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Abstract: Wildfires can be detrimental to urban and rural communities, causing impacts in the form
of psychological stress, direct physical injury, and smoke-related morbidity and mortality. This study
examined the area burned by wildfires over the entire state of California from the years 2000 to 2020
in order to quantify and identify whether burned area and fire frequency differed across Census tracts
according to socioeconomic indicators over time. Wildfire data were obtained from the California
Fire and Resource Assessment Program (FRAP) and National Interagency Fire Center (NIFC), while
demographic data were obtained from the American Community Survey. Results showed a doubling
in the number of Census tracts that experienced major wildfires and a near doubling in the number of
people residing in wildfire-impacted Census tracts, mostly due to an over 23,000 acre/year increase
in the area burned by wildfires over the last two decades. Census tracts with a higher fire frequency
and burned area had lower proportions of minority groups on average. However, when considering
Native American populations, a greater proportion resided in highly impacted Census tracts. Such
Census tracts also had higher proportions of older residents. In general, high-impact Census tracts
tended to have higher proportions of low-income residents and lower proportions of high-income
residents, as well as lower median household incomes and home values. These findings are important
to policymakers and state agencies as it relates to environmental justice and the allocation of resources
before, during, and after wildfires in the state of California.

Keywords: wildfire; environmental justice; climate change

1. Introduction

Since 1980, the United States (US) National Oceanic and Atmospheric Administration
has reported an approximately threefold increase in so-called “billion-dollar” natural
disasters across the United States [1]. Catastrophic wildfires with over one billion dollars in
losses have increased from an average of 1.5 events per decade from 1980–1999 to seven per
decade from 2000–2019, costing the nation a cumulative $10 billion and $75 billion (USD)
over these two time periods, respectively [2]. Health-related costs from smoke exposure are
also estimated in the billions of dollars [3]. The western US tends to experience the majority
of the nation’s wildfire burning (in terms of acreage) due in part to its dry climate [4].
However, wildfires in this region have grown more severe and extensive over time, with
one study showing a fourfold increase in the occurrence of major wildfires, a six-fold
increase in the area burned by such fires, an increase in average fire duration from 7.5 to
37.1 days, and a 78 day increase in the length of the wildfire season between 1987 and 2003
relative to the 1970–1986 average [4].

In California, along with the neighboring states of Oregon and Washington [5], the
last 5 years have seen a historic increase in wildfire activity. Of the top 20 largest wildfires
recorded in California, over half occurred in the last decade, with five of the six largest
occurring in just 2 months in 2020 [6]. In 2017, the Tubbs Fire became the most destructive
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wildfire on state record, claiming 5,636 structures and 22 lives [7]. Two months later, the
Thomas Fire became the state’s largest and latest burning wildfire (not contained until
January) [6]. In 2018, California broke wildfire records again as the Mendocino Complex
Fire and Camp Fire became the new “largest” and “most destructive” wildfires on record,
respectively; the latter killed 85 people in the city of Paradise, making it the deadliest
wildfire in state history by nearly threefold [8]. As of 2020, the August Complex Fire
(>1 million acres) is now California’s largest wildfire, more than doubling and quintupling
the former largest wildfires which occurred in 2018 (Mendocino Complex Fire: 459,123
acres) and 2017 (Thomas Fire: 281,893 acres), respectively [6]. The California Department of
Forestry and Fire Protection (CAL FIRE), the state’s primary fire agency, highlights climate
change as a factor contributing to the exacerbation of wildfires [9], as average temperatures
in California have steadily increased since the early 1900s [10]. As drought conditions and
extreme winds become more frequent and vegetation more dry, the risk of major wildfires
is projected to increase [9,11].

These massive wildfires cause serious health impacts, ranging from air pollution
impacts to fire-related mortality and mental stress [12–16]. During wildfire episodes, smoke
often results in two- to fourfold increases in concentrations of particulate matter with an
aerodynamic diameter < 2.5 µm (PM2.5), a form of air pollution widely associated with
respiratory disease and cardiovascular disease, as well as all-cause mortality and hospital
admissions [13,17,18]. PM2.5 levels exceeding the 24 h national standard of 35 µg/m3 have
been reported during wildfire events in southern California, with concentrations in some
cases over 10 times (>230 µg/m3) higher than background levels [19,20]. Importantly,
wildfire impacts to individuals may be exacerbated depending on the socioeconomic
characteristics of affected communities [14,21].

