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Preface

Senate Bill 901 (Dodd, Statutes of 2018, chaptered 626) directs the California Air
Resources Board (CARB) to develop “a historic baseline of greenhouse gas emissions
from California’s natural fire regime reflecting conditions before modern fire
suppression.” Land management agencies and scientists commonly consider 1910,
when the U.S. Forest Service established its fire suppression program, as the
beginning of modern fire suppression. Working closely with the California Department
of Forestry and Fire Protection (CAL FIRE) and academic and agency experts with
research and practical expertise in historical and contemporary fire in California and
the western United States, CARB staff conducted a comprehensive review of the
available literature and quantitative data regarding greenhouse gas (GHG) emissions
of historical fire throughout the history of California’s diverse ecosystems.

The existing body of historical fire research provides important insights that can help
society better understand the many factors that have led to current fire conditions.
Before implementation of large-scale fire suppression practice, California’s historical
fire regimes were primarily shaped by Indigenous People’s use of fire as a part of their
ecological land stewardship. California’s land base used to be more ecologically
diverse and more adapted to the changes in climate when fire was an integral socio-
ecological part of the landscape. Long-term trends in historical fire activity followed
variation in temperature and drought. In the modern times, the combination of fire
exclusion, climate change, expanding population, invasive species, and the increasing
need for natural resources has led to the current fire conditions that have never been
seen in California’s history. Contemporary fire activity levels have now significantly
diverged from the pre-suppression levels.

Primary challenges to estimating pre-1910 fire emissions include lack of data and
consequently, modeling uncertainties. Fire emission modeling requires detailed
information about fire characteristics (e.g., type, amount, and moisture of fuels) that
are not recorded in historical proxy data such as tree ring samples, lake sediment
cores, or archeological sites. Emission modeling results based on assumed fire
characteristics have high uncertainty. Moreover, evidence of fire events seen in
historical proxy data provides no features to delineate lightning fire from Indigenous
land stewardship. The lightning portion of historical fire regimes cannot be confirmed.

This report summarizes the current scientific understanding of GHG emissions from
historical fire in California. It provides an overview of California’s fire history over the
past 1,500 years and summarizes the dynamic interactions of climatic, environmental,
and human drivers that shaped the fire landscape through time.
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Executive Summary

This report summarizes the current scientific understanding of GHG emissions from
historical fire in California. Section 4 of Senate Bill (SB) 901 - Wildfires (Dodd, statutes
of 2018, chaptered 626), codified at Section 38535 of the California Health & Safety
Code (H&SC), directs the California Air Resources Board (CARB) to work in
consultation with the California Department of Forestry and Fire Protection (CAL FIRE)
and academic and agency experts to develop “a historic baseline of greenhouse gas
emissions from California’s natural fire regime reflecting conditions before modern fire
suppression.” In the preparation of this report, CARB staff has worked closely with the
staff of CAL FIRE, and academic and agency experts with research and practical
expertise in historical and contemporary fire in California and the western United
States. This report provides an overview of California’s fire history over the past 1,500
years and summarizes the dynamics of interactions of climatic, environmental, and
human drivers that shaped the fire landscape of the time.

Fundamentals of Fire on the Landscape

Available proxy data on historical fire go back for tens of thousands of years. These
proxy data indicate that fire has always been a part of California ecosystems [1]. Fire is
a natural process that is part of the Earth’s carbon cycle. It provides critical ecosystem
services that sustain the life cycle of plant communities that in turn, support humans
and animals globally. The natural ecosystem and socio-cultural functions of burning
include stimulating seed germination, replenishing soil nutrients, removing biomass,
reduce competition among trees and maintain open stand structure, reducing the
fuels that feed more severe fires, and maintaining ecosystem and habitat diversity.

Factors that Influence Fire Characteristics and Emissions

Fire on the landscape is a complex dynamic process that is influenced by many
environmental and cultural-societal drivers that have been changing continually
through time. Climate has significant influences on wildland fires and emissions.
Higher temperatures increase the length of both growing and fire seasons, which then
increase fuels, decrease fuel moisture, and increase the likelihood of sustained fire
ignitions, all of which contribute to a higher potential for burning. Additionally, long-
term changes in temperature alter vegetation cover, shifting the composition of plant
communities, and converting forests to non-forest land types [2]. Annual variability in
timing and magnitude of precipitation, including periods of drought, impact the health
of trees, the combustibility of fuels and the likelihood of fire. The distribution, timing
and types of ignition sources play important roles in the dynamics of fire over large
regions. Historical ignition sources include lightning strikes, Indigenous cultural
burning, and other sources.



Review of Data Regarding Historical Fire Emissions

In order to model fire emissions, area burned, percent of canopy consumed, emission
factors, vegetation type, fuel quantity, fuel moisture, and fire behavior at the time of
burn are needed as model inputs. Records in this detail are not available for historical
burning. Instead, staff reviewed analyses of burn scars in tree rings, charcoal in lake
sediment cores, and oral histories as the basis for understanding what historical fire
emissions might have been before modern fire suppression. Insufficient data exists to
derive a statewide California-specific time series of historical fire over that last several
hundred years. Staff also consulted academic and agency experts in this review. Burn
scars in trees can provide historical fire frequency and information about individual
fires; and if tree scar samples are available over a region, information about fire extent
in different years can be estimated. Measuring the amount of charcoal and carbon-
dating pollens in lake sediment cores can provide estimates of relative fire activity
levels going back tens and thousands of years. Combining various burn scars and
sediment cores can provide insights into local fire regimes. Archeology, ethnographic,
and oral histories information give valuable information on how Indigenous peoples
use fire to steward the land and how their cultural burning practices have changed
through time. These proxy data are specific for their location and for certain time
periods. Some areas that are fire-prone have no burn scars or lake sediment charcoal
data. Several data elements needed for fire emission modeling are not recorded by
these proxy data, such as fuel load and moisture.

Estimation of Historical Fire Emissions

To date, there is one study, Stephens et al. (2007)[3], that estimated historical fire
emissions in California, and this study focused on the Little Ice Age (1450-1850), which
was almost 2 degrees Celsius colder than today. Stephens et al. estimated historical
burned acreage per year using a combination of available burn scar data as proxies for
fire frequencies for forested lands, information derived from oral histories and expert
opinion for non-forested lands, and a vegetation map representing the early 1900's.
To calculate the emission estimates, Stephens et al. made several significant
assumptions regarding the fire model inputs: (1) current fire models can represent fire
behavior in the Little Ice Age, (2) the lightest fuel loads and the driest fuels conditions
that are currently programmed into the model are assumed, (3) vegetation in
California did not change between 1450 and 1900, and (4) every acre in California had
an equal probability of burning.

Their results suggest that 4.5 to 12 million acres burned per year during the Little Ice
Age. As a comparison, California’s 2000-2020 average burned acreage is 0.79 million
acres per year (range: 0.09-4.1 million acres). They estimated that 34-90 million
metric tons (MMT) of CO, were emitted each year. In comparison, 2000-2020
emissions range from 1 to 107 MMT CO:; annually, for an annual average of 19 MMT
CO: (TABLEE-1).



TABLEE-1:SUMMARYOF STEPHENSET AL. ESTIMATESAND CONTEMPORARYWILDFIRE

Stephens et al.
Statewide Annual Variable | 2007 Estimates for
the Little Ice Age

Highest Average of
in 2000-2020 | 2000-2020

Area burned (Million acres) 4.5-12 4.1 (2020) 0.79

CO; fire emissions (MMT COy,) 34-90 106.7 (2020) 19

Area burned per year and CO; emissions estimated by Stephens et al. (2007) for the Little Ice Age are
presented alongside contemporary burn acreage and emissions estimates for 2000-2020[4]. The
number in parenthesis indicates the year with the highest value among years 2000-2020.

Using the various assumptions described above, this study estimates an overall
average emission factor of 7.5 metric tons of CO; per acre, whereas currently
California fires average about 24 metric tons of CO; per acre, approximately three
times more emissions per acre than in the Stephens et al. (2007) estimates. Fire
suppression over the last century has led to an accumulation of fuels that results in
more fuels and higher potential emissions per acre. Combustion of this higher fuel
load leads to potentially more intense fires and more emissions per acre burned than
the estimates for the Little Ice Age indicate even in the absence of climate changes.

