Lutz, N. A. Povak, C. A. Cansler, 
V. R. Kane, and D. J. Churchill. 2022. Tamm review: Ecological principles 
to guide post-fire forest landscape management in the Inland Pacific 
and Northern Rocky Mountain regions. Forest Ecology and Management 
504:119680. https://​doi.​org/​10.​1016/j.​foreco.​2021.​119680.

Meyer, M. D., and H. D. Safford. 2011. Patterns of giant sequoia (Sequoiadendron) 
regeneration in groves exposed to wildfire and retention harvest in the 
Southern Sierra Nevada - Final Report (Final Report No. SRL-062), SRL-062. 
Clovis: USDA Forest Service, Pacific Southwest Region.

Meyer, M. D., J. W. Long, and H. D. Safford. 2021. Postfire restoration framework 
for national forests in California (General Technical Report No. PSW-
GTR-270). Albany: U.S. Department of Agriculture, Forest Service, Pacific 
Southwest Research Station.

Meyer, M. D., T. Sowards, R. A. York, B. Collins, and B. M. Bulaon. 2025. Post-fire 
giant sequoia grove monitoring report. U.S. Forest Service Region 5 Ecol-
ogy Program. Vallejo, CA. https://​gslc.​datab​asin.​org/​docum​ents/​docum​
ents/​7c124​357e7​044e9​e9a85​3725b​66d27​2f/.

Miller, J. D., and A. E. Thode. 2007. Quantifying burn severity in a heterogene-
ous landscape with a relative version of the delta Normalized Burn 
Ratio (dNBR). Remote Sensing of Environment 109:66–80. https://​doi.​org/​
10.​1016/j.​rse.​2006.​12.​006.

Miller, J.D., Knapp, E.E., Key, C.H., Skinner, C.N., Isbell, C.J., Creasy, R.M., Sherlock, 
J.W. 2009. Calibration and validation of the relative differenced Normal-
ized Burn Ratio (RdNBR) to three measures of fire severity in the Sierra 
Nevada and Klamath Mountains, California, USA. Remote Sensing of 
Environment 113:645–656. https://​doi.​org/​10.​1016/j.​rse.​2008.​11.​009.

Morgan, T. A., M. J. Niccolucci, and E. C. Berg. 2021. Response to the Journal 
of Forestry Article: “US Forest Service Implementation of the National 
Environmental Policy Act: fast, variable, rarely litigated, and declining.” 
Journal of Forestry 119:589–604. https://​doi.​org/​10.​1093/​jofore/​fvab0​27.

National Park Service. 1973. Sequoia tree inventory Sequoia and Kings Canyon 
National Parks California. Three Rivers: Hamon, Jensen & Wallen Map-
ping and Forestry Services; Western Timber Service.

National Park Service. 2022. Sequoia and Kings Canyon National Parks taking 
emergency action to protect giant sequoias - Sequoia & Kings Canyon 
National Parks (U.S. National Park Service) [WWW Document]. URL https://​
www.​nps.​gov/​seki/​learn/​news/​sequo​ia-​and-​kings-​canyon-​natio​
nal-​parks-​taking-​emerg​ency-​action-​to-​prote​ct-​giant-​sequo​ias.​htm. 
Accessed 27 Mar 2023.