Currently, individuals in the US are at a greater risk of being impacted by a wildfire
compared to earlier periods in history due to continued encroachment of human settlements
into the wilderness and, thus, expansion of the wildland–urban interface (WUI). The WUI
has been recognized as an area highly prone to wildfires, mostly due to a higher human-
caused ignition probability, mixed fuels, greater vegetation, and distance from firefighting
resources [9,22,23]. As of 2010, 33% of US housing units were within the WUI, while 43%
of new housing built across the country from 1990 to 2010 was within the WUI [24,25].
In California, the percentage of homes within the WUI is very similar (32.4% as of 2010),
amounting to 11 million people inhabiting 4.4 million housing units within the WUI, up
one-third compared to 1990 [24,25].

As wildfires become more widespread and their impacts more severe, it is important
to understand which communities are being affected and how this differs in terms of
socioeconomic characteristics. To date, findings regarding wildfire impacts and community
risk have been mixed. In the upper Midwest, areas with less frequent wildfire occurrences
have been shown to consist of a greater proportion of owner-occupied housing units, as
opposed to renter-occupied units [12]. Similarly, in a study examining the US, Census
tracts that were majority Black, Hispanic, or Native American were 50% more vulnerable to
wildfire compared to other Census tracts [26]. In contrast, Wigtil et al. (2016) examined the
overlap between wildfire potential and social vulnerability across the contiguous US and
found that, on average, places with high wildfire potential have lower social vulnerability
than other places [27]. While numerous studies have examined wildfire hazard potential in
the United States both within and outside the context of socioeconomic vulnerability, stud-
ies mainly focus on aggregated vulnerability indicators and vulnerability indices, which
do not identify which individual vulnerability indicators actually correlate with historic
burning [24,26–28]. Furthermore, studies that considered socioeconomic characteristics
typically examined wildfire hazard potential as opposed to actual fire occurrence.

In this study, we examined the area burned by wildfires over the entire state of
California from the years 2000 to 2020 in order to understand how wildfire activity has
changed over time and to identify how impacts have varied according to individual
socioeconomic factors at the Census tract level. Specifically, our research questions were as
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follows: (1) How have changes in the number of wildfires and area burned by wildfires in
California changed since 2000? (2) Given changes in wildfire activity in California, how has
the composition and number of impacted people changed over time? (3) Is the area burned
by wildfires correlated with socioeconomic factors at the Census tract level, and does this
correlation differ between urban and rural areas? (4) How did the record-breaking 2020
wildfire season affect the trend in overall wildfire activity and the correlation between
wildfire-burned area and socioeconomic vulnerability?

We hypothesized a growth trend in wildfire activity that disproportionately impacted
Census tracts of greater socioeconomic vulnerability in California. We also hypothesized
that urban/rural designations would influence the relationship between wildfire activity
and socioeconomic factors such that rural areas would exhibit stronger positive correlations
with wildfire activity. Collectively, this study contributes to the literature by advancing our
understanding of the wildfire impacts sustained among communities of disproportionate
physical and socioeconomic vulnerability, in turn highlighting areas and populations in
need of more focused municipal aid and recovery efforts before, during, and after major
wildfire events.

2. Materials and Methods
2.1. Wildfire Data

This study examined the area burned by wildfires across the entire state of California,
USA, over a period of 21 years (2000–2020) using fire perimeter data compiled from the
California Fire and Resource Assessment Program (FRAP) and National Interagency Fire
Center (NIFC). These agencies estimate the area burned by wildfires according to different
methods and protocols, which can result in many nonoverlapping burned areas. For
instance, FRAP consolidates fire perimeters from multiple agencies including CAL FIRE,
the US Forest Service, Bureau of Land Management, and National Park Service on the basis
of wildfire perimeter availability and size requirements, and they are updated once annually.
NIFC pools wildfire data similarly, but also makes use of the US Department of Agriculture
Forest Service’s National Infrared Operations (NIROPS) program, which determines fire
perimeters primarily using thermal infrared imaging from nighttime airborne flights [29].
These perimeters are created to assist fire management efforts and are calculated using
different methods (e.g., aircraft, global positioning system handheld devices, and/or
manual digitizing, post-processing), depending on the availability of resources.

In order to obtain complete data relating to the area burned by wildfires across
California and to avoid having missed any reported wildfires, we extracted all wildfire
perimeter data across both FRAP and NIFC sources spanning the years 2000 to 2020. FRAP
data were obtained by visiting the FRAP website (https://frap.fire.ca.gov/mapping/gis-
data/, accessed on 2 April 2021) and selecting the “Fire Perimeters” tab, where data can be
directly downloaded, while NIFC data were similarly obtained by visiting the open data
section of the NIFC website (https://data-nifc.opendata.arcgis.com/search, accessed on
2 April 2021) and downloading the data available in the files titled “Historic Perimeter
Combined 2000–2018”, “Historic Perimeters 2019”, and “Operational Data Archive 2020”.
Links to these webpages are provided in the data availability statement at the end of this
manuscript. After extracting all wildfire perimeter data, we pooled all wildfire records
together in ArcGIS (ESRI, Redlands, CA, USA). To avoid double counting, all duplicate
wildfires were then removed during data processing. Given that a minority of Census
tracts (<1%) had more than 100% of their area burned by multiple fires over the 21-year
study period, our calculation of total wildfire area may reflect a slight underestimation of
true burned area over this period.