Fire History of California

Native American’s Use of Fire on Natural Resources

Since time immemorial, Indigenous People of California have used and continue to use
fire to steward the land to encourage a variety of outcomes [5]. Using Indigenous
knowledge, Indigenous cultural burning is typically associated with fires of varying
intensities that alter the frequency, seasonality and specificity of fire regimes designed
to elicit the ecological, societal, and cultural outcomes that are specific to that time
and place [5, 6, 7, 8]. Throughout history, cultural burning has shaped large portions of
California [7]. Areas around indigenous settlements, resource collection areas, hunting
grounds, and travel routes have been under the care of Indigenous People throughout
history [7]. Indigenous fire regimes evolved with the conditions of the time [9] as
Native practitioners adapted their methods to changes in climate, vegetation, and the
boundary of their territories, as well as changes in their cultural practices. As the
environmental and climate conditions of California have continuously changed through
time, so has cultural burning and Tribal adaptive practices.

Climate Impacts on Fire

Climate influences fire in a number of different ways. Temperature impacts the length
of the fire and growing seasons, which alters the time in which fires can burn and the
amount of available fuels. Annual variability in precipitation and droughts (as well as
the dynamic feedback between them) impact the production and moisture of the



fuels, which affect the amount of fuel and its combustibility. Climate influences
occurrence of lightning [10] and wind [11], and other weather factors that influence the
potential distribution and frequency of lightning ignitions and fire behavior.
Throughout California, vegetative communities evolve with changes in climate; and as
a result, fire behavior, the use of fire by people, and the emissions associated with
burning also change in response to those vegetation and climate changes. Climate
also influences how people interact with the environment. For example, during
periods of intense historical drought, Indigenous Peoples often reduced travel and
trade because of a lack of surface water to support long-distance travel [12]. This

reduction in movement may have affected their broader landscape burning practices
[71

1500-Year Fire History

Data for fire activity throughout the western United States show that fire is variable.
Aggregating data over large areas reveals correlating patterns of fire following the
overall trends of temperature and also the cyclical nature of droughts [13, 14]. FIGURE
E-1 presents relative fire activity measured from 69 lake sediment core sample
locations in the western United States, shown alongside historical drought level in the
western United States and historical temperature in the Northern Hemisphere. In
FIGURE E-1, the gray band is a composite of relative fire activity levels from all 69
samples. The wider the band, the more variability in fire activity exist among the
samples. Before the 20* century, there was a coherent range of fire activity levels that
followed climate variability. Since the beginning of the 20t century, relative fire activity
levels have diverged significantly from the historical range. By the later part of the 20%
century, some sample locations experienced almost no fire, while others experienced
extremely high fire activity. Fire activity and climate decoupled after Indigenous
People populations were decimated by disease, dislocation, mistreatment, and state-
sanctioned violence brought upon by European-American settlers, and they were
prevented from using fire for land stewardship. The large-scale coordinated fire
suppression practices that began in 1910 have excluded fire from California landscape.
Unlike the time in history before European-American settlement, when the Indigenous
People’s way of life was integrated with fire serving many socio-ecological functions
on the landscape, currently fire exclusion practices in the western U.S. and large areas
of California have led to an increase in fuel accumulation on the landscape, which has
resulted in higher risk of more severe fires and associated emissions [13, 15].
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FIGURE E-1: HISTORICAL FIRE ACTIVITY, TEMPERATURE, AND DROUGHT IN THE WESTERN UNITED STATES FROM 500
CoMMON ERA (CE) To 2000 CE
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The gray band is a composite of relative fire activity measured from 69 lake sediment core sample
locations in the western United States (the map on the right). The width of the gray band indicates the
range of variability in fire activity through time and space. The thicker the line, the more variable fire
activity is across the west. In the modern era, the gray band is wider than any other times because some
of the sampled locations experienced almost no fire, while others experienced extremely high fire
activity. This widening of the gray band indicates a significantly greater variability of fire activity across
the landscape. Values are normalized by dividing each curve by their respective maximum values. This is
done to show all three curves on the same line. Four eras are highlighted: Medieval Warm Period,
Indigenous population increase, the Little Ice Age, and Euro-American westward expansion. These data
are taken and modified from Marlon et al (2012). Note: 2020 temperature would be at approximately
1.2 on this normalized graph [16]. The blue and purple circles on the map indicate the locations of
sediment cores and the green triangles indicate burn scars used to derive the grey band in the graph.

Summary

Historical fire research provides important insights that can help society better
understand the many factors that have led to current fire conditions. Before
large-scale fire suppression began in the early 20* century, fire was a frequent and
extensive feature of California’s landscapes. In modern times, the combination of fire
exclusion, climate change, ever expanding human population, and the increasing need
for natural resources that led to the current fire conditions has never been seen in
California’s history [17, 18, 19]. Contemporary fire activity levels have diverged
significantly from pre-suppression levels as a result of the accumulation of vegetation
fuels brought about by modern fire suppression, increased drought and higher
temperatures driven by climate change, and increasing human pressure on the
landscape. Comparisons between historical and contemporary fire activity and
emissions should be done with an understanding that the combination of climatic,
ecological, and societal conditions that created the current fire landscape has never
existed in California’s past.

vii



The current average global temperature is the highest that the Earth has seen in
approximately 100,000 years [17]. California’s 2020 fire season marked the highest
annual burn acreage in recorded history, more than double that from 2018, the next
highest year. As the Earth’s climate continues to warm, wildfire is expected to become
more widespread, severe, and extreme [20, 21]. It is therefore critical to continue
reducing the human contribution to climate change by reducing fossil fuel combustion
emissions. Historical data have shown that, when fire was able to occur without
widespread suppression, California’s land base was more ecologically diverse and
more adapted to the Earth’s climate variability and fire effects were less severe [22].
Opportunities exist to reintegrate Indigenous People’s knowledge into prescribed
burning and land management practices, along with a variety of other forest
management practices, as part of ongoing efforts to make California’s Natural and
Working Lands more resilient to climate change, fire, and other disturbances.
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1. Introduction

Fire has been a part of California’s diverse ecosystems for millennia. This natural
process is a key process in the Earth’s carbon cycle and provides many beneficial
ecosystem services that sustain the life cycle of plant communities that in turn, support
humans and animals globally. Fire on the landscape is a complex and dynamic process
that is influenced by many environmental and cultural-societal drivers, and these
factors have been constantly changing through time.

Wildfires over the past two decades are shown to be increasing in size, severity, and
adverse impacts. California’s 2020 fire season marked the highest annual burn acreage
in recorded history, more than double that from 2018, the next highest year. To gain a
better understanding of how California’s fire regime reached its current state and what
actions California may take to lessen fire’'s impacts in the future, it is helpful to have a
historical perspective regarding how fire has evolved through time.

This report is prepared in response to the California Legislature’s directive to develop
“a historical baseline of greenhouse gas (GHG) emissions from California’s natural fire
regime reflecting conditions before modern fire suppression” (Section 1.1). This report
summarizes the current scientific understanding of GHG emissions from historical fire
in California. It is organized as follows:

e Section 1 provides background on the legislative directive and fundamentals of
fire on the landscape.

e Section 2 discusses available proxy data on historical fire, data gaps for
modeling historical fire emissions, and a study that estimated historical fire
emissions.

e Section 3 provides an overview of California’s fire history that CARB staff
synthesized from a body of published scientific literature on historical fire.

e Section 4 discusses putting past fire activity into context.

e Section 5 summarizes findings and key points from the report.

1.1 Background

Section 4 of Senate Bill (SB) 901 - Wildfires (Dodd, statutes of 2018, chaptered 626)
adds Section 38535 to the California Health & Safety Code (H&SC). Subsection (b) of
Section 38535 pertains to GHG emissions of historical fire and provides as follows:

”38535. The state board, in consultation with the California Department of
Forestry and Fire Protection, shall develop all of the following: ...

(b) In consultation with academic experts, a historic baseline of greenhouse gas
emissions from California’s natural fire regime reflecting conditions before
modern fire suppression. This shall be completed on or before December 31,
2020. The baseline may be included within the state board'’s natural working
lands inventory.”



As directed by SB 901, the staff of the California Air Resources Board (CARB) has
worked closely with the California Department of Forestry and Fire Protection (CAL
FIRE) and academic and agency experts with research and practical expertise in
historical and contemporary fire in California and the western United States. This
report responds to the H&SC Section 38535(b) directive by summarizing the current
scientific understanding of GHG emissions from historical fire in California.