https://doi.org/10.1073/pnas.2208120120
https://doi.org/10.1016/j.foreco.2024.121885
https://doi.org/10.1007/s40725-022-00170-1
https://doi.org/10.1093/ee/nvae089
https://doi.org/10.1016/j.rse.2019.111497
https://www.savetheredwoods.org/wp-content/uploads/files/PR-20250513_2024-GSLC-Annual-Report.pdf
https://www.savetheredwoods.org/wp-content/uploads/files/PR-20250513_2024-GSLC-Annual-Report.pdf
https://www.savetheredwoods.org/wp-content/uploads/files/PR-20250513_2024-GSLC-Annual-Report.pdf
https://calands.org/
https://calands.org/
https://doi.org/10.1371/journal.pone.0281927
https://doi.org/10.1371/journal.pone.0281927
https://doi.org/10.1186/s42408-023-00202-6
https://www.fs.usda.gov/detail/r5/landmanagement/gis/?cid=stelprdb5327836
https://www.fs.usda.gov/detail/r5/landmanagement/gis/?cid=stelprdb5327836
https://www.fs.usda.gov/detail/r5/landmanagement/gis/?cid=stelprdb5327836
https://doi.org/10.1126/science.166.3905.552.b
https://doi.org/10.1126/science.166.3905.552.b
https://doi.org/10.5751/ES-13481-270443
https://doi.org/10.1186/s42408-025-00378-z
https://doi.org/10.1186/s42408-025-00378-z
https://doi.org/10.1016/j.foreco.2019.01.033
https://doi.org/10.1016/j.foreco.2016.05.021
https://doi.org/10.1016/j.foreco.2016.05.021
https://doi.org/10.1002/ecs2.2568
https://doi.org/10.1002/ecs2.2568
https://doi.org/10.2307/1936475
https://doi.org/10.1016/j.jenvman.2021.114083
https://doi.org/10.1016/j.jenvman.2021.114083
https://doi.org/10.1016/j.foreco.2021.119680
https://gslc.databasin.org/documents/documents/7c124357e7044e9e9a853725b66d272f/
https://gslc.databasin.org/documents/documents/7c124357e7044e9e9a853725b66d272f/
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.1016/j.rse.2008.11.009
https://doi.org/10.1093/jofore/fvab027
https://www.nps.gov/seki/learn/news/sequoia-and-kings-canyon-national-parks-taking-emergency-action-to-protect-giant-sequoias.htm
https://www.nps.gov/seki/learn/news/sequoia-and-kings-canyon-national-parks-taking-emergency-action-to-protect-giant-sequoias.htm
https://www.nps.gov/seki/learn/news/sequoia-and-kings-canyon-national-parks-taking-emergency-action-to-protect-giant-sequoias.htm


Page 23 of 24Shive et al. Fire Ecology           (2026) 22:30 	

National Park Service. 2023. Re-establish tree seedlings in severely burned giant 
Sequoia groves and adjacent fisher habitat revised environmental assess-
ment (EA) and finding of no significant impact (FONSI). Three Rivers: US 
Department of the Interior, National Park Service.

National Park Service. 2024. National Park service complete treatment perimeters. 
https://​nifc.​maps.​arcgis.​com/​home/​item.​html?​id=​51f97​50534​c64b1​
d94b6​5d1fd​2ff7d​2f. Accessed 15 Apr 2024.

North, M. P., R. A. York, B. M. Collins, M. D. Hurteau, G. M. Jones, E. E. Knapp, L. 
Kobziar, H. McCann, M. D. Meyer, S. L. Stephens, R. E. Tompkins, and C. L. 
Tubbesing. 2021. Pyrosilviculture needed for landscape resilience of dry 
Western United States Forests. Journal of Forestry 119:520–544. https://​
doi.​org/​10.​1093/​jofore/​fvab0​26.

North, M. P., R. E. Tompkins, A. A. Bernal, B. M. Collins, S. L. Stephens, and R. A. 
York. 2022. Operational resilience in western US frequent-fire forests. 
Forest Ecology and Management 507:120004. https://​doi.​org/​10.​1016/j.​
foreco.​2021.​120004.

North, M. P., S. M. Bisbing, D. L. Hankins, P. F. Hessburg, M. D. Hurteau, L. N. Kob-
ziar, M. D. Meyer, A. E. Rhea, S. L. Stephens, and C. S. Stevens-Rumann. 
2024. Strategic fire zones are essential to wildfire risk reduction in the 
Western United States. Fire Ecology 20:50. https://​doi.​org/​10.​1186/​
s42408-​024-​00282-y.

Northrop, H., J. N. Axelson, A. J. Das, N. L. Stephenson, E. Vilanova, S. L. Ste-
phens, and J. J. Battles. 2024. Snag dynamics and surface fuel loads in 
the Sierra Nevada: Predicting the impact of the 2012-2016 drought. 
Forest Ecology and Management. https://​doi.​org/​10.​1016/j.​foreco.​2023.​
121521.