2.2. Demographic Data

This study used the most recently available (2010) Census data to obtain population
counts for all Census tracts (n = 8057) across the state of California. The American Com-
munity Survey (ACS), conducted every year, was also used to obtain information about
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household income, race/ethnicity, education, insurance coverage, age, and other socioe-
conomic characteristics at the Census tract level. For the ACS, 5-year averaged data from
2018 were used since averages provide a more stable representation of community-level
factors, and because 2018 was the most recent year for which 5-year average data were
available, whereby wildfire burned area was greatest in the more recent, as opposed to
earlier, time period of the study. ACS data were not utilized across multiple years of the
study period so as to eliminate potential changes in social and economic characteristics
that may occur slightly from year to year, particularly after a major wildfire, as well as
characteristics such as population size, home values, and income, which tend to exhibit
positive trends over time irrespective of wildfire activity.

2.3. Analysis

Annual burned area and cumulative (all 21 years) burned area were calculated across
the state of California and for each Census tract in California from 2000 to 2020 using
ArcGIS software (ESRI, Redlands, CA, USA). To understand the overall trend in wildfire
activity over the 21-year period, annual and cumulative wildfire area were plotted in the
form of a histogram. We then overlaid the Census tract layer and wildfire perimeters to
identify Census tracts that were affected by wildfires during a given year. The analysis
examined trends in the number of Census tracts that incurred different percentages of
burned area (>0%, >10%, >25%, >50%, and >75%), the number of Census tracts burned by
wildfires of varying sizes (any size, >100 acres, >1000 acres, >10,000 acres), and the total size
of the populations residing in Census tracts affected by wildfire each year from 2000–2020.
These categories were not mutually exclusive (e.g., “>100 acres” category included fires in
the “>1000 acres” category). Census tracts considered to be affected by wildfire were those
where at least one wildfire took place during a given year.

Summary statistics of socioeconomic characteristics were calculated for each Census
tract across the state. The study focused on the Census tract-level distribution of the
percentage of socioeconomic characteristics that could reasonably be expected to render
a community at increased vulnerability to wildfire, including female and male residents,
residents who identified as Hispanic, Asian, African American, or Native American, im-
migrant non-native residents (henceforth immigrants), residents who reported speaking
no or limited English, residents who did not have health insurance coverage, residents
under 5 years of age and those over 65 years of age, renter-occupied housing units, vacant
housing units, residents who used public transportation, residents with a college education
or higher, and whether or not households had computers and internet. We also calculated
statistics relating to economic factors such as unemployment rate, poverty rate, median
household income, and median home value.

We first calculated summary statistics for socioeconomic factors across Census tracts
that were grouped according to the number of years that they experienced at least one
wildfire (henceforth “fire frequency”). Fire frequency for a given Census tract reflects how
often it experienced direct wildfire, with values ranging from a minimum of 0 (indicating
no years with wildfire during the study period) to 21 (indicating wildfire every single year
during the 21-year study period). Socioeconomic factors were compared across each fire
frequency category using scatter plots with accompanying trendlines.

Given that Census tracts with larger areas are more likely to experience wildfires
(all other factors being equal), thus having higher values of fire frequency, this analysis
further evaluated the relationships between Census tract socioeconomic characteristics
and wildfire impacts by the percentage of cumulative burned area over the study period:
0% (no wildfire), 1–10%, 11–20%, 21–30%, 31–40%, 41–50%, 51–60%, 61–70%, and ≥71%
of land area burned by wildfire. Linear trendlines were fit to help show correlations in
either the positive or negative direction. By considering wildfire burned area on an annual
basis, this study was able to account for overlapping burned areas that may have occurred
during different years.
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In describing our analysis of fire frequency and burned area, it is useful to identify
the tradeoffs in terms of results. Fire frequency can help identify Census tracts that were
repeatedly afflicted by wildfire over the study period. However, this metric may be
influenced by Census tract size as previously mentioned. In contrast, burned area as a
fraction of total Census tract area can overcome issues of Census tract size; however, it may
bias in the opposite direction, since smaller Census tracts require smaller wildfires (which
are more frequent) to produce the same fraction of burned area. Additionally, Census tracts
that experienced major wildfires that burned large fractions of land area during the first
half of the study period may be less likely to experience wildfires in subsequent years due
to reduced fuel availability (e.g., forest no longer exists). The tradeoffs associated with each
method reinforced our decision to employ both techniques when conducting this analysis.
Census tracts that experienced a fire frequency greater than 10 (a fire at least every other
year) and over 70% cumulative wildfire-burned area over the study period were defined as
“highly impacted” and were compared with the group consisting of all other Census tracts
in terms of their socioeconomic characteristics.