1.2 Ecosystem Functions of Fire in California Landscapes

Fire is a natural process in forests and other natural lands. Available proxy data on
historical fire go back for tens of thousands of years and indicate that fire has always
been a part of California ecosystems [1]. Several natural ecosystem processes rely on
fire to support the life cycle of plant and animal communities through stimulating seed
germination, replenishing soil nutrients, promoting new plant growth, reducing
competition among trees and maintaining open stand structure, reducing the fuels
that feed more severe fires, and maintaining ecosystem and habitat diversity. These
ecosystem functions of fire are described below.

Seed Germination

Seeds in certain types of serotinous cones and seed pods in trees and shrubs are
released during fire events. These plant species have resin sealing the seeds inside
their casing. When introduced to high temperatures from fires, the resin melts and
releases the seeds. Such trees in California include Coulter Pine, Knobcone Pine,
Sargent Cypress, Monterey Pine, and Giant Sequoia [23, 24]. Forests and other natural
lands that include plants with serotinous cones and seed pods need fire to maintain
these species without additional human intervention.

Soil Replenishment

Low to moderate intensity fires help to replenish soils by releasing various nutrients
that would otherwise be stored in live and dead plant biomass. Nutrients that are
transferred from biomass to soils by fire includes nitrogen, phosphorus, magnesium,
and calcium. Wildfire can combust biomass that contains these nutrients, releasing
them into the soil and allowing them to be utilized by other plants, animals, or micro-
organisms. Fire also exposes mineral soil that is optimal substrate for establishment of
many dominant tree species.

Clearing Vegetation Fuel

The fuels that feed fires come from ecosystem biomass, both live and dead. Fires
modify the quantity, spatial continuity, and characteristics of fuels within ecosystems.
By burning fuels, fires help to change the behavior of future fires and decreases the
likelihood of large, high severity fires. For millennia, humans have and continue to
utilize fire to reduce fuels through cultural burning and prescribed burning to achieve
desired outcomes.



Promote New Plant Growth

Dead wood provides many beneficial attributes to forests, such as providing micro-
habitat for seedlings, fungi, and insects. However, down dead wood can fuel wildfires,
hinder the establishment of certain types of plants, and affect timber productivity [25].
Fires help keep deadwood from completely covering the forest floor, thus allowing
space for new plants to grow and decreasing the likelihood of high intensity fires that
are more likely to occur with large amounts of deadwood [26].

Maintain Ecosystem Diversity

The overall density of trees and biomass within a forest has many effects on ecosystem
processes. The density of trees and biomass influence wildlife habitat, carbon stocks,
and water consumption by vegetation. Fires help to maintain plant species diversity
and create spatial diversity within ecosystems by opening gaps in closed canopies,
thinning out young densely populated stands, and diversifying forest structures across
the landscape. This mix of dense and open forest stands and shrublands across a
landscape are necessary to accommodate the large variety of ecosystem services that
both humans and nature need from these systems [27] and affect the distribution and
severity of future fire on the landscape.

1.3 Fire as a Part of the Earth’s Carbon Cycle

The Earth’s carbon cycle transfers carbon between land, oceans, and the atmosphere,
and in turn, facilitates the life cycle of all living things globally. Fire is a component of
the Earth’s natural carbon cycle. Fire, plant respiration, and decomposition release
carbon into the atmosphere. Photosynthesis takes carbon from the atmosphere and
stores it in plant biomass on land. This cycle of dynamic carbon exchange has
continued throughout Earth'’s history. Both fire and carbon sequestration should be
considered together when assessing emissions from fires in ecosystems.

Fossil fuel combustion is different from the natural exchange of carbon between land
and the atmosphere. Fossil fuels consist of ancient carbon that has been stored
underground for millions of years. Fossil fuel combustion contributes to climate
change by rapidly releasing large amounts of fossil carbon that have not been part of
the Earth’s atmosphere and biosphere carbon cycle for millions of years. No
commensurate natural carbon sequestration process exists that can remove carbon at
the rate that fossil carbon has been released into the atmosphere since the inception
of the Industrial Revolution. This results in the continuously rising carbon dioxide (CO5)
emissions in the atmosphere and climate change. Therefore, fossil fuel emissions and
biomass carbon emissions should be evaluated separately and not be compared to
each other.

1.4 Factors that Influence Fire Characteristics and Emissions

Many environmental and human factors influence the way fires burn in ecosystems.
The spread of fires and their intensity are determined by the “fire behavior triangle”:
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topography, weather and fuels [28]. These three environmental characteristics
influence how hot a fire burns, how large a fire becomes, and the mix and composition
of air pollutants released by a particular fire. In addition, the number of ignitions per
year, the amount of area burned, and fire locations are also important factors for
understanding fire across a landscape.

The mix and composition of air pollutants released by fires are influenced by several
fuel-specific factors: fuel amount, fuel moisture, fuel type, whether the canopy of a
forest burns, the vegetation type that produced the fuels, and whether the fire is
flaming or smoldering [29]. The amount of fuel and its moisture determines the
amount of biomass that is burnt and converts into emissions. For example, fuels that
are high in moisture content do not efficiently combust and may smolder instead of
flame. A smoldering fire emits more particulates, while a flaming fire releases more
CO-[30]. Additionally, the size of the fuels, from grasses to large logs, determine how
the fire will burn and the associated emissions. Fires spread more easily in grasses than
through stacks of large logs. If a fire leaves the forest floor and reaches the canopy,
emissions will also change, as fires in the crowns of trees release more CO.. The type
of vegetation that burns has a significant effect on emissions and combustion
efficiency. For example, Douglas-fir produces logs that do not burn efficiently and can
produce 776 different chemical compounds, whereas ceanothus can burn efficiently
and produces 97 chemical compounds [31, 32]. Redwood forests can release 100
times more CO; per acre than sagebrush shrublands; however, redwood forests burn
less frequently than shrublands.

Climate shapes many other factors that influences fires and emissions. Higher
temperatures increase the length of both growing and fire seasons, which then
increase fuels, decrease fuel moistures, and increase the likelihood of ignitions [33].
Additionally, long-term changes in temperature will alter vegetation cover that can
result in transition of forest types (as classified by the dominant tree species and/or the
mix of plants) or conversion of forests to non-forests and vice versa [2]. Variability in
precipitation and drought alter the likelihood of a fire and the combustibility of dead
fuels, as well as impact the vigor of live trees [34, 35, 36, 37]. As trees become drought
stressed, they are more susceptible to mortality and may be more likely to catch fire in
their canopy, which will then provide more fuel for fires.

Ignition sources are also an important aspect of fires when studying large-scale fire
dynamics. Historical ignition sources include lightning, Indigenous cultural burning,
and other sources. Before the implementation of fire exclusion practice, the
combination of all these fire sources synergistically maintained the ecosystem
functions of the landscape for biodiversity and human’s natural resource use.

2. Review of Data Regarding Historical Fire Emissions

Pursuant to SB 901 and in close consultation with CAL FIRE and academic experts with
research expertise in historical fire in California and the western United States, CARB
staff conducted a comprehensive review of the available literature and quantitative
data regarding GHG emissions of historical fire throughout the history of California’s
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diverse ecosystems. Section 2 summarizes CARB staff’s literature and data review,
including an evaluation of the available data for modeling historical fire emissions.
Land management agencies and scientists commonly consider 1910, when the U.S.
Forest Service established its fire suppression program, as the beginning of modern
fire suppression. (See Section 3.3 for additional information on California’s fire history
timeline.) Accordingly, CARB staff's review focuses on time period before 1910.

2.1 Proxy Data on Historical Fire

Measuring fire activity in the past, from hundreds to thousands of years, requires the
use of proxy data. Proxy data refers to the use of information from the environment
that can be physically measured today and then be used to infer environmental
characteristics of the past, such as climate, vegetation, and fire activity.

When gathering quantitative data for fire emission modeling, two major sources of
quantitative proxy data exist: burn scars from trees and charcoal found in lakebed
sediment cores (FIGURE 1). In addition to these types of quantitative information, oral
histories, archeological sites, and early explorer accounts also provide qualitative
descriptions and site-specific information about historical fire and how fire affected
environments. Section 2.1 discusses the available proxy data, the information they
each provide, and the data gaps for fire emissions modeling.

