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ABSTRACT 

Over the past four decades, annual area burned has increased significantly in California and across 
the western USA. This trend reflects a confluence of intersecting factors that affect wildfire 
regimes. It is correlated with increasing temperatures and atmospheric vapour pressure deficit. 
Anthropogenic climate change is the driver behind much of this change, in addition to influencing 
other climate-related factors, such as compression of the winter wet season. These climatic 
trends and associated increases in fire activity are projected to continue into the future. 
Additionally, factors related to the suppression of the Indigenous use of fire, aggressive fire 
suppression and, in some cases, changes in logging practices or fuel management intensity, 
collectively have produced large build-ups of vegetative fuels in some ecosystems. Human 
activities provide the most common ignition source for California’s wildfires. Despite its 
human toll, fire provides a range of ecological benefits to many California ecosystems. Given 
the diversity of vegetation types and fire regimes found in the state, addressing California’s 
wildfire challenges will require multi-faceted and locally targeted responses in terms of fuel 
management, human-caused ignitions, building regulations and restrictions, integrative urban and 
ecosystem planning, and collaboration with Tribes to support the reinvigoration of traditional 
burning regimes.  

Keywords: California, climate change, fire suppression, fuel management, ignition sources, 
Indigenous burning, vegetation, wildfire, wildland fire, wildland–urban Interface. 

Introduction 

Between 1980 and 2020, western USA and Canada experienced striking increases in the 
mean annual area burned and the severity of wildfires, leading to increased costs in fire 
suppression across the region (Miller et al. 2009; LAO (Legislative Analysist Office) 2018;  
Williams et al. 2019; Parks and Abatzoglou 2020; Natural Resources Canada 2021;  
Pennick McIver et al. 2021). Wildfire in California played a large role. In a cost analysis 
of nine western states, it was found that during 2005–2015, the state of California was 
responsible for an average of 82% of the annual total fire suppression costs (a sum of 
reimbursed expenditures and state obligations) (Pennick McIver et al. 2021). The 1980s 
have been identified as an inflection point not only in wildfire regimes in California and 
western North America, but also in terms of warming and drying of climate (Dennison 
et al. 2014; Abatzoglou and Williams 2016; Westerling 2016; Holden et al. 2018; Parks 
and Abatzoglou 2020). The causes, consequences and solutions for increased wildfire risk 
continue to be widely discussed and debated among both professionals and the public. 
Such dialogues often underscore the current polarised and politicised nature of public 
discourse across the nation and state (Hartter et al. 2020). To build broad-based under
standing and solutions, it is critical to have informed and credible sources that facilitate 
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the identification and communication of the factors driving 
increased wildfire risk (Steelman and McCaffrey 2013;  
Kasperson 2014; Leverkus et al. 2020). 

Here, we synthesise and assess the role of climate change 
and other factors in generating the increasing trend in wild
fire size as an evidence-based contribution to the ongoing 
discourse surrounding California’s current wildfire chal
lenges. The questions addressed in this synthesis are: (1) 
how has wildfire and land cover changed since 1980? (2) 
what is the specific role of climate change? (3) what is the 
role of historical land management (pre-1980)? and (4) what 
are the effects of land management and ignition sources on 
California fire regimes since 1980? We explore each question 
in-depth, in separate sections that end with a summary of 
takeaway points that readers can readily understand and, we 
hope, use in relevant decision- and policy-making. We con
clude with a general consideration of the future of wildfire 
challenges and their mitigation in California. 

How have wildfire dynamics and land cover 
changed since 1980? 

Wildland fire is an important, ecologically beneficial process 
in many of California’s ecosystems (Van Wagtendonk et al. 
2018). Over 20 different major vegetation types, experien
cing a wide range of fire regimes and fire occurrences in 
individual years, can be recognised in the state (Ornduff 
et al. 2003; Safford et al. 2022). Fire was used by 
Indigenous peoples to shape the landscape long before the 
arrival of Spanish, Mexican, and American settler-colonists 
in the 18th and 19th centuries (Anderson 2005; Lake 2013;  
Kane et al. 2019; Knight et al. 2022). In addition to a grow
ing body of Indigenous knowledge (e.g. Knight et al. 2022), 
early historical records of fire in California come from the 
diaries of Father Juan Crespi, who accompanied the Portola 
and Fages expeditions (1769–1772). Crespi describes many 
instances of burned landscapes and explicitly mentions the 
use of fire by Indigenous peoples for the purpose of hunting 
(Bolton 1927). Wildfires have been increasingly well docu
mented over the 20th and 21st centuries. Over the last four 
decades, many researchers have identified a trend towards 
larger and more severe wildfires occurring more frequently 
across California and western USA compared with the earlier 
20th century (Westerling et al. 2006; Miller et al. 2009;  
Williams et al. 2019; Parks and Abatzoglou 2020). Of the 
15 states generally included in western USA, California has 
experienced the most pronounced impacts of these large and 
severe fires over the past 40 years (Moreira et al. 2020). 

We analysed data compiled from state and federal fire 
jurisdictions by the California Department of Forestry and 
Fire Protection (CAL FIRE) to examine the trends in fire size 
over the period 1980–2020 (https://www.fire.ca.gov/stats- 
events/) (CAL FIRE 2021). The CAL FIRE data used here are 
annual summary statistics for the whole state. We found a 

statistically significant upward trend (P < 0.001) in annual 
area burned since 1980 (Table 1, Fig. 1). Furthermore, 18 of 
the 20 largest fires in recorded California history have 
occurred since 2003; four of these occurred in 2021, five 
in 2020, and another three occurred from 2017 through 
2019 (https://34c031f8‐c9fd‐4018‐8c5a‐4159cdff6b0d‐cdn‐ 
endpoint.azureedge.net/‐/media/calfire‐website/our‐impact/ 
fire‐statistics/featured‐items/top20_acres.pdf?rev=be2a6f
f85932475e99d70fa9458dca79&hash=A355A978818640DFA 
CE7993C432ABF81). These trends follow a period of lower 
annual area burned and decrease in large fires in the mid- 
20th century, concomitant with policies of near complete fire 
suppression and cooler, moister climate (Keeley and Syphard 
2021). The total number of wildfires recorded annually over 
approximately the post-1980 period shows a statistically 
significant negative trend (P < 0.001) that is consistent 
with a trend towards fewer, but larger, individual fires 
(Table 1, Fig. 1). Both of these data sets also reveal a high 
amount of interannual variability in addition to the overall 
trends. 

Moreover, since 2002, wildfires in California have 
destroyed more than 60 000 structures and caused 302 civilian 
and firefighter fatalities (Safford et al. 2021, 2022). 
Emblematic of these patterns is the 2018 Camp Fire, which 
resulted in 85 deaths and the destruction of 18 804 structures 
(https://www.fire.ca.gov/media/4jandlhh/top20_acres.pdf). 
The growth of residential development in wildland–urban 
interface (WUI) areas has placed increasing numbers of 
structures and people at risk and contributed to the eco
nomic toll of wildfires (Hammer et al. 2007; Radeloff et al. 
2018; Keeley and Syphard 2019, 2021). WUI areas are found 
throughout the state, although most structures damaged by 
California wildfires are in non-forested land cover types 
(Schwartz and Syphard 2021). The estimated economic 
cost of the 2018 California wildfires was US$27.7 billion 
in capital losses, US$32.2 billion in health costs, and US 
$88.6 billion in indirect losses (Wang et al. 2021). Smoke 
produced by such wildfires can severely impact human respi
ratory and cardiovascular health, contributing to increased 

Table 1. Results of the non-parametric Mann–Kendall test 
( Kendall 1975) for monotonic trends in the time series for annual 
area burned, annual number of fires, annual air temperature, and 
annual vapour pressure deficit (VPD).     