This study further evaluated whether correlations differed between urban and rural
areas by separating Census tracts into the urban/rural designations of their zip codes based
on rural–urban commuting area code (RUCA) approximations produced by the University
of Washington’s Rural Health Research Center [30]. RUCA values ≤ 3 were considered
urban, while values > 3 were considered rural. An example of a major California wildfire
(the Thomas Fire) that took place from December 2017 to January 2018 is presented in the
form of satellite imagery in Figure S1 (Supplementary Materials).

3. Results
3.1. Wildfire Activity Patterns and Trends

In total, 1081 of California’s 8057 Census tracts, housing 5.3 million (13.4%) of the
state’s 39.5 million residents, experienced wildfires from 2000 to 2020. Of those, 694
experienced wildfires during at least two separate years over the study period, amounting
to 8.6% of total Census tracts housing 3.4 million people across the state. Of the Census
tracts that experienced wildfires, 358 Census tracts housing 1.7 million residents and
218 housing 0.9 million residents saw at least 25% and 50% of their land area burned
by wildfires over the course of the study period, respectively. There were 46 Census
tracts housing roughly 216,000 residents that experienced an amount of wildfire burning
equivalent to 100% or more (max = 187%) of the total area of the Census tract.

Our results showed 16.7 million acres of land burned by wildfires in California from
2000 to 2020, which corresponds to 15.9% of the 105 million acres of the state’s total land
area. Of this total, 43.7% occurred over just three wildfire years (i.e., 2008, 2018, and 2020),
while 61.8% occurred over the six largest wildfire years (i.e., 2003, 2007, 2008, 2017, 2018,
and 2020). Annual area burned by wildfires across the state was highly correlated (r ≥ 0.7)
with the number of Census tracts annually burned by wildfires that were ≥1000 acres in
size, and moderately correlated with the number of Census tracts that experienced >10%
and >25% of annual area burned. A complete correlation matrix showing the temporal
relationship between total annual burned area and other key wildfire statistics is presented
in the Supplementary Materials (Table S1).

Figure 1 presents annual and cumulative wildfire-burned area across the state of
California from 2000 to 2020. It shows a trend of increasing burned area over time, with an
8.2% increase in wildfire-burned area that occurred in the second decade of the study period
(2010–2019) relative to the first (2000–2009). Year 2020 was a record-breaking wildfire year
for the state, resulting in over 4 million acres burned. This amount corresponds to roughly
one-third of the area burned by each preceding decade. When the analysis included 2020
burned area in a comparison with the first (2000–2009) and last (2011–2020) decades of the
study period, we observed a 73% increase in burned area in the last decade.
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Figure 1. Cumulative and annual wildfire-burned area in California from 2000–2020.

The linear trend demonstrated a 64,713 acre/year increase in wildfire-burned area,
resulting in an approximately 10-fold increase in area burned from the year 2000 to 2020.
This trendline was heavily influenced by the record-breaking 2020 wildfire season. When
2020 wildfire data were excluded, the slope of the trend decreased substantially, albeit still
resulting in a 23,254 acre/year increase and 2.4-fold overall increase in area burned over
two decades.

3.2. Census Tract Impacts

Results generally showed that a greater number of Census tracts sustained wildfire
burning over time across all wildfire sizes assessed, accompanied by a greater number of
impacted residents. Overall, the number of Census tracts burned by wildfires showed a
positive temporal trend (r = 0.04 to 0.42) during the past two decades, when grouped by
wildfires of varying sizes (Figure 2a) and different percentages of burned area (Figure 2b)
each year from 2000–2020. Similarly, an annual increase in the total population residing
in fire-affected Census tracts was found over time. The annual number of Census tracts
impacted by wildfires of any size increased from approximately 180 to 230 (~28% growth)
over the study period (Figure 2a). A smaller increase was found when considering the
number of Census tracts impacted by larger wildfires (e.g., >100 acres).

In Figure 2b, the slope was steepest (slope; 0.5 to 1.0) when considering Census tracts
with >0%, >10%, and >25% area burned compared to Census tracts with higher fractions
(>50% and >75%) of area burned (slope < 0.5). When considering Census tracts with over
10% of their area burned, the linear trend (Figure 2a) showed a doubling in the number of
Census tracts in this category over the 21-year study period, from approximately 20 to 40
Census tracts.