FIGURE 1: EXAMPLES OF BURN SCARS ON THE LEFT AND SEDIMENT CORES ON THE RIGHT

Burn Scars Sediment Cores

Credit: Tom Swetnam Credit: Hannes Grobe



FIGURE 2: LOCATIONS OF BURN SCAR DATA AND SEDIMENT CORES WITH CHARCOAL DATA IN CALIFORNIA 38, 39]

Burn Scars Sediment Cores

Tree Rings

In conducting this review, CARB staff considered data from burn scars in tree ring
samples. When a tree survives fire, it become damaged as a portion of its wood
burns. This damage eventually heals and becomes a fire scar. Dendrochronology is the
science of determining historical environmental conditions using tree rings. Utilizing
dendrochronology and burn scars, scientists can determine when historical fires
occurred throughout the life of the tree or a stand of trees [40]. Multiple trees within a
stand are sampled to derive an estimate of fire within the area. Dendrochronology and
fire scars provide information on the environmental conditions, such as drought and
temperature, and the fire frequency throughout the history of the sampled trees.

Burn scar data can provide precise temporal information about fire, including the year
and the season in which a fire occurred. Burn scars provide particularly important
ecological information in areas containing older trees, providing an important
historical record (FIGURE 2). Some areas of California have stands of large and old
trees, especially in conifer forests, which have been studied for their fire history;
however, large areas of California lack historical burn scar data that can be sampled
and analyzed (FIGURE 2). These data primarily cover the last few hundred years
although among fire history studies in California, some Giant Sequoia samples contain
burn scars dating back more than a thousand years [41]. In general, the further back in
time, the less data exist in burn scar datasets.

Area burned per year is one of the quantitative model inputs required for fire emission
modeling. Area burned per year could be inferred from fire frequencies seen in burn
scars for some historical time periods for certain forest types [42, 43, 44, 45]. To
estimate burn area for California using burn scar data, vegetation maps of the time
period in question are also required, but there are currently no statewide vegetation



maps prior to the 20" century. Burn scar and dendrochronology do not provide the
other quantitative data (e.g., fuel loads; see APPENDIX TABLE 1 for a list) that are
required as inputs for statewide fire emission modeling, nor do they provide
information on the ignition source of individual fires throughout history. In studying
burn scars, scientists cannot verify whether individual fires in the past were ignited by
lightning or were part of Indigenous People’s use of fire for land stewardship.
However, in areas of the landscape not conductive of summer thunder-lightning
storms, having less probability for lightning ignitions can indicate anthropogenic
burning [46].

Sediment Cores

CARB staff considered and analyzed data derived from charcoal quantities in lake
sediment core samples. Sediment cores from lake beds provide information about
relative fire activity level and the local vegetation that were generally present at a
decade-scale, providing information dating back tens of thousands of years. When a
fire occurs in mountainous terrain, charcoal from the burn is eventually transported by
wind, precipitation, and surface water into a lake basin. The charcoal settles at the
bottom of the lake and is deposited into the sediment, where it will remain and be
overlaid by subsequent years' sediment layers. Also, some pollen from the vegetation
surrounding a lake settle in lake sediments. Using radio-carbon dating and layer
location within a core, scientists can determine how the age, quantities, and variation
of these charcoal and pollen deposits, and then recreate generalized local vegetation
composition and fire history at the decade-scale. Using scientific knowledge of the
climatic conditions under which certain types of plant species can exist, scientists can
infer prevailing climatic conditions based on the types and amount of pollen in a
sediment. Sediment cores can be collected at multiple lakes in a region to develop a
larger picture of climate and fire in the area.

Sediment cores can be collected in glacial, landslide slumps, or volcanically formed
lakes in mountainous terrain in California where sediment must be undisturbed for
thousands of years; these geological conditions generally do not exist outside of
California’s high mountainous regions (FIGURE 2). California has sediment cores from
approximately 20 higher elevation forested lakes. Each of these samples provides the
fire history specific to the watershed and catchment where the sample is located, and
each of these fire histories displays unique temporal changes as compared to the
other samples, while some similarities in long term patterns can also be observed. The
fire activities observed in charcoal data may be ignited by lightning or humans;
however, the data do not distinguish between the two. These data provide
quantitative data about relative historical fire activity levels, but they do not provide
the full spectrum of the quantitative data needed for historical fire emission modeling.

Oral Histories and Ethnography

CARB staff considered other qualitative information sources to help supplement the
quantitative data derived from burn scars and sediment cores. Burn scar and charcoal
records can provide deep-time history only in areas that have old trees or ancient



lakes where samples indicate fires [47]. However, fire occurs within every region in
California. Since time immemorial, California has been and continues to be home to
Indigenous People, with physical archeological evidence of humans in North America
going back thirty-three thousand years [48]. Indigenous People have used fire
throughout California, including in areas that have no known extant fire-scarred trees
or sediment core data, such as the California Central Valley, the Sierra Foothills, and
the desert regions. Indigenous People’s oral histories provide insights into how fire
and human'’s relationship with it has changed through time around their territories [8,
49]. Oral histories and ethnographies associated with Native Americans can provide
invaluable information about historical fire activity [3].

Historical fire information derived from oral histories and ethnographies is specific to
the Tribe and the area in and around the Tribe’s homeland territories. The level of
spatial, temporal, and quantitative specificity can vary among Tribes and the individual
keepers of oral histories. Fire emission modeling requires several arrays of quantitative
data with consistent spatial and temporal coverage state-wide (see APPENDIX TABLE 1
for a list of data needed for fire emission modeling). Any effort to estimate historical
fire emissions from oral histories and ethnographies would be specific to the site and
the Tribe. Given the great diversity in ecosystems and Tribal cultural traditions in
California, using site-specific and Tribe-specific information to extrapolate a fire
activity baseline for the entire state through time would not provide a statistically
robust conclusion for a statewide baseline.

Other Proxies

CARB staff assessed other proxy data sources for any additional information that may
help inform the historical emissions of California fires before modern day fire
suppression. Archeological sites can also provide a glimpse into historical fire activity.
Utilizing radiocarbon dating along with the organic (plant materials and animal
remains) found in hearths at these sites, scientists can infer approximately how much
fire might have been present in the areas where Indigenous People gathered food
[50]. For example, with the knowledge that hazelnut thrives in open shrubland,
abundant physical evidence of hazelnut is an indication that the landscape
experienced relatively frequent, perhaps high intensity fire. Alternatively, knowing that
oaks and other woody plants need time to grow without severe fire, abundant
evidence of acorns indicates less severe fires on the landscape.

Early explorer accounts can also provide insight into how early European explorers
perceived fire in California [7]. These accounts not only speak about fire itself but also
about the smoke they produced. Maps and drawings of early European explorers
provide graphical depictions of the landscape and vegetation as snapshots in time and
specific locales.

Archeological sites and early explorer accounts are site specific. For example, even
though acorns may indicate less fire, this does not provide fire frequency, burn area,
or fuels information. Though these lines of data provide invaluable historical
information, they do not provide the spatial, temporal, and fuel specific quantitative
data required as inputs into statewide fire emission models.
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Spatial Coverage of Available Proxy Data

Fire creates mosaics of severities, intensities, and frequencies across a landscape. This
mosaic across the landscape and through time results in large variations in fire activity
levels and emissions statewide. California’s landscape is composed of diverse
ecoregions, each with its own climate patterns, mix of vegetation composition, and
fire regimes [51, 52, 53, 54, 55, 56, 57, 58, 59, 60][61, 62, 63, 64]. This diversity results
in large variability of fire regimes and emissions across California. Variability exists
even within similar forest or vegetation types [3]. Given the large variability of
conditions that influence fire regimes across California, a large number of proxy data
samples covering all ecosystems spatially and temporally would be needed to derive a
statistically robust extrapolation of a statewide baseline. Such data do not exist for the
proxies currently available.

Various forms of proxy data indicate that every portion of California has experienced
fire throughout history, but for several regions of California (e.g., grassland and
shrublands, the Central Valley, Central Coast, and the interior southwest), there are
significant data gaps in the types of quantitative data needed for fire emission
modeling. The ecosystem with the most proxy data in California, including both
charcoal and burn scars, were taken from forests in the Sierra Nevada mountain range,
which represents about 25% of California’s land area. Additionally, fire information
obtained through proxy data represents specific forest types and does not represent
fires for other vegetation types or ecoregions. For example, fire frequencies measured
in Giant Sequoias do not represent other forest types, woodlands, grasslands, or
chaparral.