Variable Tau Two-sided test 
P-value   

Annual area burned 1980–2020 +0.359 0.00099 

Annual number fires 1987–2020 −0.451 0.00018 

Annual air temperature 1980–2020 +0.374 0.00072 

Annual VPD 1980–2020 +0.478 0.00001 

Positive tau values indicate upwards trends and negative tau values indicate 
downward trends. The tau values have a range of −1 to 1 and a value of 0 
indicates no trend is present. All trends are statistically significant at P < 0.001.  
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hospital admissions and emergency room visits (Adetona et al. 
2016; Aguilera et al. 2021). 

In addition to the area burned by wildfires, the severity of 
California forest fires, as measured by the degree to which 
fires have caused overstorey tree mortality and altered soils, 
has also increased over recent decades (Williams et al. 
2023). Since 1980, trends in area burned and fire severity 
in California resemble the rest of western USA. From the 
mid-1980s through the mid-2010s, the number of large 
wildfires (those larger than 405 ha [1000 acres]) increased 
in nearly all ecoregions in western USA, as did the annual 
area burned overall (Dennison et al. 2014) and the annual 
area burned at high severity (Parks and Abatzoglou 2020). 
Specific to California, in recent decades, increasing area 
burned and severity has occurred in the Sierra Nevada and 
southern Cascades (Williams et al. 2023). A notable excep
tion to the increase in fire severity was the California coastal 
zone (Parks and Abatzoglou 2020). 

Although annual area burned is commonly used to esti
mate trends in wildfire over time, the metric can be mislead
ing or misunderstood. This can lead to misrepresentation of 
fire dynamics and undermine the effectiveness of vegetation 
management. Reliance on the annual area burned metric can 
mask the ecological, social, and economic impacts of fire, 
which are critical to holistic or multidimensional measures 
of wildfire impact assessment (Moreira et al. 2020; Safford 
et al. 2022). Furthermore, what happens within the perimeter 
of a fire, such as spatial patchiness of fire severity, is often 
more relevant than the total area burned within the perimeter. 

For example, in California and western Nevada, the degree 
and extent of forest fire severity, as measured by the extent of 
stand-replacing fire, has increased considerably since 1984 
(Miller et al. 2009; Miller and Safford 2012; Steel et al. 
2015, 2018; Williams et al. 2023). In addition, increases in 
annual area burned and detrimental impacts are not equally 
distributed throughout California and its different land cover 
types (Williams et al. 2019; Parks and Abatzoglou 2020;  
Schwartz and Syphard 2021). For example, although annual 
area burned in north-western forests and the forests of the 
Sierra Nevada is increasing, such trends are not as readily 
apparent in California coastal vegetation complexes (Williams 
et al. 2019; Parks and Abatzoglou 2020; Safford et al. 2022). 
In this regard it is also important to recognise the difference in 
the often fuel-dominated large fire events in forested regions 
such as the northern mountain ranges versus the wind- 
dominated events that often typify large fires in shrubland- 
dominated vegetation of areas such as southern and coastal 
California (Keeley and Syphard 2019). Fire severity and vege
tation recovery within burned areas is also geographically 
variable (Alizadeh et al. 2021; Guiterman et al. 2022). 

To prepare and implement more effective management 
responses to California’s changing wildfire dynamics, it is 
important to develop a clear understanding of why fires are 
increasing in size and, in many cases, severity. Land cover 
change is one such potential driver. In semiarid, mixed- 
conifer forests, the primary land cover drivers of these 
trends are: (1) the accumulation of living and dead vegeta
tion biomass (the fuel), reflecting the long-term legacy of 
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(a) Regression of area burned (ha) by year (R2 = 0.249) (b) Regression of number of �res by year (R2 = 0.415)
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Fig. 1. Legend: The model regression line is shown in black. The mean 95% confidence interval is shown as light grey lines. The 
95% interval for observations around the modelled regression are shown as dark grey lines. Fig. 1 (a) Annual area burned in 
California from 1980 to 2020. For illustrative purposes a linear regression line is fitted (R2 = 0.249, P < 0.0001). CAL FIRE estimates 
for 1987–2020 as of 11 August 2020. Note the annual area burned in 2020 is far above the 95% confidence envelope of the 
regression model in terms of observations. Data source:  (CAL FIRE 2021) (https://www.fire.ca.gov/stats-events/, https:// 
34c031f8‐c9fd‐4018‐8c5a‐4159cdff6b0d‐cdn‐endpoint.azureedge.net/‐/media/calfire‐website/our‐impact/fire‐statistics/2018_redbook_ 
final.pdf?rev=26c8ffc6fef04ea8a77e00f488cb83bd&hash=19B77F82A19D93A7684C7618B6337482). 1980–1986 estimated from CAL 
FIRE perimeter dataset (https://frap.fire.ca.gov/frap-projects/fire-perimeters/, https://frap.fire.ca.gov/mapping/gis-data/). Fig. 1 (b) Total 
annual number of fires from 1987 to 2020. For illustrative purposes a linear regression line is fitted (R2 = 0.415, P < 0.0001). Different 
agencies have different minimum fire sizes for recording fire sizes and perimeters, but typically fires included in the database are 4 ha 
(10 acres) or greater. Data source:  CAL FIRE 2021 (https://www.fire.ca.gov/media/11397/fires-acres-all-agencies-thru-2018.pdf).    
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fire exclusion and suppression (North et al. 2016, 2022;  
Safford et al. 2021); and (2) the concomitant increase in 
the proportion and persistence of dry biomass, exacerbated 
by climate-induced aridification of these fuels (Restaino and 
Safford 2018). For example, one analysis suggests that since 
the beginning of the 20th century, when the observational 
record began, no fires were recorded in 75% of mixed conifer 
forests in California (Steel et al. 2015). It should be recog
nised, however, that small fires in particular may have gone 
undetected and unaccounted for in historical records, partic
ularly prior to the era of air and satellite remote sensing (Hua 
and Shao 2017). Nevertheless, large and severe fires were 
recorded in the early 20th century (Keeley and Syphard 
2021). Fire histories, reconstructed from fire-scarred trees, 
indicate that for centuries before 1850 the same areas tended 
to burn as frequently as every 5–20 years (Anderson 1994,  
1996; Trouet et al. 2010; Safford and Stevens 2017). In fact, 
estimates suggest that annual area burned totals of over 
1.6 million ha (4 million acres) may not have been unusual 
(Anderson 1994, 2005; Stephens et al. 2007). However, 
between 2015 and 2020, some of these forests burned inten
sively in large patches over areas previously subject to dec
ades of suppression, contributing to the state’s significant 
increases in total annual area burned, especially at high 
severity. 

Land cover in California, including the location and 
intensity of forestry, agriculture, and urban development, 
has changed considerably since 1980. These land cover 
changes will continue to influence the likelihood of large 
and destructive fires, and fire itself has played a large role 
in some changes. The density of trees in some forest stands, 
particularly those in small diameter classes, has increased 
significantly since the mid-20th century, largely due to fire 
exclusion (McIntyre et al. 2015; North et al. 2022). Increased 
stand density has been accompanied by a shift toward a forest 
composition comprised of species that are less fire resistant 
than the species they are replacing (e.g. ponderosa pine 
[Pinus ponderosa] to white fir [Abies concolor]). Although 
the net percentage of lands used for agriculture has remained 
relatively stable in recent decades (Hart 2003; Sleeter et al. 
2011), the locations of agricultural uses have changed. As 
suburban housing in the Central Valley of California 
expanded, nearby agricultural lands were converted to hous
ing and commercial uses, and agricultural operations then 
shifted into previously uncropped lands in chaparral, wood
lands, and forests and in California’s foothills (Sleeter et al. 
2011). Expansion of livestock grazing in arid and semiarid 
regions of California, especially those that overlap with the 
Great Basin and Mojave Deserts, contributed to expansion of 
non-native invasive grasses and forbs that are fire-adapted 
yet highly flammable and, ultimately, can lead to changes in 
fire dynamics (Williamson et al. 2020). Additionally, as the 
percentage of developed land increased 37% from 1973 to 
2000, the location of these developed lands and the associ
ated loss of open space also influenced societal vulnerability 

to wildfire (Sleeter et al. 2011). Contrary to popular percep
tion, the great majority of large wildfires during 1992–2019 
originated on private or corporate lands and spread onto 
public lands (Downing et al. 2022). 