Figure 2c presents the cumulative population of those residing in Census tracts affected
by wildfire each year from 2000–2020. As with Figure 2b, the trendlines in Figure 2c
illustrate that the sharpest increases (slope > 2000) in the number of people affected by
wildfire over time were apparent among Census tracts that sustained less burn area as a
percentage of total area. When considering Census tracts with greater than 10% of their area
burned, the linear trend in Figure 2c shows an increase in the annual number of affected
residents, from approximately 100,000 to 170,000 people (70% increase). Census tracts with
greater than 25% of their area burned showed an increase from approximately 55,000 to
100,000 residents affected annually (~82% increase).
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Figure 2. Annual time series of the (a) number of Census tracts that incurred different percentages of
burned area, (b) number of Census tracts burned by wildfires of varying sizes, and (c) cumulative
population of those residing in Census tracts affected by wildfires from 2000–2020. For the Census
tract “>0% burned” category, y-axis values were divided by 5 to adjust for differences in scale and
enable a side-by-side comparison of trends.
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3.3. Wildfire Impacts among Vulnerable Populations

Figure 3 presents wildfire vulnerability characteristics as percentages averaged across
urban and rural Census tracts, showing that rural areas were generally characterized by
greater wildfire-burned area and lower socioeconomic status. Specifically, the wildfire-
burned area average over the entire study period was over three times greater for rural
compared to urban Census tracts. On average, rural areas also tended to have a higher
proportion of White and Native American residents and lower proportions of Asian,
African American, and Hispanic residents. Rural Census tracts also tended to have a
higher proportion of households without computers, internet, use of public transportation,
and median incomes < $30,000/year (henceforth “low-income residents”), as well as
residents over age 65. In contrast, urban Census tracts tended to have higher proportions of
households with a median income > $100,000/year (henceforth “high-income residents”),
as well as lower rates of unemployment, poverty, and vacant housing units. The proportion
of residents under age 5 and those without health coverage was approximately the same
between urban and rural Census tracts.
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Figure 4 presents the percentage of minority populations and socioeconomic charac-
teristics as a function of fire frequency (number of years), separately for urban and rural
Census tracts, showing that wildfires were generally more frequent among areas that were
more socioeconomically disadvantaged. On average, the proportion of minority popu-
lations was negatively correlated (urban, r = −0.84; rural, r = −0.36) with fire frequency
(Figure 4a) except for Native American residents, of which there tended to be a higher pro-
portion in Census tracts that had a higher fire frequency over the study period (r = 0.47 to
0.49). Although the percentages of African American, Asian, and Hispanic residents tended
to be higher in urban areas (the opposite for Native Americans), trendlines exhibited the
same directions between urban and rural areas. Although not shown in Figure 4, trendlines
were similar for residents who identified as Hispanic, Asian, African American, or Native
American, as well as for immigrant residents who reported speaking no or limited English.
There was no trend as it relates to female/male differences.
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Figure 4b illustrates increased wildfire vulnerability among Census tracts that ex-
perienced a higher fire frequency over the 21-year study period as indicated by higher
proportions of older residents (age > 65) and residents/households without health cover-
age, a college education, occupancy, internet, and computers among Census tracts with
a higher fire frequency. In urban areas, there was an approximately 50% increase in the
proportion of older residents living in Census tracts with the greatest fire frequency com-
pared to Census tracts with the lowest fire frequency, while, in rural areas, the Census tracts
with the greatest fire frequency had a roughly 85% higher proportion of older residents. In
general, urban Census tracts tended to exhibit steeper trendlines (i.e., slopes deviating from
zero), particularly when considering vacant housing units and residents without a college
degree. For instance, in urban areas, there was a 28% increase in the proportion of residents
without a college degree living in Census tracts with the highest fire frequency compared
to the lowest fire frequency, while the percentage increase was much more modest (~5%)
when considering rural Census tracts.

Greater vulnerability among Census tracts with a higher fire frequency was also
apparent for economic characteristics presented in Figure 4c,d, as reflected by higher
proportions of low-income residents (r = 0.24 to 0.76), unemployed residents (r = 0.23 to
0.3), and residents living in poverty (urban only, r = 0.44), lower proportions of high-income
residents (r = −0.74 to −0.47), lower median household incomes (r = −0.79 to −0.40), and
lower home values on average (r = −0.88 to −0.54). Similar to Figure 4b, correlations
tended to be higher in urban compared to rural areas.

Figure 5 presents the percentage of minority populations and socioeconomic character-
istics averaged across Census tracts grouped according to the percent of Census tract land
area burned each year from 2000 to 2020 and by urban and rural areas. Results generally
showed that socioeconomically advantaged Census tracts tended to see greater fractions
of their land area burned by wildfire, relative to disadvantaged areas. Specifically, as
with Figure 4a, Figure 5a shows the proportion of minority populations to be negatively
correlated (r = −0.26 to −0.73) with fire burn area experienced by Census tracts on average.
The exception again was for Native American residents (r = 0.18 to 0.41), of which there was
a higher proportion in Census tracts that saw higher fractions of their land areas burned.