2.2 Data Gaps for Historical Fire Emission Modeling

Fire emission models require a large number of inputs, including: time of year,
location, area burned, vegetation type and associated fuel composition
(grasses/herbaceous vegetation, shrubs, forest understory, dead wood by stem
diameter class, forest live canopy branch wood and foliage, forest litter and duff) and
quantity (tons/acre), vegetation fuel moisture, and fire behavior (e.g., crown fire) at the
time of the burn. APPENDIX TABLE 1 provides a detailed list of model inputs that CARB
staff use for estimating emissions from contemporary fires - The First Order Fire
Effects Model (FOFEM). Emission estimates can vary by two orders of magnitude
depending on model parameters and inputs. It is essential to have model inputs that
are representative of the area being simulated and to have quantitative data that are
field-verified to validate model results. Emission estimates for contemporary fires are
constrained in part by site-specific fuel composition and loading assumptions based on
up-to-date vegetation mapping and fuel inventory produced by scientists and the fire
management community. Laboratory and field studies inform more fundamental
advances in and validation of fire models [65]. Fire emission estimation is an area of
active research subject to evaluation against real-world measurements.

To produce a scientifically rigorous and meaningful emission estimate for historical
fire, the emission modeling would require quantitative datasets compiled from
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contemporaneous field measurement and systematic data recording, which were not
done before the modern time. Physical proxy records (burn scars and sediment cores)
sketch the outlines of the extent and frequency of fire, but contain no information
about the full spectrum of detailed data for fire modeling. Unlike for contemporary fire
emissions, there are no physical proxy record data that can be used to constrain
model-based emission estimates for pre-1910 fires.

Vegetation type is a requirement for fire emission modeling, and science shows that
the type of vegetation greatly influences fire behavior and emissions. Pollen records
and oral histories indicate that vegetation types are always changing across California.
Therefore, modeling historical fire would require vegetation maps through time. The
earliest known historical vegetation map for all of California represents the early
1900’s. This historical vegetation map represents one snapshot in time and does not
capture the vegetation cover of California’s diverse and ever-changing landscape for
time periods before the 20* century. Following the establishment of Spanish territorial
claims in 1776, cultural burning by Indigenous People were banned [66, 67, 68]. From
the Spanish colonization era to the Gold Rush, Indigenous People’s land stewardship
was replaced by the forest management ethic of the newly-arrived European-American
settlers. Land management by European-American settlers consisted of more land
clearing in areas designated for grazing and mining; while other areas were conserved
for timber production. As a result, a different fire regime altered the fire and fuels on
the landscape across California by the early 1900s, as compared to earlier time
periods.

Fuel amount and moisture also greatly influence fire emission estimates. Proxy data,
however, do not provide insights into the amount of fuel that was consumed during
fires. Additionally, the moisture of the fuels at the time of burning is unknown. Cultural
burning can occur with a wide range of fuel moistures. Additionally, even though a
year may receive high total precipitation, periods of dry days, weeks or months still
can occur. Therefore, even if proxy data indicate that a particular time period has a
certain level of precipitation, this does not provide information on the moisture of the
fuels when a fire occurred.

If vegetation maps throughout historical time existed, burned acreage per year could
be inferred from fire frequencies derived from burn scars in tree ring samples for some
historical time periods and in certain areas of California. However, all other
quantitative data needed for historical fire emission modeling would require
contemporaneous observation and systematic data recording that were not done
before modern times. In addition, one cannot verify whether evidence of a fire event
seen in burn scar or sediment core samples was initiated by lightning or by land
stewardship practices of Indigenous People. Quantification of lightning-ignited fire
events and frequencies requires systematic and contemporaneous observations, and
such quantitative data do not exist.
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2.3 Estimation of Historical Fire Emissions

Estimating emissions from fires for the State of California requires significantly more
quantitative data than can be extracted from proxy data. Quantitative data required
for emissions modeling include: burn Area per year, vegetation type maps, fuel loads,
and fuel moisture (see APPENDIX TABLE 1 for a more detailed list). To date, there has
only been one study, Stephens et al. (2007) [3] that estimated emissions of historical
fire. Faced with the same data gaps discussed in Sections 2.1 and 2.2 of this report,
Stephens et al. made several assumptions about the parameters to be inputted into a
fire emission model. Their estimate focused on emissions representing the period
between the mid-15% to the mid-19* centuries, which approximately covered the
period that is also known as the “Little Ice Age” (1450-1849).

Stephens et al. [3] aggregated the burn scar data in California that were available at
the time to estimate fire frequencies representing forested land in the Little Ice Age.
The burn scar data consisted of 55 locations, primarily in the Northern Sierra Nevada
and San Bernardino mountain regions. They used a map of historical vegetation that
represents the early 1900’s, fire frequencies in forests, and expert opinion and oral
histories for grasslands and other non-forest lands to estimate the area burned per
year. For example, if Stephen'’s et al. estimated that Redwood forest had a Little Ice
Age fire frequency of 10 years, and the early 1900’s vegetation map indicates that
California had 928,102 hectares of Redwood forest at the time, then the area of
Redwood forest that burned in a year is assumed to be:

928,102 hectares/10 years = 92,810 hectares/year.

To estimate emissions, Stephens et al. used the First Order Fire Effects Model
(FOFEM), the same fire emission model used by CARB staff to estimate contemporary
fire emissions. When running this model, they assumed the lightest fuel loads and the
driest fuels conditions that are currently programmed into FOFEM. They used the
model to calculate what the emissions per hectare would be by vegetation type and
scaled those up by the assumed acres burned per year.

To perform this analysis, several assumptions had to be made due to lack of historical
data. First, the scientists assumed that current fire models can represent fire behavior
in the Little Ice Age. The current models are built upon data derived from measured
fire behavior of contemporary times. It is unknown whether current fire emission
models can produce results that are representative of historical conditions. Secondly,
the scientists assumed that vegetation from the early 1900’s is representative of the
Little Ice Age (1450-1849), and that vegetation across California did not change
between 1450 and 1900. As discussed in Section 2.2, proxy data show that vegetation
types, structure, and composition have always been changing through time, but there
are no vegetation maps before the early 1900's. Finally, to estimate area burned per
year, the scientists assumed that every acre in California has an equal probability of
being burned. This assumption has most likely led to an over estimation of the annual
burn area during the Little Ice Age because burn probability varies across the
landscape.
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Their estimation results (converted to acres) indicated 4.5 to 12 million acres burned
per year (TABLE1). As a comparison, California’s contemporary (2000-2020) average
burned acreage is 0.79 million acres per year (0.09-4.1 million acres). They estimated
that 34 to 90 million metric tons (MMT) of CO, emissions were emitted each year. In
comparison, contemporary emissions (2000-2020) range from 1 to 107 MMT CO;
annually with an average of 19 MMT CO.. Using the various assumptions described
above, this study estimates an overall average emission factor of 7.5 metric tons of
CO, per acre, whereas currently California fires average about 24 metric tons of CO,
per acre, approximately 3 times more emissions per acre than in Stephens et al.
estimates.

TABLE 1: SUMMARYOF STEPHENSETAL. ESTIMATES AND CONTEMPORARY WILDFIRE

Stephens et al.
Statewide Annual Variable | 2007 Estimates for
the Little Ice Age

Highest Average of
in 2000-2020 | 2000-2020

Area burned (Million acres) 4.5-12 4.1 (2020) 0.79

CO:; fire emissions (MMT COy) 34-90 106.7 (2020) 19

Area burned per year and CO; emissions estimated by Stephens et al. (2007) for the Little Ice Age are
presented alongside contemporary burn acreage and emissions estimates for 2000-2020 [4]. The
number in parenthesis indicates the year with the highest value among years 2000-2020.

Comparisons between the Little Ice Age estimates and current burned area and
emissions illustrate that one acre burned in the past is not equivalent to one acre
burned today, making historical fire and emissions not analogous of contemporary
fires and emissions. Fire suppression over the last century has led to a buildup of fuels
that results in more emissions per acre. This increase in fuels and emissions equate to
hotter and potentially more destructive fires than the estimates for the Little Ice Age
indicate.