Nydick, K. R., N. L. Stephenson, A. R. Ambrose, G. P. Asner, W. L. Baxter, A. J. 
Das, T. Dawson, R. E. Martin, and T. Paz-Kagan. 2018. Leaf to landscape 
responses of giant sequoia to hotter drought: An introduction and 
synthesis for the special section. Forest Ecology and Management 
419:249–256. https://​doi.​org/​10.​1016/j.​foreco.​2018.​03.​028.

Parks, S. A., L. M. Holsinger, M. A. Voss, R. A. Loehman, and N. P. Robinson. 2018. 
Mean composite fire severity metrics computed with google earth 
engine offer improved accuracy and expanded mapping potential. 
Remote Sensing 10:879. https://​doi.​org/​10.​3390/​rs100​60879.

Parks, S. A., J. D. Coop, and K. T. Davis. 2025. Intensifying fire season aridity 
portends ongoing expansion of severe wildfire in Western US Forests. 
Global Change Biology 31:e70429. https://​doi.​org/​10.​1111/​gcb.​70429.

Parsons, D.J. 1994. Objects or ecosystems? Giant sequoia management in 
national parks, in: Aune, P.S. (Ed.), Proceedings of the Symposium on 
Giant Sequoias: Their Place in the Ecosystem and Society, General Tech-
nical Report PSW-151. US Department of Agriculture, Forest Service, 
Pacific Southwest Research Station, Albany, CA, pp. 109–115. https://​
npshi​story.​com/​publi​catio​ns/​seki/​giant-​sequo​ia-​mgt.​pdf.

Parsons, D. J., and S. H. DeBenedetti. 1979. Impact of fire suppression on a 
mixed-conifer forest. Forest Ecology and Management 2:21–33. https://​
doi.​org/​10.​1016/​0378-​1127(79)​90034-3.

Pebesma, E. 2018. Simple features for R: Standardized support for spatial vector 
data. R Journal 10:439–446.

Pebesma, E., and R. Bivand. 2023. Spatial data science: with applications in R. 
Chapman and Hall/CRC Press. https://​www.​taylo​rfran​cis.​com/​books/​
mono/​10.​1201/​97804​29459​016/​spati​al-​data-​scien​ce-​edzer-​pebes​
ma-​roger-​bivand.

Phelan, C. 2024. Mountain home treatment database.
Prichard, S. J., N. A. Povak, M. C. Kennedy, and D. W. Peterson. 2020. Fuel treat-

ment effectiveness in the context of landform, vegetation, and large, 
wind-driven wildfires. Ecological Applications. https://​doi.​org/​10.​1002/​
eap.​2104.

Prichard, S. J., P. F. Hessburg, R. K. Hagmann, N. A. Povak, S. Z. Dobrowski, M. D. 
Hurteau, V. R. Kane, R. E. Keane, L. N. Kobziar, C. A. Kolden, M. North, S. 
A. Parks, H. D. Safford, J. T. Stevens, L. L. Yocom, D. J. Churchill, R. W. Gray, 
D. W. Huffman, F. K. Lake, and P. Khatri-Chhetri. 2021. Adapting western 
North American forests to climate change and wildfires: 10 common 
questions. Ecological Applications 31:e02433. https://​doi.​org/​10.​1002/​
eap.​2433.

R Core Team. 2023. R: A language and environment for statistical computing. 
Vienna: R Foundation for Statistical Computing.

Restaino, C., D. J. N. Young, B. Estes, S. Gross, A. Wuenschel, M. Meyer, and H. 
Safford. 2019. Forest structure and climate mediate drought-induced 
tree mortality in forests of the Sierra Nevada, USA. Ecological Applica-
tions 29:e01902. https://​doi.​org/​10.​1002/​eap.​1902.