In Figure 5b, we observed consistency with Figure 4b in that older residents
(age > 65) were in greater proportion in Census tracts that experienced a higher fraction
of land area burning over the 21-year study period (r = 0.41 to 0.45). However, we also
observed correlations that were more modest and, in some cases, opposite compared to
those in Figure 4b. For example, the proportions of residents/households without a college
degree, a computer, and internet were negatively correlated (r = −0.92 to −0.84) with the
proportions of area burned in urban Census tracts. Unemployment rate exhibited little to
no change across areas of different burn proportion in both urban and rural analyses, as
did the proportion of residents without a college degree, households without a computer,
and vacant housing units in rural areas.

When examining economic characteristics of Census tracts as a function of percent
land area burned, urban Census tracts similarly exhibited patterns that were opposite
those of Figure 4c, with lower proportions of low-income residents (r = −0.81) and higher
proportions of high-income residents (r = 0.84) in Census tracts that experienced higher
fractions of land area burning. For rural Census tracts, income exhibited little to no correla-
tion with the proportion of burn area (r = −0.17 to −0.01). Similarly, in Figure 5d, urban
Census tracts exhibited positive correlations when plotting average median household
incomes (r = 0.84) and home values (r = 0.65) against the proportion of land area burned,
whereas rural Census tracts showed positive albeit weaker correlations with these variables
(r = 0.27 to 0.46).
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Census tracts that met our definition of being highly impacted according to both fire
frequency and cumulative burned area included nine urban and six rural Census tracts.
Relative to all other Census tracts, these 15 highly impacted Census tracts on average had
lower proportions of minority group populations (except for the proportion of Native
Americans which was over three times higher), as well as a 32%, 12%, 32%, and 36% higher
proportion of older aged residents, residents without a college degree, households without
internet, and households without a computer, respectively. These Census tracts also had
36% higher unemployment, with a 26% higher proportion of low-income residents, 17%
lower proportion of high-income residents, 26% lower median home values, and 23% lower
median household income relative to other Census tracts, on average. These trends were
generally in the same direction for both rural and urban Census tracts, although disparities
tended to be more dramatic among rural Census tracts. Highly impacted Census tracts,
along with the fire frequency for all Census tracts, in California are presented in Figure 6
(using World Geodetic System of 1984, or WGS 1984).
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The general findings presented in this section did not change when the analysis
considered the first decade (2000 to 2009) and second decade (2010 to 2019) of our study
period separately, nor when the record-breaking wildfire year of 2020 was either included
or excluded.
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4. Discussion

This study examined wildfire-burned area over the entire state of California from the
years 2000 to 2020 in order to understand how wildfire activity has changed over time and
to identify whether burned area and frequency differed across Census tracts according to
socioeconomic characteristics over time.

4.1. Wildfire Impacts and Trends

Results from our analysis showed a clear increase in the area burned by wildfires across
California during the 21-year study period. These results are consistent with the overall
trends in wildfire activity that have been reported across the United States [31–33]. These
results are also reasonable given the buildup of dry vegetation over time compounded by
climatic changes that have resulted in higher spring and summer temperatures, reduced
snowpack, and earlier spring snowmelt, which increase moisture stress on vegetation and
render forests more fire-prone even at high elevation [4,9,10,25]. According to CAL FIRE,
climate change has enabled particularly dry vegetation that allows wildfires to spread
more aggressively, as well as periods of heavier-than-usual rainfall which allows heavy
vegetative growth and greater amounts of fuel for potential wildfires [9].

We identified a doubling of the number of Census tracts that experienced major
wildfire burning over the 21-year study period. This trend was most apparent when
considering wildfires of all sizes, but it was also evident when only considering major
(>100 acres) wildfires. Similarly, this analysis identified a near doubling of the number
of people residing in Census tracts that experienced wildfire. Since we did not examine
changes in population statistics over time, this pattern can be attributed to the expansion
of wildfire burned area as opposed to population growth. Such residents and those living
close to these areas may be adversely affected by wildfire in a number of ways, including
physical and psychological stress from evacuation, property loss, physical injury or death,
and smoke-related impacts to health [12,13]. While this study did not directly measure these
impacts, the increasing number of Census tracts (and associated residents) experiencing
wildfire over time suggests the likely increased occurrence of these impacts over time.
While previous studies reported wildfire trends over time, these findings help to showcase
how such trends have translated to human impacts as opposed to only ecological impacts
and burned area.