Fire itself is a major driver of land cover change in 
California. Changes due to fire can be ephemeral as post- 
fire succession proceeds, but they can also lead to vegetation 
conversion (Steel et al. 2018; Guiterman et al. 2022). In 
California, despite the diversity of vegetation cover types, 
most changes have occurred in chaparral, oak woodlands, 
and in many forests of the Sierra Nevada (Safford et al. 
2022). Between 1985 and 2021, primarily as a result of 
fire, forest cover decreased by nearly 7%, whereas shrub, 
herbaceous, and bare ground cover each increased by about 
3% (Wang et al. 2022). Most of the increases in shrub cover 
occurred as successional (or type-conversion) responses to fire- 
driven montane forest loss. Even though southern California 
saw an overall gain in montane shrub cover between 1985 and 
2021, there are ongoing losses in lowland shrublands and 
associated serotinous conifers driven by highly frequent 
anthropogenic fire (Safford and Van de Water 2014; Keeley 
and Safford 2016; Safford et al. 2021). Housing development 
is playing an indirect role in this process because it leads to 
increased human ignitions and replacement of shrublands by 
weedy, non-native annual grasses and herbs, which are much 
more flammable than the shrublands they replace (Syphard 
et al. 2018a, 2018b). How changes in vegetation will influence 
future wildfire regimes is an important concern, given that 
most land cover change (e.g. forest to shrubland and shrubland 
to grassland) occurs in the direction of vegetation that can 
carry more frequent, faster-moving fire likely to damage struc
tures (Syphard et al. 2019; Schwartz and Syphard 2021). 

In summary, wildfire dynamics and land cover have 
changed in California since 1980 in the following ways:  

• The annual area burned by wildfires in California has 
shown a statistically significant upward trend from 1980 
to 2020, where 18 of the 20 largest fires recorded occurred 
since 2003 (five occurred in 2020 and four occurred in 
2021) (https://www.fire.ca.gov/media/4jandlhh/top20_ 
acres.pdf). Nonetheless, average annual area burned dur
ing this period is still well below estimates of annual 
burning before colonial settlement.  

• The annual number of fires shows a statistically significant 
downward trend between 1980 and 2020, indicating the 
growing prominence of large-area fires.  

• Since 1984, low- and middle-elevation forests in California 
(and some high-elevation forests) have experienced increas
ing levels of fire severity, with deleterious environmental 
and socio-economic consequences.  

• Land cover changes influence fuels and have both affected, 
and been affected by, the fire regime.  

• Human development and associated land cover change in 
the WUI have increased the economic and human costs of 
wildfires. 
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How has climate change affected wildfires in 
California since 1980? 

Changes in California’s climate over past decades are key 
contributors to trends in fire-related activity. Higher tem
peratures and decreased precipitation, for example, can 
accelerate the drying and enhance the flammability of vege
tative fuels (Flannigan et al. 2016). Increasing global and 
regional temperatures of about 1.1°C (~2°F) since 1980 
(Fig. 2) are largely attributable to anthropogenic greenhouse 
gas emissions (Bonfils et al. 2008; Diffenbaugh et al. 2015;  
Abatzoglou et al. 2016; Williams et al. 2020). The rate of 
observed global warming has accelerated in recent decades 
(Smith et al. 2015). The recent and sustained warm annual 
temperatures are unprecedented over the past 1000 years, 
when comparing increases in annual or seasonal temperature 
over the 20th and early 21st century across the Northern 
Hemisphere with paleoclimatic data (Stevens et al. 2008;  
Salzer et al. 2009, 2014; Ljungqvist et al. 2012; Landrum 
et al. 2013; Loisel et al. 2017; de Boer et al. 2019). 

Throughout California precipitation is concentrated in 
the cool season months and there is a high degree of year- 
to-year variability. In contrast to temperature trends, there is 
no evidence of a significant long-term trend in cool-season 
precipitation (Pierce and Cayan 2013; Diffenbaugh et al. 
2015). Higher temperatures do promote aridity, however, 
by decreasing the relative humidity of the atmosphere, increas
ing rates of evaporation from land surfaces and sublimation 
from snow. With warming, the winter precipitation season in 
California has become temporally compressed over the past six 
decades, contributing to a lengthened fire season (Goss et al. 
2020; Luković et al. 2021). Warming has also accelerated 

snowmelt in the Sierra Nevada since the mid-20th century 
(Stewart et al. 2005), and wildfire itself may be contributing 
to this trend (Hatchett et al. 2023). The trend and impact of 
increasingly higher temperatures on aridity is highlighted by 
paleoclimatic studies. Drought conditions in the early 2010s, 
as measured by the Palmer Drought Severity Index (a measure 
of soil moisture) in central California and the deficit in snow
pack in the Sierra Nevada, were among the most severe over 
the past 500–1200 years, whereas precipitation deficits over 
the same period were not anomalous (Griffin and Anchukaitis 
2014; Belmecheri et al. 2016; Lepley et al. 2020). 

Warmer air temperatures increase saturated water 
vapour pressure (maximum amount of water vapour that 
can be in the air), and in the absence of increased atmo
spheric moisture this causes an increase in the vapour pres
sure deficit (VPD). VPD is the difference between the water 
vapour pressure at saturation and the actual water vapour 
pressure of near-surface air. Globally, VPD has been increas
ing since the 1990s in tandem with increasing air tempera
tures (Yuan et al. 2019). VPD has been shown to be an 
important predictor of wildfire potential in California and 
the rest of western USA (Seager et al. 2015; Williams et al. 
2019; Chen et al. 2021; Dong et al. 2022). High water vapour 
deficits produce increased evapotranspiration and promote 
fires through the drying of land surfaces and vegetative fuels 
(Abatzoglou and Williams 2016). VPD has been increasing in 
California at a statistically significant rate during the 
May–October warm season (Fig. 2), a trend that is projected 
to continue (Williams et al. 2019). Zhuang et al. (2021) 
estimated that 68% of the upward trend in VPD in western 
USA between 1979 and 2020 is likely attributable to anthro
pogenic warming. 