Riddle, A. A. 2020. Federal wildfire management: ten-year funding trends and 
issues (FY2011-FY2020) (Congressional Research Service Report Prepared 
for Members and Committees of Congress No. R46583). Washington, D.C.: 
Congressional Research Service.

Rueger, B. 1994. Giant sequoia management strategies on the Tule River Indian 
Reservation. In Proceedings of the Symposium on Giant Sequoias: Their 
Place in the Ecosystem and Society, General Technical Report, ed. P. S. Aune, 
116–117. Albany: US Department of Agriculture, Forest Service, Pacific 
Southwest Research Station.

Rundel, P.W., 1971. Community structure and stability in the giant sequoia 
groves of the Sierra Nevada, California. American Midland Naturalist 
85:478–492. 

Schuft, P.H. 1973. A prescribed burning program for Sequoia and Kings Canyon 
National Parks. Proceedings of the Tall Timbers Fire Ecology Conference 
377–389. http://​tallt​imbers.​org/​wp-​conte​nt/​uploa​ds/​2014/​03/​Schuf​
t1972_​op.​pdf.

Schultz, C. A., S. M. McCaffrey, and H. R. Huber-Stearns. 2019. Policy barriers 
and opportunities for prescribed fire application in the western United 
States. International Journal of Wildland Fire 28:874. https://​doi.​org/​10.​
1071/​WF190​40.

Sequoia National Forest and Giant Sequoia National Monument. 2023a. Castle 
fire ecological restoration project. https://​www.​fs.​usda.​gov/​r05/​sequo​ia/​
proje​cts/​archi​ve/​59292 http://​www.​fs.​usda.​gov/​r05/​sequo​ia/​proje​cts/​
archi​ve/​62403. Accessed 23 June 2025.

Sequoia National Forest and Giant Sequoia National Monument. 2023b. Windy 
fire restoration project final environmental assessment. US Forest Service. 
http://​www.​fs.​usda.​gov/​r05/​sequo​ia/​proje​cts/​archi​ve/​62403.

Shive, K. L., C. Brigham, A. C. Caprio, and P. Hardwick. 2021. 2021 fire season 
impacts to giant sequoias. National Park Service. https://​www.​nps.​gov/​
artic​les/​000/​2021-​fire-​season-​impac​ts-​to-​giant-​sequo​ias.​htm.

Shive, K. L., H. K. Preisler, K. R. Welch, H. D. Safford, R. J. Butz, K. L. O’Hara, and S. 
L. Stephens. 2018. From the stand scale to the landscape scale: Predict-
ing the spatial patterns of forest regeneration after disturbance. Ecologi-
cal Applications 28:1626–1639. https://​doi.​org/​10.​1002/​eap.​1756.

Shive, K. L., A. Wuenschel, L. J. Hardlund, S. Morris, M. D. Meyer, and S. M. Hood. 
2022. Ancient trees and modern wildfires: Declining resilience to wild-
fire in the highly fire-adapted giant sequoia. Forest Ecology and Manage-
ment 511:120110. https://​doi.​org/​10.​1016/j.​foreco.​2022.​120110.

Shive, K. L., C. A. Knight, Z. L. Steel, C. K. Stanley, and K. N. Wilson. 2025. 
Leveraging wildfire to augment forest management and amplify forest 
resilience. Ecosphere 16:e70306. https://​doi.​org/​10.​1002/​ecs2.​70306.

Sillett, S. C., R. Van Pelt, A. L. Carroll, J. Campbell-Spickler, and M. E. Antoine. 
2019. Structure and dynamics of forests dominated by Sequoiadendron 
giganteum. Forest Ecology and Management 448:218–239. https://​doi.​
org/​10.​1016/j.​foreco.​2019.​05.​064.

Soderberg, D. N., and A. J. Das. 2023. Assessment of giant Sequoia mortality 
and regeneration within burned groves in Sequoia and Kings Canyon 
National Parks. In U.S. Geological survey data release. https://​doi.​org/​10.​
5066/​P96Z1​PBK.