4.2. Census Tract Analysis

Our analysis showed that rural Census tracts on average experienced a much higher
degree of wildfire burning compared to urban Census tracts, and that such Census tracts
also had higher rates of poverty, unemployment, and vacant housing, as well as higher
proportions of low-income residents, residents without college degrees, and households
without a computer and/or internet. This finding underscores a potential issue of environ-
mental justice in which disadvantaged families who cannot afford to live in urban areas are
rendered at greater risk of dangerous wildfires that may impact their health and further
exacerbate socioeconomic inequities.

When dividing Census tracts according to urban and rural land designations and
assessing socioeconomic factors, we found that Census tracts with a higher fire frequency
and burned area had lower proportions of minority group populations. An important
exception was for Native Americans, which tended to be in greater proportion in Census
tracts more affected by wildfire. This pattern was observable across both urban and rural
Census tracts. These findings are reasonable given that minority populations in the US tend
to be most prevalent in populated cities and other more heavily urbanized areas, which are
less prone to wildfires [34]. In contrast, Native American populations tend to reside in more
rural landscapes that are more prone to wildfires [35]. Although our analysis separated
urban and rural Census tracts, differences in urbanization still exist within urban and rural
designations that cannot be captured by a binary category. For instance, some rural areas
can be more or less rural than others, and the same is true for urban designations.
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Although Census tracts with greater proportions of minority group populations
tended to experience lower wildfire frequencies and fractions of burn area, such groups
may nonetheless be at high risk of wildfires impacts due to socioeconomic barriers, risks
which may defer between subgroups. While limited literature exists to identify which
subgroup is at greatest risk, key factors can nonetheless help to identify elevated risk
among minority populations. Communities with greater language barriers, including
Hispanic and indigenous residents, are more likely to face challenges as it relates to heeding
evacuation warnings and health guidelines (e.g., tips to reducing smoke exposure) that are
disseminated in English, as well as maintaining comfort among health providers [14].

Additionally, research has shown undocumented residents within Hispanic and in-
digenous immigrant communities to be marginalized and disproportionately underserved
both before and after wildfire disasters [36,37]. Méndez et al. (2020) pointed out, for
instance, that such communities are disproportionately affected by racial discrimination,
exploitation, economic hardship, and fear of deportation, and that the emergency response
and recovery efforts that occurred in the wake of the Thomas Fire in California (as an
example) largely ignored the needs of such communities, with resources instead being
directed toward more privileged individuals [36].

Another key finding in our study was that Census tracts with a higher fire frequency
and greater proportions of burned area had substantially higher proportions of older
(age > 65) residents. This is an important finding given that it may be more difficult for such
residents to expeditiously evacuate during a wildfire, and because this age group is partic-
ularly vulnerable to health-related impacts of short-term wildfire smoke exposure [38–40]
given their higher prevalence of pre-existing lung and heart diseases and due to important
health-protective physiologic processes that decline with age [38].

Another key finding consistent between assessments of both wildfire frequency and
burned area was that social and economic variables tended to exhibit stronger correlations
with wildfire impacts when assessing urban, as opposed to rural, Census tracts. This
difference may reflect stronger associations between socioeconomic factors and rural
greenspace (where more vegetation/fuel exists) in urban areas compared to rural areas
where greenspace/vegetation is a more common feature.

In general, Census tracts with higher proportions of low-income residents and lower
proportions of high-income residents, as well as lower median household incomes and
home values, experienced higher wildfire frequency. This may suggest differences in land
management and/or the availability of resources for combatting wildfires before they grow
large. Interestingly, the opposite pattern was evident when examining wildfire burn area,
where more affluent Census tracts tended to experience the greatest burning as a fraction
of total area. This pattern was less pronounced for rural Census tracts. This urban/rural
difference may again reflect wealthier neighborhoods being located in more vegetated,
fire-prone WUI areas on the outskirts of town within urban Census tracts, whereas rural
areas may exhibit less of a socioeconomic gradient as it relates to the degree of ruralness.
This conclusion is supported by an analysis by Wigtil et al. (2016), which assessed wildfire
risk and vulnerability across the US and found that higher-income areas were generally at
greater risk to wildfires [27].

Findings were more mixed when assessing other vulnerability-related characteristics.
For instance, Census tracts that experienced a higher fire frequency over the 21-year study
also had higher proportions of residents/households without health coverage, a college
education, occupancy, internet, and computers, suggesting an overlap between wildfire
impacts and wildfire vulnerability. However, when examining these characteristics in the
context of the percentage of land area burned (rather than fire frequency), correlations were
more modest and, in some cases, opposite.

Given disparate findings observed when assessing fire frequency versus burned
area, it is important to discuss the potential utility of each metric in terms of explaining
wildfire impacts. When considering fire frequency, this study was able to identify Census
tracts that are repeatedly burdened by wildfire on an inter-annual basis. This could arise
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from differences in population density, inhabitation of WUI areas, or land/vegetation
management. However, this metric does not enable an understanding as to the severity of
impacts. The severity of wildfire burning over the study period can instead be understood
through our assessment of the proportion of land area burned. Despite the utility of this
latter metric, this metric does not enable an understanding as to the recurrence of wildfires
within a Census tract.