(a) Regression of annual temperature (°C) by year (R2 = 0.33) (b) Regression of VPD (hPa) by year (R2 = 0.433)
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Fig. 2. Legend: The model regression line is shown in black. The mean 95% confidence interval is shown as light grey lines. 
The 95% interval for observations around the modelled regression are shown as dark grey lines.  Fig. 1 (a) California average 
annual air temperature from 1980 to 2020. A linear regression line is fitted for illustrative purposes (R2 = 0.330, P < 0.0001). 
Data source: NOAA National Centers for Environmental Information, Climate at a Glance: Statewide Time Series, published 
April 2021, retrieved on 5 May 2021 from https://www.ncdc.noaa.gov/cag/.  Fig. 1 (b) California average May–October Vapour 
Pressure Deficit (VPD) from 1980 to 2020. A linear regression line fitted for illustrative purposes shows a significant trend of 
increasing annual temperature (R2 = 0.433, P < 0.0001). Data source:  Williams et al. (2019) and updated by Williams, 
pers. comm.    
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The increasing trend in annual area burned in California 
over the period of 1980–2020 is significantly (P < 0.001) 
correlated with the observed increases in temperature and 
associated increases in VPD (Fig. 3). It is estimated that 
human-caused climate change has caused over half of the 
documented increases in fuel aridity in western USA since 
the 1970s, and this doubled the cumulative area of forest 
burned since the 1980s (Abatzoglou and Williams 2016;  
Kitzberger et al. 2017). The moisture content of dead vegeta
tive fuel, particularly in spring, is projected to continue 
decreasing across California in the future, caused mainly by 
temperature increases (Liu 2016). Live fuel moisture will also 
decrease and promote greater fire risk in some systems (Ma 
et al. 2021). Warmer temperatures and earlier spring seasons 
have led to earlier flammability of fuel vegetation throughout 
western USA, with the Sierra Nevada experiencing some of the 
greatest drying related to early spring snowmelt (Westerling 
et al. 2006; Westerling 2016). 

Future projections suggest the upwards trends in temper
ature, lengthening of the fire season, and increased VPD will 
continue and increase in signal strength (Pierce et al. 2013;  
Williams et al. 2019; Swain 2021; Dong et al. 2022). Taken 
together, these climate trends contribute to increasing fire risk 
in California (Restaino and Safford 2018). Higher tempera
tures, compressed precipitation season, and earlier onset of 
snowmelt result in drier live and dead vegetation, which 
contributes to increased flammability of large portions of the 
landscape for longer periods of time (Westerling et al. 2006;  
Miller et al. 2011; Jolly et al. 2015; Kitzberger et al. 2017; Ma 
et al. 2021), and exacerbates summer fuel-dominated wildfires 
(Williams et al. 2019). Furthermore, the effective temporal 
compression of California’s rainy season, combined with high- 
intensity weather events such as Santa Ana winds, directly 

contributes to increasing wildfire risk (Westerling et al. 2004;  
Swain 2021; Cayan et al. 2022). Increasing temperatures and 
decreasing precipitation in autumn are linked to increases in 
extreme fire weather, enhancing the risk of large autumn 
wildfires (Williams et al. 2019; Goss et al. 2020). 

Deficits in summer and winter precipitation have been 
shown to promote wildfires (Littell et al. 2016; Holden et al. 
2018). Higher temperatures exacerbate the fire risks associ
ated with both prolonged and flash droughts, which are 
associated with the occurrence of synchronous fire years 
across large parts of western USA (Westerling and Swetnam 
2003; Heyerdahl et al. 2008; Littell et al. 2016; Crockett and 
Westerling 2018; Williams et al. 2020), more large fires 
(>405 ha [1000 acres]), and an increase in annual burned 
area (Abatzoglou and Kolden 2013; Riley et al. 2013;  
Kitzberger et al. 2017). For example, the 2012–2016 drought, 
intensified by warming, contributed to high biomass of dead 
and dry vegetation (Williams et al. 2020), providing abundant 
and flammable fuel for California wildfires during that period. 

Although fire is a natural process in many of the ecosys
tems in California, climate change and fire are interacting to 
alter the structure and function of ecosystems. In ecosystems 
with sufficient fuels to carry fire, warmer and drier climates 
are expected to decrease vegetation moisture and increase 
flammability and wildfire (Gergel et al. 2017; McKenzie and 
Littell 2017; McEvoy et al. 2020). Tree mortality from 
causes other than fire (e.g. drought and insects) alters fuel 
loads and conditions, and also microclimates in ways that 
can affect fire spread patterns (Ruthrof et al. 2016). 
Vegetation recovery following wildfire can also be affected 
by atmospheric demand for moisture (i.e. VPD); for exam
ple, pinyon pine (Pinus edulis) and ponderosa pine (Pinus 
ponderosa) seedling mortality occurs more rapidly with 
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Figs 1 and  2. (b) Regression analysis of annual area burned from 1980 to 2020 and VPD. There is a significant relationship between 
VPD and area burned over the time period (P < 0.0001). Data source: see  Figs 1 and  2.    
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increasing temperature during drought (Adams et al. 2017;  
Stevens-Rumann et al. 2018), which may be a factor driving 
recruitment failure (Keeley et al. 2019). 

Projections of climate for the 21st century indicate con
tinued occurrence of weather and climate patterns that 
heighten fire risk (Restaino and Safford 2018). As sub
tropical high pressure expands due to polar-amplified warm
ing (Johanson and Fu 2009), the wet season in California is 
projected to become shorter, as is the Santa Ana wind season 
(Pierce et al. 2013, 2018; Swain et al. 2018; Guzman- 
Morales and Gershunov 2019; Swain 2021). The frequency 
of precipitation events is projected to decrease (Polade et al. 
2014, 2017), especially during spring and autumn (Pierce 
et al. 2013, 2018; Swain et al. 2018). Drier springs will add 
to the stress imposed by increasingly hot summers, includ
ing heat waves, which will make vegetation even drier and 
more flammable. A later start of the rainy season (Pierce 
et al. 2013) is likely to prolong the period during which 
vegetation is sufficiently dry to burn and enhance coastal 
wildfire activity by extending dry fuels into the November 
ramp-up towards the December peak in downslope wind 
activity (Guzman-Morales et al. 2016; Syphard et al. 
2018a, 2019; Swain 2021; Cayan et al. 2022). VPD will 
increase as the century progresses which will contribute to 
substantial increases in the number of days with high fire 
weather risks and the duration of the fire season (Dong et al. 
2022). Although climate projections indicate that Santa Ana 
winds will prevail as an important phenomenon in future 
decades, changes in Santa Ana and similar wind regimes 
appear to be complex (Pierce et al. 2018; Guzman-Morales 
and Gershunov 2019), and their impact upon future fire risk 
remains an area of importance for research. In particular, 
future projections of Santa Ana winds need to resolve the hot 
and cold flavours of these winds (Gershunov et al. 2021). 

Increasing weather variability, which is another compo
nent of climate change, also affects wildfire dynamics. In 
particular, instrumental data have shown (and multiple cli
mate models suggest) that across much of California, the 
number of days without precipitation and interannual varia
bility in precipitation will continue to increase (Polade et al. 
2014; Berg and Hall 2015; Swain et al. 2018; Zamora-Reyes 
et al. 2022). Furthermore, it is highly likely that enhanced 
meteorological droughts (defined as evaporative demand 
minus precipitation) will translate to increases in the severity 
of ecological droughts (Crausbay et al. 2017; Bradford et al. 
2020; Ukkola et al. 2020; McDowell et al. 2022) that decrease 
soil moisture, increase drying of live vegetation and surface 
litter fuels, and promote stress and potential mortality of 
plants (van Mantgem et al. 2020; McDowell et al. 2022). 

In summary, since 1980, climate change has played a 
central role in the changing nature of California wildfires 
and will likely continue to do so in the following ways:  

• The climate of California became warmer and more arid 
from 1980 through 2020, exceeding earlier 20th century 

conditions and likely those of the past 1000 years. This has 
increased fuel flammability and the length of the fire 
season in most of California’s ecosystems. Increasing atmo
spheric VPD has drawn recent attention as an important 
metric linking climate to vegetative fuel conditions 
and fires. 

• Human-caused increases in greenhouse gases are the lead
ing contributor to climate change and the associated 
increase in annual area burned in California. It is contribut
ing to warmer temperatures, greater VPD, longer and more 
severe droughts, a longer fire season, and drier vegetation, 
all of which contributed to increases in the annual area 
burned in California. Climatic drivers of fire activity are 
projected to strengthen during the 21st century given cur
rent trends in greenhouse gas emissions. Climate projec
tions to the year 2100 indicate that the impacts of warming, 
including increased VPD, more-volatile weather, more 
winter-concentrated precipitation, and elevated probability 
of extreme hot-dry weather events with high fire risk will 
push California wildfire activity to even higher levels. 