3. Fire History of California

Despite data limitations for emission estimation, published scientific literature provides
a wealth of information about California’s fire history and the various factors that have
shaped California’s historical fire regime. This knowledge can help put contemporary
fire in historical context and enhance understanding of the factors that contributed to
the wildfire conditions of modern times. Section 3 is a synthesis of the scientific
literature on historical fire that CARB staff has compiled during the literature and data
review for SB 901.

3.1 Native American’s Use of Fire on Natural Resources

Since time immemorial, Indigenous People have lived and continue to live on the land
that is now California. Indigenous People of California have long used fire to steward
the land where they live to encourage a variety of ecological outcomes [5]. The use of
Indigenous knowledge includes ecological, societal, cultural, spiritual and other factors
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in stewardship decision making. Using Indigenous knowledge, Indigenous cultural
burning is typically associated with fires of varying intensities that alter the frequency,
seasonality, and specificity of fire regimes designed to elicit the ecological, societal,
and cultural outcomes that are specific to that time and place [5, 6, 7, 8]. Some of the
examples include: using fire to clear sight lines and drive out game for more efficient
hunting; setting fire to the forest understory to create new growth that attract deer
and other herbivores; and selectively removing certain plants in specific areas to
ensure sustainable supply of food, water, and fiber. Throughout history, cultural
burning has shaped large portions of California [7]. Areas around Indigenous
settlements, resources collection areas, hunting grounds, and travel routes across the
landscape have been under the care of Indigenous People throughout history [7].
Indigenous fire regimes evolved with the conditions of the time [9] as they adapt their
fire practices to changes in climate, vegetation, and resource needs. As the
environmental and climate conditions of California have changed continuously through
time, so too has cultural burning and Tribal adaptive practices.

3.2 Climate Impacts on Fire

Climate influences fire in a number of different ways. Temperature influences the
length of the fire and growing season, which alters the time in which fires can burn and
the amount of available fuels. Annually variability in precipitation and drought affect
the production and moisture of fuels which affects their amount and combustibility.
Droughts are often influenced by the frequency and strength of variation in the Pacific
Ocean, particularly the El Nifio Southern Oscillation (ENSO), Pacific North America
Pattern, and the Pacific Decadal Oscillation (PDO), which are cyclical sea surface
temperature fluctuations [69]. Changing atmospheric temperatures can also change
the strength and duration of drought cycles. When data are aggregated over large
areas, such as the western United States, clear climate-fire patterns exist with fire
activity following a combination of temperature and drought [13, 14].

Climate also influences population dynamics of the humans on the landscape and how
they interact with the environment. During periods of intense historical drought,
Indigenous tribes often reduced travel and trade because of a lack of surface water to
support long-distance trips [12]. This reduction in movement may have affected their
burning practices as cultural burning primarily influences the place where tribes lived,
worked, and traveled [7].

Climate also influences occurrence of lightning [10] and wind [11], factors that
determine the number of lightning ignitions and fire behavior respectively. Climate
also regulates the vegetative communities throughout California. As vegetation
changes, so do human'’s use of fire, fire behavior, and the associated fire emissions.
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3.3 Fire, Humans, and Environment through Time

Fire has always been a part of the California landscape. Data show that fire and its
drivers in California have experienced many changes and are always evolving through
time [51, 52, 53, 54, 55, 56, 57, 58, 59, 60][61, 62, 63, 64] (FIGURE3). Additionally,
great diversity in the ecosystems and Indigenous tribes of California exist. Climate and
fire affect California’s various ecosystems and the people who live there in different
ways [70]. Though generalizations are difficult to make considering the diversity of
California, this section synthesizes CARB staff's review of the various climatic,
environmental, and cultural-societal factors that have influenced fire activity over the
past 1,500 years of California history.

Fire activity data throughout the western United States show that fire is variable
throughout space and time. Aggregating data over large areas reveals general
correlation between fire activity, temperature, and drought [13, 14].

FIGURE 3 presents relative fire activity measured from 69 lake sediment core sample
locations in the western United States, shown alongside historical drought level in the
western United States and historical temperature in the Northern Hemisphere. In

FIGURE 3, the gray band is a composite of relative fire activity levels from all 69
samples. The wider the band, the more variability in fire activity exist among the
samples.

Before the 20* century, there was a coherent range of fire activity levels that followed
climate variability. Variability in fire activity remains relatively constant until
approximately 1850, the start of rapid European-American westward expansion due
to the Gold Rush. Though variability widened at this time, fire activity still followed
climate. Since the beginning of the 20t century, relative fire activity levels have
diverged significantly from the historical range. By the later part of the 20t century,
some sample locations saw almost no fire, while others experienced extremely high
fire activity. Trends in fire activity and climate, on the decadal scale, have diverged
since the start of large-scale fire suppression practice. Unlike the time in history before
European-American settlement, when the Indigenous People’s way of life was closely
integrated with fire’s many socio-ecological functions on the landscape, currently fire
exclusion practices have led to an increase in fuel accumulation on the landscape,
which have resulted in more severe fires and associated high emissions.
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FIGURE 3: HISTORICAL FIRE ACTIVITY, TEMPERATURE, AND DROUGHTFROM 500 CE T0 2000 CE
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The gray band is a composite of relative fire activity measured from 69 lake sediment core sample
locations in the western United States (the map on the right). The width of the gray band indicates the
range of variability in fire activity through time and space. The thicker the line, the more variable fire
activity is across the west. In the modern era, the gray band is wider than any other times because some
of the sampled locations experienced almost no fire, while others experienced extremely high fire
activity. This widening of the gray band indicates a significantly greater variability of fire activity across
the landscape. Values are normalized by dividing each curve by their respective maximum values. This is
done to show all three curves on the same line. Four eras are highlighted: Medieval Warm Period,
Indigenous population increase, the Little Ice Age, and Euro-American westward expansion. These data
are taken and modified from Marlon et al (2012). Note: 2020 temperature would be at approximately
1.2 on this normalized graph [16]. The purple and blue circles on the map indicate the locations of
sediment cores and the green triangles indicate burn scars used to derive the gray band in the graph.

Year 500 to Year 1000

From the year 500 to 1000 of the Common Era (CE), temperatures were lower than
today, and droughts were less severe and frequent [13]. California’s vegetation was
correspondingly different. In the Central Valley, recurring back-and-forth transitions
took place between oak woodlands and junipers, as well as between shrub and
grasslands [71]. The Sierra Nevada and Klamath regions had similar forest types as
they do today, but most likely in different abundances and configurations. Most
Paleo-records indicate that forests were less dense with larger trees than at present,
and had different proportions of the various species with more firs and oaks and
fewer pines than today [54, 72]. Lake sediment core charcoal studies show that fire
activity levels relative to those in the modern time are variable among the sampling
sites, with some areas higher [58] while other areas lower [55] than the current levels.
In general, evidence shows fire activity during this period was higher than the level
during the modern era (1910-2000) [38]. Though population dynamics of Indigenous
People in California cannot be described quantitatively, evidence shows that
Indigenous People had a large influence on fire regimes throughout California during
this time [72, 73].
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Medieval Warm Period

The period from 1000 to 1300 CE is often referred to as the Medieval Warm Period or
the Medieval Climate Anomaly (MCA). This period experienced historically high
temperatures (though still lower than the temperatures of the contemporary period)
and had frequent and long droughts [13]. Vegetation was most likely sparser than
today, with open stands within forests and more grass and shrublands [54]. Combined
with climate, this sparse vegetation is likely the result of frequent low severity fires that
were present during this period [54]. Towards the end of this period, fire activity
tended to decrease as the landscape became fuels limited, likely due to low levels of
vegetation as a result of frequent fires and poor growing conditions caused by
drought [13]. During this period, Indigenous tribes declined in population, became
more isolated and generally experienced dramatic societal changes [74]. This decline
in population could have occurred because the extended droughts during this period
reduced many water sources that supported long distance travel and trade, and
stressed the ecosystems that these communities depended upon [74].

Native American Population Increase

Following the MCA, Native American tribes expanded throughout California [12]. The
period from 1300 to 1450 had more moderate temperatures and fewer droughts and
generally a more stable climate [75]. Vegetation recovered from the MCA and became
relatively more productive, leading to more closed canopies and more shade tolerant
vegetation [75]. Fire activity during this time also began to increase [51, 52, 53, 54, 55,
56, 57, 58, 59, 60][61, 62, 63, 64]. Tribes that already called California home grew in
population, while some tribes that were native to other regions moved into California.
Indigenous People saw an increase in cultural and linguistic diversity, and the
introduction of new technologies during this period.