Soderberg, D. N., A. J. Das, N. L. Stephenson, M. D. Meyer, C. A. Brigham, and 
J. Flickinger. 2024. Assessing giant sequoia mortality and regeneration 
following high-severity wildfire. Ecosphere 15:e4789. https://​doi.​org/​10.​
1002/​ecs2.​4789.

Steel, Z. L., D. Foster, M. Coppoletta, J. M. Lydersen, S. L. Stephens, A. Paudel, S. 
H. Markwith, K. Merriam, and B. M. Collins. 2021. Ecological resilience 
and vegetation transition in the face of two successive large wildfires. 
Journal of Ecology 109:3340–3355. https://​doi.​org/​10.​1111/​1365-​2745.​
13764.

Stephens, S. L., D. J. Dulitz, and R. E. Martin. 1999. Giant sequoia regeneration in 
group selection openings in the southern Sierra Nevada. Forest Ecology 
and Management 120:89–95. https://​doi.​org/​10.​1016/​S0378-​1127(98)​
00530-1.

Stephens, S. L., J. J. Moghaddas, C. Edminster, C. E. Fiedler, S. Haase, M. Har-
rington, J. E. Keeley, E. E. Knapp, J. D. McIver, K. Metlen, C. N. Skinner, and 
A. Youngblood. 2009. Fire treatment effects on vegetation structure, 
fuels, and potential fire severity in western U.S. forests. Ecological Appli-
cations 19:305–320. https://​doi.​org/​10.​1890/​07-​1755.1.

Stephens, S. L., B. M. Collins, and G. Roller. 2012. Fuel treatment longevity in 
a Sierra Nevada mixed conifer forest. Forest Ecology and Management 
285:204–212. https://​doi.​org/​10.​1016/j.​foreco.​2012.​08.​030.

https://nifc.maps.arcgis.com/home/item.html?id=51f9750534c64b1d94b65d1fd2ff7d2f
https://nifc.maps.arcgis.com/home/item.html?id=51f9750534c64b1d94b65d1fd2ff7d2f
https://doi.org/10.1093/jofore/fvab026
https://doi.org/10.1093/jofore/fvab026
https://doi.org/10.1016/j.foreco.2021.120004
https://doi.org/10.1016/j.foreco.2021.120004
https://doi.org/10.1186/s42408-024-00282-y
https://doi.org/10.1186/s42408-024-00282-y
https://doi.org/10.1016/j.foreco.2023.121521
https://doi.org/10.1016/j.foreco.2023.121521
https://doi.org/10.1016/j.foreco.2018.03.028
https://doi.org/10.3390/rs10060879
https://doi.org/10.1111/gcb.70429
https://npshistory.com/publications/seki/giant-sequoia-mgt.pdf
https://npshistory.com/publications/seki/giant-sequoia-mgt.pdf
https://doi.org/10.1016/0378-1127(79)90034-3
https://doi.org/10.1016/0378-1127(79)90034-3
https://www.taylorfrancis.com/books/mono/10.1201/9780429459016/spatial-data-science-edzer-pebesma-roger-bivand
https://www.taylorfrancis.com/books/mono/10.1201/9780429459016/spatial-data-science-edzer-pebesma-roger-bivand
https://www.taylorfrancis.com/books/mono/10.1201/9780429459016/spatial-data-science-edzer-pebesma-roger-bivand
https://doi.org/10.1002/eap.2104
https://doi.org/10.1002/eap.2104
https://doi.org/10.1002/eap.2433
https://doi.org/10.1002/eap.2433
https://doi.org/10.1002/eap.1902
http://talltimbers.org/wp-content/uploads/2014/03/Schuft1972_op.pdf
http://talltimbers.org/wp-content/uploads/2014/03/Schuft1972_op.pdf
https://doi.org/10.1071/WF19040
https://doi.org/10.1071/WF19040
https://www.fs.usda.gov/r05/sequoia/projects/archive/59292
https://www.fs.usda.gov/r05/sequoia/projects/archive/59292
http://www.fs.usda.gov/r05/sequoia/projects/archive/62403
http://www.fs.usda.gov/r05/sequoia/projects/archive/62403
http://www.fs.usda.gov/r05/sequoia/projects/archive/62403
https://www.nps.gov/articles/000/2021-fire-season-impacts-to-giant-sequoias.htm
https://www.nps.gov/articles/000/2021-fire-season-impacts-to-giant-sequoias.htm
https://doi.org/10.1002/eap.1756
https://doi.org/10.1016/j.foreco.2022.120110
https://doi.org/10.1002/ecs2.70306
https://doi.org/10.1016/j.foreco.2019.05.064
https://doi.org/10.1016/j.foreco.2019.05.064
https://doi.org/10.5066/P96Z1PBK
https://doi.org/10.5066/P96Z1PBK
https://doi.org/10.1002/ecs2.4789
https://doi.org/10.1002/ecs2.4789
https://doi.org/10.1111/1365-2745.13764
https://doi.org/10.1111/1365-2745.13764
https://doi.org/10.1016/S0378-1127(98)00530-1
https://doi.org/10.1016/S0378-1127(98)00530-1
https://doi.org/10.1890/07-1755.1
https://doi.org/10.1016/j.foreco.2012.08.030