What is the role of historical land 
management (pre-1980) in California 
wildfires? 

Changing fire regimes and consequences 
deduced from dendrochronological and historical 
records 

To enhance our understanding of the mechanisms and impacts 
of shifts in fire regimes and ecosystems over the period of 1980 
to the present, and in general over the past 150 years of Euro- 
American dominated land management practices (Loomis 
2017), it is important to frame these changes within a longer 
temporal context (Falk et al. 2011; Safford et al. 2012;  
Swetnam et al. 2016; Margolis et al. 2022). Indigenous burn
ing practices have a long history across California (Anderson 
1994, 2005; Lightfoot et al. 2013; Aldern and Goode 2014;  
Long et al. 2021). Historical and contemporaneous applica
tions of these practices demonstrate numerous positive out
comes, both ecologically and culturally. These include the 
increased prevalence of culturally important species (Aldern 
and Goode 2014; Long et al. 2016; Goode et al. 2018; Marks- 
Block et al. 2019), increases in water availability to vegetation 
(David et al. 2018; Goode et al. 2018), and reductions in the 
probability of high-severity wildfire (Gumz 2020). Recently, 
there has been growing attention to, and support for, 
Indigenous-led cultural burning practices (Harling 2015;  
Marks-Block et al. 2019; Cowan 2020; Hagemann 2020;  
Tripp 2020; Adlam et al. 2021; Knight et al. 2022). The 
relationship between modern prescribed fire strategies, 
used primarily for reduction of wildfire risk and ecological 
benefits (Ryan et al. 2013), and the broader cultural and 
stewardship goals and meanings of Indigenous cultural 
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burning practices, is important and deserving of greater 
analysis (see for example Kerlin 2020). 

Tree-ring records of forest stand ages and fire scars from 
the coniferous forests of the California mountains document 
fire regimes and forest conditions prior to European coloni
sation of North America (Stephens and Fry 2005; Stephens 
and Gill 2005; Fry and Stephens 2006; Everett 2008; Swetnam 
et al. 2009; Bernal et al. 2022). In dense areas of higher- 
elevation forests in northern California (>~7000 ft), pre- 
colonial fires were relatively infrequent events of mixed or 
sometimes high severity that usually affected limited areas 
but could expand during periods of hot, dry, windy weather 
(Meyer and North 2019). Higher-severity events can be recon
structed by studying stand ages (Brown and Swetnam 1994;  
Taylor 2000; Beaty and Taylor 2001), in addition to providing 
a record of scarred trees that show a mosaic of fire severity 
intensities (Margolis et al. 2011; O’Connor et al. 2014;  
Heyerdahl et al. 2019). Fire scars in the stems of surviving 
trees in lower-elevation forests and woodlands (<~2100 m 
~7000 ft) across California also show that pre-20th century 
fire regimes in many ecosystem types consisted primarily 
of frequent, relatively non-destructive surface and mixed- 
severity fires (Taylor and Skinner 2003; Taylor et al. 
2008, 2016). 

Tree survivorship in forests with frequent-fire regimes 
was highly size-dependent: larger overstorey trees with 
thick bark, high crowns, and deep root systems tended to 
survive, but a high proportion of smaller trees (seedlings and 
saplings), especially of fire-intolerant species like white fir 
and incense cedar (Calocedrus decurrens), were killed 
(Safford and Stevens 2017). As a consequence, frequent 
fire tended to maintain relatively open forests and wood
lands (approximately 20–200 trees/acre), allowing for exten
sive light penetration to the forest floor (Safford and Stevens 
2017; Bohlman et al. 2021; Hagmann et al. 2021). Detailed 
fire scar records of this type of fire regime are especially 
abundant since AD 1600, but some records, such as those 
from giant sequoia (Sequoiadendron giganteum), date back 
more than 2000 years (Swetnam 1993, 2009). In addition to 
regulating forest stand density, frequent surface fires killed 
or consumed the abundant smaller woody plant stems (<15 
cm diameter) and other surface fuels that are common in 
forests and serve as the primary carrier of surface fire spread 
and intensity. 

Prior to 20th century fire exclusion, frequent, relatively 
non-destructive surface and mixed-severity fires occurred at 
intervals of 5–20 years in seasonally dry forest types (Taylor 
and Skinner 2003; Taylor and Beaty 2005; Trouet et al. 
2010). As stated previously, the approximately 1.6 million 
ha (4 million acres) burned during the 2020 fire season is 
likely more typical of pre-colonial area burned than the low 
annual totals of the mid- to late 20th century (Stephens et al. 
2007; Safford et al. 2022). Prior to 1775 and colonial expan
sion, fire regimes showed inherent natural variability, influ
enced by factors such as climate and vegetation, and the 

extensive impacts of Indigenous use of fire (Anderson 1994,  
2005; Lake 2013; Lightfoot and Cuthrell 2015; Taylor et al. 
2016). Cultural burning practices maintained meadows, 
raised the water table by decreasing shrub and dense tree 
growth, and contributed to fresh plant growth for wildlife 
and cultural uses (Anderson 1994; Huntsinger and McCaffrey 
1995; Kimmerer and Lake 2001; Aldern and Goode 2014;  
Long et al. 2016; Goode et al. 2018). Rapid depopulation of 
Indigenous peoples due to the introduction of European 
diseases – as well as oppressive policies at the state (see  
Johnston-Dodds 2002; Lindsay 2012; Madley 2016) and 
federal levels (Harley 1918) that attempted to remove 
Indigenous people and prohibit their traditional land man
agement and cultural practices – resulted in a decline in 
cultural burning starting in the late 18th century. 

The dendrochronological evidence is consistent with his
torical documents, indicating that after approximately 1850, 
the reduction in fire activity associated with the decline in 
Indigenous populations and use of fire was amplified by the 
widespread introduction of grazing livestock to ecosystems 
across much of the state and concomitant decrease in spread
ing fires. The subsequent increase in fire suppression in the 
20th century, which along with climatic conditions contribu
ted to low annual area burned totals (Keeley and Syphard 
2021), also altered coniferous forest fire regimes and vegeta
tion (Taylor and Skinner 2003; Stephens and Fry 2005; Fry 
and Stephens 2006; Stephens et al. 2007; Beaty and Taylor 
2008; Lorimer et al. 2009; Skinner et al. 2009; Swetnam et al. 
2009; Scholl and Taylor 2010; McIntyre et al. 2015; Taylor 
et al. 2016; Knight et al. 2022). As elaborated in the section 
below, the alteration of fire regimes and vegetation has 
increased the fuel load available for fires in many forests 
and helped to drive the strong increase in forest fire severity 
seen since the 1980s (Steel et al. 2015; Safford et al. 2022;  
Williams et al. 2023). In addition, there is evidence that in 
some ecosystems the loss of Indigenous burning practices has 
altered the sensitivity of wildfire behaviour to natural climate 
variability and ongoing climate change (Fry and Stephens 
2006; Taylor et al. 2016; Hankins 2021). 