Little Ice Age

The Little Ice Age followed the Native American Expansion period. The Little Ice Age
period (1450-1849) is marked by extended cool and wet conditions [13]. Vegetation
shifted with this change in climate. Higher amounts of oaks, cypress (both sedges and
trees), and ash trees and more grasses were present than in previous periods.
Additionally, fewer pines and firs were present [75]. Fire activity was generally lower
than in previous periods [51, 52, 53, 54, 55, 56, 57, 58, 59, 60][61, 62, 63, 64]. Later in
this time period (circa 1700-1850) also saw a general decrease in Indigenous
populations, primarily as a result of disease introduced by Spanish missionaries [76].
Although the Spanish invaders had begun exploring California by the 16" century, the
Portola Expedition of 1769 marked the beginning of the solidification of Spanish rule
over this territory. Soon after, cultural burning was banned by the Spanish [68].
Indigenous People could not use fire and their traditional ecological knowledge to
steward the land, which especially affected the coastal ranges and interior valleys
nearest missions over much of California [67, 38, 68] at this time.
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European-American Westward Expansion

The year 1849 marks the beginning of the Gold Rush in California. The following
period (1849-1910) saw an increase in westward expansion of European-Americans
into California, which resulted in an increase of non-indigenous population from about
2,000 to 53,000 within one year [77]. Native American populations were already on the
decline at this point from the introduction of disease and genocide by
Spanish/Russian/American settlers, but the influx of new settlers further exacerbated
the plight of Indigenous People [76]. The numerous atrocities against Native
Americans not only decimated Native populations, but also almost eliminated cultural
burning from the Californian landscape and replaced it with a new land ethic. This
change affected California’s various ecosystems in different ways. For example, in
coastal areas that receive little lightning, the absence of cultural burning led to
increased vegetation cover and different species mixes. In areas that did not receive
much cultural burning, such as high elevation forests, new settlers applied frequent
high intensity fire to clear the forests for grazing and mining [77]. Warmer and drier
than the Little Ice Age, this period was similar in climate to the time of Native
American population increase (1300-1450) with moderate temperatures and droughts
[13].

Eureka, Humboldt Co., California. Sequoia Sempervirens, Bear Gulch. This photograph, made at Bear
Gulch, California in 1888 shows how a forest looked after logging operations. The land is bare except
for snags and stumps. Source: Forest History Society Photograph Collection, Forest History Society,
Inc., 701 William Vickers Ave., Durham, NC 27701
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Modern Fire Exclusion

In 1910, a fire called The Big Burn burned 3 million acres in Montana, Idaho, and
Washington within 36 hours and killed 80 people [78]. This fire provided the impetus
for the newly formed U.S. Forest Service (USFS) to establish its fire suppression
program, [79] which eventually led to its “10 a.m. policy” [80]. This policy states that
the USFS should extinguish any wildland fire by 10:00 a.m. on the morning after the
fire was detected, no matter how the fire started. After large-scale modern fire
suppression practice began, there was a decoupling of fire and climate [15]. This
departure of fire from climate indicates a shift in fire activity, delineating a change in
the influences on fire in California. Data indicate that current fire regimes diverge
widely from historical regimes, which were driven by climate and cultural burning [42,
13]. Some areas currently experience high levels of fire activity due to intensified
burning conditions caused by climate change and larger fuel loads as a result of fire
suppression. Some areas currently see exceptionally low levels of fire activity as the
result of fire suppression. The western United States and large areas of California
currently have a high level of fuel accumulation on the landscape, making them at a
high risk for intense fires and high emissions when a fire does occur, often under more
extreme burning conditions. Although this pattern represents the western United
States as a whole, it provides insights into how climate and society may have and
continue to shape California’s fire regime.

Burned timber on Rainey Creek in Lolo National Forest, Montana following 1910 fires. Source: The
Forest History Society
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3.4 Diversity in Historical Fire Regime by Region

In California, there are currently 16 publicly available lake sediment core samples that
can be used to reconstruct a history of relative fire activity levels (FIGURE 2,

TABLE 2) [51, 52, 53, 54, 55, 56, 57, 58, 59, 60][61, 62, 63, 64, 13] specific to the
watershed or catchment where the sample is located. The fire activity trend in each
watershed or catchment is unique, and significant variability among the samples can
be seen. Within the same region for the same time period, some records show low fire
activity while other records show high fire activity. Additionally, the pattern and
magnitude of change from one year to another differs between records.

The 16 sediment core records in California indicate that historically, fire activity levels
were generally higher than the current level. Only seven out of the 16 sediment cores
indicate equivalent or lower levels of burning historically as compared to after the
inception of fire suppression in California, indicating that in some parts of California,
fire activity during the modern era is similar or higher than historical activity. Each
region where data is available has unique vegetation and climate conditions as
compared to other regions. When there is wide variation among samples, drawing
conclusions about statewide fire activity based on the samples would be less
statistically robust. Given the variation, comparison among samples in a similar region
but topographically separated also may not provide statistically robust conclusions.
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TABLE 2: RELATIVE HISTORICAL FIRE ACTIVITY BY REGION COMPARED TO FIRE ACTIVITY FROM 1900-2000*

Time Period (CE)

Time Period (CE)

Time Period (CE)

Time Period (CE)

Time Period (CE)

Region 0001-1000 | 1000-1300 | 1300-1500 | 1500-1800 | 1800-1900
Klamath [81] Higher Higher Slightly Higher Slightly Higher Slightly Higher
Klamath [61] Higher Higher Slightly Lower Equivalent Equivalent
Klamath [58] Equivalent Equivalent Higher Equivalent Slightly Higher
Klamath [62] Higher Higher Slightly Higher Slightly Higher Slightly Higher
Klamath [63] Slightly Higher Higher Higher Slightly Higher
Klamath [62] Higher Higher Higher
Klamath [64] Equivalent Higher Equivalent Equivalent Equivalent
Southern Sierra [55] Higher Slightly Higher Slightly Higher Slightly Higher Equivalent
Southern Sierra [53] Equivalent Equivalent Lower
North Coast [56] Higher Higher Higher
North Coast [56] Higher Higher Equivalent Equivalent Equivalent

North Coast [57]

Slightly Higher

Slightly Higher

Slightly Higher

Great Basin [60]

Slightly Higher

Slightly Higher

Slightly Higher

Slightly Higher

Equivalent

Equivalent

Great Basin [60] Slightly Higher Higher Slightly Higher Slightly Higher
Southern Coast [51] Higher No Data Slightly Higher Slightly Higher Equivalent
Southern Coast [52] Higher Equivalent Higher No Data Slightly Higher

Each row represents a different lake bed sediment core. The cores below are all of the publicly available
data within California [13]. Averages are derived for each time period indicated and are compared to
fire activity from 1900 to 2000. The time periods indicated, correspond approximately with distinct
historical eras. Colors correspond with whether the fire activity during a time period, for an individual
core, is higher or lower than the modern era prior to the year 2000. Data were processed into 100-year
averages and then aggregated to the eras indicated in this table.

* Fire activity represents averages of charcoal influx. Data shown here are the California information
from paleofire.org [69, 38] that had an estimate for 1900-2000 from which a comparison could be
made. Data from each study is normalized for the whole time-series (dividing the entire time-series by
the maximum value found in the core). The values for the time period 1900-2000 are subtracted from
the values for the time period indicated. Values in the table are: Much lower (< -0.5), Lower (>=-0.5 and
<-0.25), Slightly Lower (>=-0.25 and < -0.1), Equivalent (>= -0.1 and < 0.1), Slightly Higher (>= 0.1 and

< 0.25), Higher (>= 0.25 and < 0.5), Much Higher (>0.5).