Page 24 of 24Shive et al. Fire Ecology           (2026) 22:30 

Stephens, S. L., A. A. Bernal, B. M. Collins, M. A. Finney, C. Lautenberger, and 
D. Saah. 2022. Mass fire behavior created by extensive tree mortal-
ity and high tree density not predicted by operational fire behavior 
models in the southern Sierra Nevada. Forest Ecology and Management 
518:120258. https://​doi.​org/​10.​1016/j.​foreco.​2022.​120258.

Stephenson, N. L. 1994. Long-term dynamics of giant sequoia populations: 
implications for managing a pioneer species. In Proceedings of the 
symposium on giant Sequoias: their place in the ecosystem and society, 
general technical report, ed. P. S. Aune, 56–63. Albany: US Department of 
Agriculture, Forest Service, Pacific Southwest Research Station.

Stephenson, N. L. 1996. Ecology and management of giant sequoia groves. In 
Sierra Nevada ecosystem project: final report to congress, vol. II. Assess-
ments and scientific basis for management options, 1431–1465. Davis: 
Centers for Water and Wildland Resources, University of California.

Stephenson, N. L. 1999. Reference conditions for giant sequoia forest 
restoration: Structure, process, and precision. Ecological Applications 
9:1253–1265. https://​doi.​org/​10.​1890/​1051-​0761.

Stephenson, N. L., and C. Brigham. 2021. Preliminary estimates of sequoia 
mortality in the 2020 Castle Fire. National Park Service, Sequoia and Kings 
Canyon National Parks. https://​www.​nps.​gov/​artic​les/​000/​preli​minary-​
estim​ates-​of-​sequo​ia-​morta​lity-​in-​the-​2020-​castle-​fire.​htm.

Stephenson, N. L., A. J. Das, N. J. Ampersee, K. G. Cahill, A. C. Caprio, J. E. Sand-
ers, and A. P. Williams. 2018. Patterns and correlates of giant sequoia 
foliage dieback during California’s 2012–2016 hotter drought. Forest 
Ecology and Management 419–420:268–278. https://​doi.​org/​10.​1016/j.​
foreco.​2017.​10.​053.

Stephenson, N. L., D. N. Soderberg, J. A. Flickinger, A. C. Caprio, and A. J. Das. 
2024a. Effects of recent wildfires on giant sequoia groves were anoma-
lous at millennial timescales: A response to Hanson et al. Fire Ecology 
20:89. https://​doi.​org/​10.​1186/​s42408-​024-​00316-5.

Stephenson, N. L., A. C. Caprio, D. N. Soderberg, A. J. Das, E. L. Lopez, and A. P. 
Williams. 2024b. Post-fire reference densities for giant sequoia seedlings 
in a new era of high-severity wildfires. Forest Ecology and Management 
562:121916. https://​doi.​org/​10.​1016/j.​foreco.​2024.​121916.