Consequences of fire exclusion and timber 
harvest practices of the past 150 years 

Fuel loads have increased across much of the forest land 
base in western USA due to direct and indirect fire exclusion 
over the past 150 years (North et al. 2015a, b; Tubbesing 
et al. 2019). Direct (or active) fire exclusion is exemplified 
by practices of aggressive fire suppression, which extinguish 
98% of all ignitions before they reach approximately 100 ha 
(250 acres) (Calkin et al. 2015). In most of western USA, fire 
exclusion became effective at large spatial scales after the 
Second World War as road and air transport, radio commu
nications, and firefighting technology became more wide
spread. Annual area burned in forested lands of California 
and western USA began to decrease in the 1930s, reaching a 
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low point between the 1960s and 1980s (McKelvey and Busse 
1996; Littell et al. 2009; Keeley and Syphard 2021). However, 
fire regimes and fuels were also modified indirectly decades 
prior to the era of active fire exclusion through the effects of 
extensive timber logging, road building, agricultural expan
sion, and livestock grazing (in some locations), and by the 
severe reduction of Indigenous burning practices. 

In forested ecosystems that previously supported fre
quent, low-severity fire regimes, fire suppression and exclu
sion caused dramatic changes in forest tree demography and 
physical structure (Safford and Stevens 2017; Bohlman et al. 
2021; Hagmann et al. 2021; Bernal et al. 2022; Knight et al. 
2022). Once the surface fires that regulated survivorship of 
seedlings and small trees had been eliminated, trees in these 
younger age classes became more abundant (North et al. 2016,  
2022; Safford et al. 2021). As a result, stand density (trees/ha) 
has increased (Figs 4 and 5), leading to increased fuel mass 
and connectivity (increasing ladder fuels providing pathways 
for fire to spread from the surface into the forest canopy as 
well as denser, more connected canopies), and surface fuel 
loads increased, while spatial heterogeneity (patchiness) and 
species composition shifted from disturbance-adapted to 
shade-tolerant species (O’Connor et al. 2017; Safford and 
Stevens 2017; Bernal et al. 2022). The net result of these 
changes is the creation of landscape fuel complexes that favour 
high-intensity, spreading wildfires. 

In combination with fire suppression, past timber harvest
ing practices have also had an impact on the fire risk of some 
California forests. US Forest Service lands in the Sierra Nevada 
experienced intensive logging commencing in the early 20th 
century. Large trees were particularly sought and harvested. 
This, coupled with fire suppression practices, led to a situation 

where dense stands of small trees, conducive to the develop
ment of crown fires, came to typify large areas (Stephens and 
Moghaddas 2005; Collins et al. 2011; Miller et al. 2012). 

Fire exclusion has a different history in California low
land shrubland ecosystems, especially in coastal central and 
southern California. Here, lightning ignitions are relatively 
infrequent, and most burning is caused by human ignitions 
(Keeley 2002; Anderson and Keeley 2018). The establish
ment of the California mission system and colonisation of 
Indigenous peoples in the region led to the suppression of 
Indigenous burning and major landscape changes, including 
the transition of many grass-dominated lands to shrublands 
(Neely 2019). In the late 19th century, Euro–American 
burning replaced more purposeful Indigenous fire regimes, 
with accidental ignitions often occurring during the driest, 
hottest, and windiest periods of the year. 

The short, dense canopy of shrubs and high aromatic oil 
content of leaves in many species leads naturally to intense, 
rapidly moving fires. Regeneration in chaparral and sage 
scrub is often fire-cued, and postfire recovery of biomass is 
rapid (Keeley and Keeley 1981; Bohlman et al. 2018). As a 
result, these ecosystems can support enough biomass to reburn 
only a few years after fire (Keeley and Safford 2016). 
The southern California fire season for shrublands is bimodal: 
the spring–summer season is characterised by many ignitions, 
maritime winds, higher fuel moistures, and often fuel-limited 
fire spread under conditions conducive to traditional fire 
control; the autumn–early winter ‘Santa Ana’ season is 
marked by fewer ignitions, critically low fuel moistures, and 
large fires driven by foehn winds from the interior that often 
result in high levels of economic loss, home destruction, 
and human fatalities (Safford et al. 2018). Most ignitions 
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Fig. 4. Comparison of the 1911 and 
2011 relative stand densities (Stand 
Density Index – SDI%) from forest 
inventory data from pine-mixed conifer 
(Pine MC), xeric-mixed conifer (Xeric 
MC), and mesic-mixed conifer (Mesic 
MC) sites in the central and southern 
Sierra Nevada. The coloured envelopes 
around each plot are the proportion of 
the sites (dots) with a given SDI%. The 
mean SDI% values for each time period 
is indicated by a horizontal line. The data 
show the increase in mean and maxi
mum stand density in all three forest 
types over the 100 years from 1911 to 
2011. SDI (%) values over 60% suggest 
exceedingly high levels of competition 
and danger of imminent mortality. 
Source:  North et al. (2022) – used by 
permission.    
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associated with the California coastal fire regime are human- 
caused, and according to Keeley (2009), fire suppression has 
been a critical factor in attenuating the high fire frequencies 
that might otherwise be expected due to human-caused 
ignitions. 

It is hard to generalise the impacts of land management 
over the past 150 years because across ecosystems, the history 
of fire regimes has been highly variable in California (Safford 
et al. 2021). For example, interior chaparral, sagebrush, and 
pinyon–juniper ecosystems of the Great Basin likely burn 
today at higher frequencies than under pre-colonial condi
tions, yet the apparent driver is not more-frequent anthropo
genic ignitions but rather the invasion of non-native annual 
grasses, such as cheatgrass (Bromus tectorum) (Brooks 1999). 
Higher-elevation forests have not experienced the same 
degree of fire suppression-driven ecosystem change as the 
lower-elevation drier forests, simply because their natural 
fire frequencies are much lower – although the incidence of 
fire is increasing in high-elevation forests in the Sierra 
Nevada (Schwartz et al. 2015). Wet coastal forests in north
ern California support a complex fire regime where lightning 
ignitions are relatively rare today, but Indigenous ignitions 
were locally frequent before settler–colonist arrival, leading 

to uncertainty among managers attempting to restore past, 
presumably more resilient conditions (Safford et al. 2021). 
Understanding the full scope of variability in recent fire 
regimes, its drivers, and potential adaptative responses are 
important areas of ongoing concern. 

To summarise, historical land management over the past 
150 years has affected wildfire in California in the following 
manner:  

• During the pre-colonisation period, the average annual 
area burned probably often equaled or exceeded the 
1.6 million ha (4 million acre) mark reached in 2020.  

• The significant reduction of the use of fire by Indigenous 
peoples following colonisation, the introduction of grazing 
livestock (which reduced fine fuels and decreased surface 
fire activity), aggressive fire suppression in the 20th cen
tury, and early timber harvest practices (which removed 
large trees and increased surface fuels) resulted in stand 
densification by fire-intolerant species and increased fuel 
loading in some California forests, leading to increasingly 
severe fires in these ecosystems.  

• Fire regimes in California are highly ecosystem specific 
and are prone to differing human land-management 

Fig. 5. Increasing stand density of vegetative fuels in a Jeffrey pine–white fir stand within Lassen National Park over the period 
1925–2008. The stand subsequently burned at high severity in 2012 during the Reading Fire. Source: https://www.psu.edu/news/ 
research/story/fire-operations-prescribed-burning-combo-reduces-wildfire-severity-72/. Photo credit: A. E. Weislander, US 
Forest Service/Alan H. Taylor, Penn State. Used with permission from Alan H. Taylor.    
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influences. Shrublands in the WUI present a different his
tory and challenges from remote coniferous forests, for 
example.  

• The need for continued research and targeted adaptive 
management and paradigm shifts relative to contemporary 
forest management and other fuel management and fire 
mitigation practices is critical. 

What are the effects of land management 
and ignition sources on fire regimes 
since 1980? 