4. Discussion: Putting the Past into Context

Historical fire activity and how it relates to humans and climate enhances
understanding of the complex dynamics of earth and social systems throughout time
and space. As explained in Section 2.3 and Section 3, climate has cyclical patterns,
landscapes have always been changing, and fire has varied throughout time. Any
comparison between historical and contemporary fire and emissions should be made
with an understanding that the environmental, climatic, and cultural-societal conditions
that shape the fire landscape are very different; therefore, historical fire is not
analogous to contemporary fire across California.
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Fire exclusion and climate change have led to a combination of conditions that
California’s ecosystems have never seen in the historical record. Fire exclusion has led
to more dense forests, and the encroachment of forest into historical rangelands,
resulting in a decrease in water availability. Lower water availability increases the
amount of dry fuel on the landscape and increases the likelihood of severe wildfire
[82]. Fire exclusion has also allowed for the expansion of commercial timber
harvesting, which in turn also changes the fire behavior [28]. Proxy data also indicate
that vegetation biomass densities in general are higher today than historically, leading
to high emissions per acre and more intense fires [3]. Further, invasive species have
inhabited nearly every ecosystem from grasslands to forests [83]. These non-native
species play a large role in current fires, but were never present in the past.

Additionally, global average temperatures are currently higher than they have been in
the last 100,000 years [17]. Droughts are more severe than they have been in at least
the last 1,500 years [18], and snow pack is the lowest it has been in at least the last 500
years in California [19, 84]. These climate conditions have led to longer fire and
growing season lengths, drier fuels throughout the year, and live vegetation that is
weaker due to drought stress and that is more susceptible to insect and disease
outbreaks. Altered forest structure and vegetation composition, as well as fuel loads
caused by fire exclusion, lead to forests and other ecosystems that are more prone to
severe and intense fire than any time in history. If historical records are used as the
basis for estimating contemporary burned area, combustion of biomass, and fire
frequency under current conditions driven by climate change, more fire activity than
ever seen in the historical record would be expected [13, 15]. Fire exclusion has
provided the fuels, climate change is creating the conditions, and more human activity
in the Wildland-Urban Interface increases opportunity of ignitions for large
catastrophic wildfires to increase in occurrence throughout California.

California’s current population is at 40 million people [85] and continues to increase.
Many Californians are now living in areas that are fire hazard zones [86, 87]. Before
European-American settlement, Indigenous People were adapted to frequent low-
intensity fires in and around their homeland. However, in the absence of long-term fire
adapted forest management that addresses the continuously changing environmental
conditions around settlements in the modern time, communities vulnerable to wildfires
currently require fire suppression for health and safety. Not only has fire suppression
enabled more people to live in high fire risk areas, it has also made possible the
infrastructure necessary to support the population to be spread throughout California.
Roads, recreational areas, and energy infrastructure are sources of wildfire ignitions.
The population, and the infrastructure needed to support them, also represents a
difference between historical and current fire dynamics.

The population has placed new and intensified pressures on California’s ecosystems.
From extensive agriculture in the Central Valley, to the water needed to support the
California economy and its residents, humans have more demands on the landscape
than ever. These demands require specific management to maintain the needed
provision of ecosystem services from natural and working lands. The necessary
management to maintain these ecosystem services may or may not resemble historical
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disturbance regimes. When comparing historical and current fire regimes, one must
acknowledge that historical disturbance regimes may or may not maintain a
sustainable supply of services demanded for by the current population under a
changing climate and with invasive species. To understand how ecosystem services are
altered given varying fire regimes under climate change, complex modeling studies
would need to be performed [88, 89]. Contemporary California society is not a fire-
adapted culture as many of California’s Tribes were and are wanting to maintain with
cultural burning. Within applicable fire-prone areas of California, many Tribes contend
that cultural/prescribed burning can be human services for ecosystems, where fire
management and Tribal stewardship can promote fire-adapted, more climate resilient
vegetation and communities among different ecosystems.

Comparisons between historical and contemporary fire activity and emissions should
be done with a clear understanding that the combination of climatic, ecological, and
societal conditions that created today’s fire landscape has never existed in California’s
past. Historical fire regimes were a result of integrated dynamics between the
environment (lightning, climate variations, etc.) and Indigenous land stewardship; it is
not analogous to what a hypothetical current fire regime would be if there were no fire
suppression or human-ignited fires today. It is unclear that historical fire activity and
emissions under current conditions would be attainable or desirable. However, the
data and science do indicate that our current fire activity and the environmental and
societal conditions that drive it is unique in history. Never have so many people
needed so much from California’s ecosystems. There are currently more fuels and
biomass on land under hotter and drier conditions than historically, with a fire regime
that has diverged from climate.

5. Summary

California’s ecosystems are diverse and ever-changing

The Earth’s climate is not static and has always changed through time. This variation
led to large differences in fire activity from one era to another. Additionally,
ecosystems respond to changes in climate, environmental conditions, and human
activities. In turn, humans cope or adapt with the changing ecosystems. Each region of
California has a different fire regime, which changes through time depending on the
dynamic interactions of climate, environment, and people. No single fire regime
represents California’s diverse history and landscape.

Fire exclusion has led to a divergence of fire from climate

Long-term trends in fire activity generally followed variation in the Earth’s climate until
fire suppression began in the early 20th Century. Due to fire exclusion, currently many
areas of California, mostly in the North, are experiencing less fire activity than what
their ecosystems had historically experienced. Other areas, mostly in the South, are
experiencing more frequent fire than in the historical record, because of an increase in
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ignitions. This has greatly modified the fire-climate relationship. There are no historical
analogs to the current combination of societal, environmental, and climate conditions,
which has never been seen in history.

Estimating historical fire emissions is challenging due to lack of
data

Fire emissions are estimated by inputting several arrays of specific quantitative data
into a fire emission model. The required data include all of the following: area burned
per year, emission factors, vegetation type, fuel quantity, fuel moisture, and fire
behavior at the time of burn. Emission estimates can vary by multiple orders of
magnitude depending on model inputs and parameters. It is essential to have model
inputs that are representative of the area being simulated and to have quantitative
data that are field-verified to validate model results. All elements of these datasets do
not exist statewide throughout historical time periods.

Source of ignition cannot be distinguished with historical data

Since time immemorial, Indigenous People have used and continue to use fire as a
tool in their stewardship of the land. There was not a time in recorded or oral history
when fires were ignited solely by lightning or other non-human causes. In analyzing
burn scars and sediment cores, differentiation between lightning-ignited fire,
Indigenous fire, and any other ignition source cannot be done using existing scientific
methods. Accordingly, paleo-ecological data characterize the combined effects of
human and non-human contributions to California’s historical fire regime.

Climate change exacerbates fire

The current average global temperature is the highest that the Earth has seen in
roughly 100,000 years [17]. As the climate continues to warm, wildfire is expected to
become more severe and extreme. It is therefore critical to continue reducing the
human contribution to climate change by reducing fossil fuel GHG emissions.
Historical data have shown that California’s land base used to be more ecologically
diverse and more adapted to the Earth’s climate variability when fire was a more
frequent feature of the landscape. Opportunities exist to reintegrate Indigenous
knowledge into prescribed burning and land management practices, as part of the
ongoing efforts of making California’s Natural and Working Lands more resilient to
climate change, fire, and other disturbances.
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Appendix

APPENDIX TABLE 1: FIRST ORDER FIRE EFFECTS MODEL (FOFEM) INPUTS FOR FIRE EMISSIONS MODELING

Input Variable

Units

Area burned for each input data combination | Acres

as defined below

Litter fuel load Tons/acre
1 hour fuel load Tons/acre
10 hour fuel load Tons/acre
100 hour fuel load Tons/acre
1000 hour fuel load Tons/acre
Duff fuel load Tons/acre
Herbaceous fuel load Tons/acre
Shrub fuel load Tons/acre
Crown fuel load Tons/acre
Branch fuel load Tons/acre

10 hour fuel moisture

percent; range: 3-298%

1000 hour fuel moisture

percent; range: 1-300%

Duff moisture

percent; range 10-197.2%

Duff moisture method

"Entire”, “"Lower”, "NFDR", “Adj_NFDR"

Soil moisture

percent ; range 0-25%

1000 hour percent rotten

percent

1000 hour weight distribution

Distribution of size classes; “Even”, “Right”,
“Left”, “End”, “"Center”

Duff depth

Inches

Percent of crown that will burn

percent

Geographic region where fire occurred

“InteriorWest”, "PacificWest”, “NorthEast”,
“SouthEast”

Vegetation cover type group

1 of 9 predefined groups

Season in which fire occurred

“Spring”, “Summer”, “Fall”, "Winter"”

Fuel category

“Natural”, “Piles”, “Slash”

Soil family

“Loamy-Skeletal”, “Fine-Silt”, “Fine”,
“Coarse-Silt”, CoarseLoamy”, “NA"
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