Stevens, J. T., C. M. Haffey, J. D. Coop, P. J. Fornwalt, L. Yocom, C. D. Allen, A. 
Bradley, O. T. Burney, D. Carril, M. E. Chambers, T. B. Chapman, S. L. Haire, 
M. D. Hurteau, J. M. Iniguez, E. Q. Margolis, C. Marks, L. A. E. Marshall, K. 
C. Rodman, C. S. Stevens-Rumann, A. E. Thode, and J. J. Walker. 2021. 
Tamm review: Postfire landscape management in frequent-fire conifer 
forests of the southwestern United States. Forest Ecology and Manage-
ment 502:119678. https://​doi.​org/​10.​1016/j.​foreco.​2021.​119678.

Stewart. 1994. Giant sequoia management in the national forests of California, in: 
Aune, P.S. (Ed.), Proceedings of the Symposium on Giant Sequoias: Their 
Place in the Ecosystem and Society, General Technical Report PSW-
151. US Department of Agriculture, Forest Service, Pacific Southwest 
Research Station, Albany, CA, pp. 152–158. https://​doi.​org/​10.​2737/​
PSW-​GTR-​151.

Striplin, R., S. A. McAfee, H. D. Safford, and M. J. Papa. 2020. Retrospective analy-
sis of burn windows for fire and fuels management: An example from 
the Lake Tahoe Basin, California, USA. Fire Ecology 16:13. https://​doi.​org/​
10.​1186/​s42408-​020-​00071-3.

Swain, D. L., J. T. Abatzoglou, C. Kolden, K. Shive, D. A. Kalashnikov, D. Singh, and 
E. Smith. 2023. Climate change is narrowing and shifting prescribed fire 
windows in western United States. Communications Earth & Environ-
ment 4:1–14. https://​doi.​org/​10.​1038/​s43247-​023-​00993-1.

Swetnam, T. W. 1993. Fire history and climate change in giant sequoia groves. 
Science 262:885–889.

Swetnam, T. W., C. H. Baisan, A. C. Caprio, P. M. Brown, R. Touchan, R. S. Ander-
son, and D. J. Hallett. 2009. Multi-millennial fire history of the giant 
forest, Sequoia National Park, California, USA. Fire Ecology 5:120–150. 
https://​doi.​org/​10.​4996/​firee​cology.​05031​20.

Thompson, M., P. Bowden, A. Brough, J. Scott, J. Gilbertson-Day, A. Taylor, J. 
Anderson, and J. Haas. 2016. Application of wildfire risk assessment 
results to wildfire response planning in the Southern Sierra Nevada, 
California, USA. Forests 7:64. https://​doi.​org/​10.​3390/​f7030​064.

Tweed, W. C. 2015. King Sequoia: the tree that inspired a nation, created our 
national park system, and changed the way we think about nature. 
Heyday Publishers.

US Forest Service. 2022. Forest service taking emergency action to protect 
giant sequoias [WWW Document]. URL https://​www.​usda.​gov/​media/​

press-​relea​ses/​2022/​07/​22/​forest-​servi​ce-​taking-​emerg​ency-​action-​
prote​ct-​giant-​sequo​ias. Accessed 27 Mar 2023.

US Forest Service. 2023a. Hazard fuels treatments database: S_USA.Activity_Haz-
FuelTrt_PL.shp. https://​data.​fs.​usda.​gov/​geoda​ta/​edw/​datas​ets.​php.

US Forest Service. 2023b. Timber harvest database: S_USA.Activity_TimberHar-
vest.shp. https://​data.​fs.​usda.​gov/​geoda​ta/​edw/​datas​ets.​php. Accessed 
1 Jan 2024.

US Forest Service. 2023c. Land management plan for the sequoia national forest 
(No. R5- MB- 330A). Porterville: U.S. Forest Service Pacific Southwest 
Region / Sequoia National Forest.

van Wagtendonk, J. W., and P. E. Moore. 2010. Fuel deposition rates of montane 
and subalpine conifers in the central Sierra Nevada, California, USA. For-
est Ecology and Management 259:2122–2132. https://​doi.​org/​10.​1016/j.​
foreco.​2010.​02.​024.

van Wagtendonk, J. W., K. A. van Wagtendonk, and A. E. Thode. 2012. Factors 
associated with the severity of intersecting fires in Yosemite National 
Park, California, USA. Fire Ecology 7:11–31. https://​doi.​org/​10.​4996/​firee​
cology.​08010​11.