Recent changes in fuel conditions related to 
current and recent management practices 

Vegetative fuels (e.g. branches, needles, and other biomass 
materials) are important drivers of fire behaviour in forested 
ecosystems (Stephens and Moghaddas 2005). The primary 
tools for directly managing fuels are mechanical thinning, 
hand thinning, mastication, and controlled burning (or pre
scribed fire). Sequential application of these tools is a typical 
approach, particularly if the management goal is to reduce 
surface fuels rather than redistribute them (Stephens et al. 
2012). Such sequential treatments are designed to disrupt 
the continuity of live fuels (shrubs, overstorey and small 
trees, and low branches) and reduce the potential for severe 
fire, facilitating the return of fire with less destructive beha
viour (Agee and Skinner 2005; Ryan et al. 2013). 

With the long-term decline in the timber industry, the 
closure of most of the sawmills across California has created 
a significant economic barrier to mechanical forest thinning 
efforts; the collapse in the originally robust bioenergy mar
ket has also been problematic in regards to thinning (McIver 
et al. 2015; Safford et al. 2021). Costs to carry out fuel 
reduction projects that do not have economic outlets are 
very high, sometimes exceeding US$5000/acre (US$12 500/ 
ha). Mechanical fuel treatments in areas with the highest 
wildfire risk (e.g. high levels of biomass, low accessibility, 
rugged topography) tend to be the most expensive to imple
ment and generate much less revenue than the cost of 
treatment (Hunter and Taylor 2022). However, the manage
ment of forests for both timber resources and fire is not 
without challenges that require continued research. A recent 
study of yellow pine and mixed-conifer forests in California 
found that fire severity on privately managed industrial 
forest sites was 1.8 times greater than on similar public 
forest lands (Levine et al. 2022). The authors concluded 
that current management approaches on the private timber
lands may be contributing to the incidences of these high- 
severity fires. Barriers to specific prescribed fire treatments 
include operational and environmental constraints such as 
limited site access, effects on air quality, competing land 
management regulations, lack of financial and human 
resources, the existence of extreme conditions that could 

cause intentional fire to escape or become more severe 
than intended and, as a direct consequence, increased risk 
aversion (Williams et al. in press; Quinn-Davidson and 
Varner 2012; Schultz et al. 2019). These factors have con
strained the ability of forest managers to apply prescribed 
fire with sufficient frequency and extent to mimic historical 
fire regimes and reduce the risk of high-intensity fire (Van de 
Water and Safford 2011; Safford and Van de Water 2014). 

Patterns of ignition related to human activity 

Human-caused ignition was associated with over 90% of 
recorded fires in most California counties over the period 
1919–2016 (Keeley and Syphard 2018). These fires stem 
from many activities, including arson, debris burning, smok
ing, recreational activities, equipment operation, vehicles, 
and power infrastructure (Keeley and Syphard 2018; Short 
2021). Human-caused ignitions are particularly dominant in 
lowland ecosystems west of the Sierra Nevada and along the 
coast, whereas lightning-caused ignitions are more common 
in higher-elevation mountain ranges and in desert ecosys
tems (Fusco et al. 2016; Keeley and Syphard 2018). Eight of 
the 20 largest wildfires recorded in California history are 
attributed or partially attributed to human activity (https:// 
www.fire.ca.gov/media/4jandlhh/top20_acres.pdf). Nine 
have been at least partially attributed to lightning. Human- 
ignited fires are also responsible for at least 12 of the 20 most 
destructive fires in terms of structures and lives lost (https:// 
34c031f8‐c9fd‐4018‐8c5a‐4159cdff6b0d‐cdn‐endpoint.azur
eedge.net/‐/media/calfire‐website/our‐impact/fire‐statistics/ 
featured‐items/top20_destruction.pdf?rev=479d39ded1e248 
faac4114bdabf49416&hash=33D35B11518F3A681BA613D8 
C32073FC). 

Recent research has shown that human-caused ignitions 
were responsible for all of the large wind-driven fires related 
to Santa Ana conditions in southern California (Keeley et al. 
2021). Only about 25% of Santa Ana wind days co-occur 
with fires, and such events are dependent upon an ignition 
source. Thus, the number of human ignitions was a better 
predictor of area burned than the Santa Ana wind conditions 
associated with the time of the fire (Keeley et al. 2021). 
Human ignitions are most dominant near population centres 
and along transportation corridors (Chen and Jin 2022). 
Lightning ignitions are more common in wildlands in north
ern and northeastern California at higher elevations (Chen 
and Jin 2022). Although increases in the number of human- 
caused fires were correlated positively with population 
growth in California in the early to mid-20th century, the 
frequency of these wildfires from all human-related causes, 
except powerlines, has declined since 1980 (Syphard and 
Keeley 2015; Keeley and Syphard 2019). The decline in 
most human-caused ignitions in the past 40 years likely 
reflects a number of factors including increasing efficiency 
of fire prevention, fire-resistant infrastructure, declining 
rates of smoking, anti-arson measures, and wide public 
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wildfire messaging and education (Keeley and Syphard 
2019). Given these factors, this suggests that the trend of 
increasing area burned in California over the last four decades 
cannot simply be explained by increasing numbers of human- 
caused ignitions. However, human-caused ignitions remain a 
major contributor to the current wildfire regimes in California 
and western USA (Fusco et al. 2016; Balch et al. 2017; Keeley 
and Syphard 2018). Human-caused ignitions are clearly major 
contributors to the most socio-economically destructive fires 
(Downing et al. 2022), and due to their timing and location, 
human-caused ignitions can result in large and severe fires 
that are highly destructive (Hantson et al. 2022). The growth 
of the WUI puts humans, human-caused ignition events, and 
vegetative fuels in close proximity; it also increases human 
vulnerability to wildfire (Keeley and Syphard 2019). Human 
ignitions are a key concern in meeting California’s wildfire 
challenges. 

Recent practices in fire management and 
suppression strategies 

The importance of fire, including a mixture of severity levels, 
in the maintenance and restoration of many California eco
systems is widely recognised (Perry et al. 2011; Meyer 2015;  
DellaSala et al. 2017). Within some jurisdictions, such as 
Yosemite and Sequoia & Kings Canyon National Parks, and 
in adjacent wilderness areas managed by the U.S. Forest 
Service, resource managers have applied minimal suppres
sion to naturally ignited fires when critical resources are 
deemed at lower risk of harm (Black et al. 2007). This 
practice, commonly referred to as ‘managed fire for resource 
benefit’ (alternative names include ‘prescribed natural fire’ 
or ‘wildland fire use’), has proven effective in reducing fuels, 
increasing forest resilience, and minimising the severity of 
subsequent wildfires (Meyer 2015; Stephens et al. 2021). 
Yet, five decades after federal agencies formally recognised 
the importance of fire as an ecological process, both mana
ged wildfire and prescribed fire remain underutilised as 
management tools in western USA (Kolden 2019; Botti and 
Nichols 2021; Safford et al. 2022). Revised federal policy 
guidance enacted in 2009 has expanded opportunities to use 
wildfire for ecological benefit, allowing for wildfires to be 
managed for multiple objectives (e.g. full suppression, 
resource benefit) as they spread across a landscape (Young 
et al. 2020). This guidance has provided a pathway for 
returning the important ecological role of fire to many fire- 
adapted ecosystems. Management of wildfires with multiple 
objectives has played out within many burn area perimeters 
in California, including some of the largest wildfires in the 
state (Kane et al. 2019). Increasingly, the use of less- 
aggressive wildfire suppression strategies has become impor
tant for minimising the negative impacts of wildfire, espe
cially in the context of the operational and legal constraints 
on mechanical fuel treatments (North et al. 2015a). The 
application of minimum suppression strategies can and will 

contribute to increases in annual area burned totals, but 
when applied in unpopulated areas can contribute to fuel 
reductions, ecological functioning, and habitat diversity, 
with little societal cost. 