Given an understanding of the advantages and limitations of each wildfire impact
metric, we can better infer the implications of our results. Regarding the positive correlation
between wildfire vulnerability indicators and fire frequency, this may be the result of
differences in vegetation management between high- and low-income Census tracts and/or
the availability of resources for combating wildfires, as noted earlier.

General strategies that can help reduce the human health impacts related to wildfires
include the establishment of evidence-based evacuation plans, as well as greater education
to help residents reduce their exposure to wildfire smoke. Effective strategies to reduce
smoke exposure during wildfire events include staying indoors, closing the doors and win-
dows, and using an indoor air purification device [41–43]. Such interventions can reduce
air pollution concentrations by over 90% [41]. During evacuation, measures can also be
taken to help reduce psychological stress, especially stress caused to elderly residence with
language and cultural barriers. For instance, Asfaw et al. (2020) showed that indigenous
elderly residents had negative experiences with health services during the Sandy Lake First
Nation Wildfire evacuation due to accommodation-related challenges, language barriers,
and lack of access to traditional food, which can be overcome in the future with better
designed action plans that take such needs into account. Additionally, research on post-
disaster recovery efforts highlights the importance of “community strength and support”
systems among communities affected by wildfire [37]. Collectively, these measures will
likely be increasingly important to consider in the future as climatic extremes lead to the
exacerbation of wildfire events and the occurrence of so-called “compound hazards” that
may strain preventative measures, rescue efforts, and municipal resources [44].

4.3. Strengths and Limitations

A strength of this study is the comprehensive analysis of burned area over an extended
21-year period, which enabled us to understand how wildfire activity has changed over
time. Another strength is the assessment of socioeconomic correlations at a high spatial
resolution (Census tract level), which allowed us to identify potential health- and risk-
related inequities. Moreover, conducting separate analyses according to both fire frequency
and percentage area burned, as well as by rural and urban land designations, provided
important comparisons that allowed for more robust conclusions. A final strength of this
study is the use of nationally reported and publicly available Census and ACS data, as
well as wildfire burn perimeters, which enables this study approach to be employed across
other states and regions in the US.

This study also includes limitations. For instance, findings in this analysis represent
only an estimate of the annual number of residents affected by wildfire as this analysis
did not take into account the impacts of wildfire smoke, evacuation, or injury, nor did it
consider impacts to communities in Census tracts that were adjacent to, but not overlapping
with, wildfires. Another limitation is the potential for temporal mismatch given that a single
5-year averaged ACS dataset was used to represent the entire study period. Lastly, this study
employed correlation analyses. While this enabled us to understand which communities
and demographics experienced the greatest wildfire burning and fire frequency, as well
as ascertain whether or not patterns existed as it relates to social and economic factors,
the approach is distinct from a multivariate regression analysis aimed at understanding
causative associations. Therefore, while the present study was able to identify correlations
and patterns, it cannot be said to demonstrate the causation that underlies these patterns.
Future research aimed at examining various wildfire-related variables such as lightning
strikes, temperature, and humidity, as well as land-use changes, land management, and
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access to resources in the context of socioeconomic characteristics, is needed to better
understand the underlying causes that might explain the disparities outlined in this study.

5. Conclusions

This study examined wildfire-burned area over the entire state of California from
the years 2000 to 2020 to understand how wildfire activity has changed over time and to
identify whether burned area and frequency differed across Census tracts according to
socioeconomic characteristics over the study period. Results showed a clear increase in
the area burned by wildfires across California over time, with a doubling in the number
of Census tracts that experienced major wildfires and a near doubling of the number
of people residing in wildfire-impacted Census tracts. Although rural Census tracts are
intuitively more prone to wildfires, our analysis showed that such areas not only sustained
three times more wildfire on average, but also tended to be characterized by higher rates
of poverty, unemployment, and vacant housing, as well as higher proportions of low-
income residents and residents without college degrees. Census tracts with a higher fire
frequency and burned area had lower proportions of minority groups on average, except
when considering Native American populations, of which a greater proportion resided in
highly impacted Census tracts. Another key finding was that Census tracts most impacted
by fire tended to have substantially greater proportions of elderly residents, which is of
high concern given the disproportionate vulnerability of this population to smoke and
other fire-related impacts. Collectively, these findings underscore important issues of
environmental injustice among physically and socioeconomically vulnerable communities,
in turn highlighting the need for more focused aid and recovery efforts on the part of
municipalities and other fire-prevention and relief entities, as well as policymakers and
state agencies who help determine the allocation of resources before, during, and after
wildfires in the state of California.
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