Wickham, H. 2019. Welcome to the tidyverse. Journal of Open Source Software 
4:1686. https://​doi.​org/​10.​21105/​joss.​01686.

Williams, A. P., J. T. Abatzoglou, A. Gershunov, J. Guzman-Morales, D. A. Bishop, 
J. K. Balch, and D. P. Lettenmaier. 2019. Observed impacts of anthropo-
genic climate change on wildfire in California. Earth’s Future 7:892–910. 
https://​doi.​org/​10.​1029/​2019E​F0012​10.

York, R. A., N. L. Stephenson, M. Meyer, S. Hanna, T. Moody, A. C. Caprio, and J. 
J. Battles. 2013. A natural resource condition assessment for Sequoia and 
Kings Canyon National Parks: Appendix 11a – giant sequoias. (Natural 
Resource Report No. NPS/SEKI/NRR—2013/665.11a). Fort Collins: National 
Park Service.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.foreco.2022.120258
https://doi.org/10.1890/1051-0761
https://www.nps.gov/articles/000/preliminary-estimates-of-sequoia-mortality-in-the-2020-castle-fire.htm
https://www.nps.gov/articles/000/preliminary-estimates-of-sequoia-mortality-in-the-2020-castle-fire.htm
https://doi.org/10.1016/j.foreco.2017.10.053
https://doi.org/10.1016/j.foreco.2017.10.053
https://doi.org/10.1186/s42408-024-00316-5
https://doi.org/10.1016/j.foreco.2024.121916
https://doi.org/10.1016/j.foreco.2021.119678
https://doi.org/10.2737/PSW-GTR-151
https://doi.org/10.2737/PSW-GTR-151
https://doi.org/10.1186/s42408-020-00071-3
https://doi.org/10.1186/s42408-020-00071-3
https://doi.org/10.1038/s43247-023-00993-1
https://doi.org/10.4996/fireecology.0503120
https://doi.org/10.3390/f7030064
https://www.usda.gov/media/press-releases/2022/07/22/forest-service-taking-emergency-action-protect-giant-sequoias
https://www.usda.gov/media/press-releases/2022/07/22/forest-service-taking-emergency-action-protect-giant-sequoias
https://www.usda.gov/media/press-releases/2022/07/22/forest-service-taking-emergency-action-protect-giant-sequoias
https://data.fs.usda.gov/geodata/edw/datasets.php
https://data.fs.usda.gov/geodata/edw/datasets.php
https://doi.org/10.1016/j.foreco.2010.02.024
https://doi.org/10.1016/j.foreco.2010.02.024
https://doi.org/10.4996/fireecology.0801011
https://doi.org/10.4996/fireecology.0801011
https://doi.org/10.21105/joss.01686
https://doi.org/10.1029/2019EF001210

	The state of the giant sequoias: losses, risks, and opportunities
	Abstract 
	Background 
	Results 
	Conclusions 

	Resumen 
	Antecedentes 
	Resultados 
	Conclusiones 

	Introduction
	Methods
	Study area
	Wildfire data
	Estimating large giant sequoia mortality
	Estimating the risk of local extirpation
	Treatment data
	Classifying resistance to high severity wildfire

	Results
	Q1: wildfire trends
	Area burned (1910–2024)
	Wildfire severity (1984–2024)

	Q2a: large giant sequoia mortality
	Q2b: local extirpation risk
	Q3: trends in treatment
	Q4: resistance to high severity fire
	A snapshot of current resistance
	Tracking resistance through time


	Discussion
	A decade of change
	Treatment trends
	Current conditions and opportunities
	Study limitations

	Conclusions
	Acknowledgements
	References