Although the 2009 policy guidance has served to decrease 
the use of aggressive fire suppression strategies, wildfire man
agement practices in California generally have changed less 
than those in other western regions (Young et al. 2020), and 
minimum suppression policies can be suspended during large 
fire years (e.g. 2020, 2021). Under extreme fire conditions, 
aggressive suppression tactics that limit fire spread are likely 
to be reenacted, sometimes in combination with forest clo
sures, to avoid protracted fire events that can strain firefight
ing resources and pose threats to public safety (Kane et al. 
2019). The potential impacts of large and severe wildfires on 
built infrastructure also have amplified the pressure on federal 
agencies to institute a more aggressive policy of early fire 
suppression (Gabbert 2021). However, evidence is lacking for 
the efficacy of an intensified wildfire suppression strategy that 
limits opportunities of managing wildfire for resource benefit. 
For example, some argue that an aggressive approach that 
minimises fire spread ignores the root of the problem by not 
directly treating extensive fuel accumulation and stand 
density-driven tree mortality that could drive more severe 
megafires in the future (Moreira et al. 2020). Furthermore, 
most built infrastructure damaged by fire over the past 
20 years is found in vegetated areas outside those where 
modifications in forest management practices could help 
reduce severe wildfire risk (Schwartz and Syphard 2021). 

Over the last several decades our understanding of the 
role of fire in California ecosystems and the role of humans in 
driving fire regimes and fire behaviour has clearly improved. 
Humans influence fire in myriad ways, but our toolbox to 
manage fire is limited. Costs can be prohibitive, and sometimes 
competing regulations complicate applications of measures 
such as prescribed burns, which may be constrained by work
force capacity. In addition, most management tactics are often 
focused on small geographic areas and short time periods. 
As an outcome, permanent vegetation type conversions 
have (and will continue to) become more frequent as previ
ous ecosystems lose resilience and are unable to recover 
(Coppoletta et al. 2016; Falk et al. 2022; Guiterman et al. 
2022). The recent Venado Declaration (2021; https://www. 
documentcloud.org/documents/21100767-venado-declara
tion), spearheaded by former California governor Jerry 
Brown, addresses some of these challenges with suggestions 
of possible remedies. Yet, without strategic thinking, multi- 
partner cooperation, and economic investment, fire manage
ment tactics stand little chance of making a difference in 
terms of ecological benefits and risk reduction at adequate 
spatio-temporal scales. To further complicate finding a path 
forward, management approaches continue to generate 
intense debate, particularly in the public arena. 

Fortunately, recent developments in California show reason 
for optimism. These include the uptick in tribal and non-tribal 
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private interest in traditional prescribed and Indigenous 
cultural burning (Elassar 2022), the development of new 
National Forest plans that promote managed wildfire, the 
passage of the 2021 Bipartisan Infrastructure Law, which 
includes unprecedented investments for fuels management 
and firefighting resources, and a number of recent inter- 
agency and multi-partner agreements related to fire and 
vegetation management. For example, the 2021 California 
Wildfire and Forest Resilience Action Plan (https://wildfire 
taskforce.org/wp‐content/uploads/2022/04/californiawild
fireandforestresilienceactionplan.pdf) sets rigorous targets 
for vegetation management, fire use, and integration of 
Indigenous burning practices while also proposing avenues 
for funding and implementation. 

In summary, we found the following trends relative to the 
combined effects of land management and ignition sources 
on fire regimes:  

• Since 1980, some fires in remote forested areas have been 
allowed to burn to support ecosystem health, effectively 
increasing the annual area burned in some regions, but 
also reducing accumulated fuels and promoting ecological 
services associated with wildfire.  

• Forest management and fire exclusion practices have 
changed markedly in recent decades and will continue to 
change. Some of the fuels and fire regime legacies of 19th 
and 20th century forest and fire management practices 
will diminish as the 21st century progresses, particularly 
as vegetation type conversion (e.g. forest to shrubland) 
occurs across greater extents. Challenges are present in 
determining best practices in both the timber and conser
vation management of forests to address wildfire.  

• Non-forested landscapes such as chaparral and shrublands 
are prone to fire, but are often not as amenable to the same 
management practices (e.g. fuels reduction) as most forest 
types. 

• Although the human population of California grew consid
erably from 1980 to present, there has not been a concomi
tant increase in the number and overall proportion of 
human-caused ignitions, except those attributable to power
lines. Only eight of the largest wildfires in the state are 
wholly or partially attributable to human activity. 

• Humans remain the most prevalent source of wildfire igni
tions in California, particularly in lowland and coastal eco
systems. Human ignitions also play an outsized role in the 
occurrence of infrastructure-destroying fires. The growth of 
the WUI increases the risks of ignition, and ignitions in areas 
likely to impact people most seriously.  

• Recent progress includes the increasing attempts to integrate 
lessons from Indigenous cultural burning, development of 
new National Forest plans that promote management for 
wildfire, ecosystem resilience and services, recent inter- 
agency and multi-partner agreements related to fire and 
vegetation management, and the holistic nature of the 
2021 California Wildfire and Forest Resilience Action Plan. 

Conclusion: the future of wildfire in 
California 

California’s 21st-century wildfire regimes reflect a confluence 
of intersecting factors, including climate change, past and 
present forest management and land use, and the role of 
human- and lightning-caused ignitions. Past management 
practices such as fire exclusion and the loss of Indigenous 
burning will continue to exacerbate the sensitivity of wildfires 
to climate warming trends. Going forward, it will be important 
to recognise the diversity within California’s ecosystem types 
and land uses in the selection, prioritisation, and implementa
tion of fuel and fire management strategies across differing 
vegetation types (e.g. forest versus shrubland) and across the 
continuum of urban to less densely developed and populated 
landscapes. People and infrastructure in many regions across 
California, particularly in the expanding WUI, will remain 
vulnerable to high-severity fire under all but the most robust 
local fuel reduction, defensible space, and fire-hardened build
ing requirements given California’s natural propensity for 
wildfire, the ongoing accumulation of fuels in some ecosystems 
due to fire exclusion, and the expectation that temperatures 
will climb and low-VPD episodes will continue to increase. 

In 2009, the U.S. Federal Government developed the 
National Wildland Fire Cohesive Strategy, followed by a 
National Action Plan and updated version of the Strategy 
in 2014. Most recently, the federal response is to incorporate 
not only greenhouse gas mitigation, but climate adaptation 
actions that take into account the regional and local differ
ences in ecosystems and human land use. California’s response 
to its wildfire challenges is complementary to the federal 
response, especially by providing a solutions-oriented response 
framework. Indigenous knowledge and management practices 
are and will continue to be important components of this 
strategy as it continues to be developed (Long et al. 2021). 

Although today we face a particularly challenging conflu
ence of factors driving wildfire, it must also be accepted that 
wildfires are a long-established, inherent, and inescapable 
element of California’s and western North America’s natural 
environment that we need to understand and accept (Moreira 
et al. 2020; Safford et al. 2022). Contemporary wildfire chal
lenges are very likely to increase over the 21st century, 
requiring the ongoing evolution of adaptive approaches for 
ecosystems and developed areas (Schoennagel et al. 2017). 
This also applies to the necessity of further developing and 
applying fire-wise building regulations and land-use planning 
to help buffer human development to minimise loss of human 
life and structures. California’s Wildfire and Forest Resilience 
Action Plan (2021) offers a recent example of developing 
responses to these challenges, with dynamic, multi-pronged 
approaches based on holistic perspectives. By leveraging the 
state's innovative human capital and appreciable financial 
resources, California also has potential to serve as a wildfire 
resiliency model for diverse wildfire-prone regions across 
North America and around the globe. 
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