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Abstract

Fire ecology is a complex discipline that can only be understood by integrating biological, physical, and social sci-
ences. The science of fire ecology explores wildland fire’s mechanisms and effects across all scales of time and space.
However, the lack of defined, organizing concepts in fire ecology dilutes its collective impact on knowledge and man-
agement decision-making and makes the discipline vulnerable to misunderstanding and misappropriation. Fire
ecology has matured as a discipline and deserves an enunciation of its unique emergent principles of organization.
Most scientific disciplines have established theories, laws, and principles that have been tested, debated, and adopted
by the discipline’s practitioners. Such principles reflect the consensus of current knowledge, guide methodology

and interpretation, and expose knowledge gaps in a coherent and structured way. In this manuscript, we introduce
five comprehensive principles to define the knowledge fire ecology has produced and provide a framework to sup-
port the continued development and impact of the fire ecology discipline.

Resumen

La ecologia del fuego es una disciplina compleja que solo puede ser comprendida mediante la integracion de las
ciencias biologicas, fisicas, y sociales. La ciencia de la ecologia del fuego explora los mecanismos y efectos de los
fuegos de vegetacion a través de escalas espaciales y temporales. Sin embargo, la falta de conceptos definidos y
organizativos en ecologia del fuego diluye su impacto colectivo en el conocimiento y en el proceso de toma de
decisiones de manejo, haciendo esta disciplina vulnerable a desentendimientos y uso indebido. La ecologia del fuego
ha madurado como disciplina y requiere de una articulacion de sus principios de organizacién Unicos y emergentes.
La mayoria de las disciplinas cientificas han establecido teorfas, leyes y principios que han sido probados, debatidos y
adoptados por los practicantes de esas disciplinas. Estos principios reflejan el consenso sobre el conocimiento actual,
guian su metodologia e interpretacion, y exponen los vacios del conocimiento de una manera coherente y estructur-
ada. Es este trabajo, introducimos cinco principios comprehensivos que definen el conocimiento que la ecologia del
fuego ha producido, y provee de un marco conceptual para apoyar el desarrollo continuo e impactos de la ecologia
del fuego como disciplina.
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Introduction

Fire ecology is the study of fire as an ecosystem process.
Fire’s relationships with living organisms and the physi-
cal environment include its integral coupling with human
system evolution. Fire sustains or alters ecosystems
through direct and indirect ecological effects that result
from the interactions between fire energy exchange and
the abiotic and biotic components and functions of an
ecosystem. Its ecological roles vary across a broad range
of temporal and spatial scales, and its effects range from
being predictable to including stochastic processes. Fire
and its feedbacks with terrestrial, aquatic, and atmos-
pheric systems have attracted attention from a diversity
of scientific disciplines. Even in fire-suppressed ecosys-
tems or ecosystems where fire is rare, the lack of fire is a
consideration of fire ecology, and virtually all biomass is
combustible under the right conditions. Increasingly, this
includes situations where climate change is altering fuel
availability through decreasing fuel moisture consequent
of increased temperatures and changes in seasonal pat-
terns. That a field of fire ecology exists is a deliberate rec-
ognition of fire’s role as a dominant factor in regulating
ecosystem processes, in driving trajectories of ecological
function, composition, and structure, and in mediating
interactions between the environment and human sys-
tems. Fire has been central to the evolution, patterns, and
functioning of life on our planet since at least the Silurian
Period, ~420 million years ago, when the atmosphere
accumulated sufficient oxygen for terrestrial biomass
combustion to occur and plants colonized the terrestrial
environment (Scott and Glasspool 2006).

Fire ecology necessarily draws from and integrates
theories and principles of multiple disciplines, includ-
ing ecology, evolution, physics, and chemistry, and social
sciences such as behavioral science, environmental plan-
ning, and human geography, among others. Fire ecol-
ogy was neglected in many general ecology textbooks
for most of the twentieth century, and it was not treated
independently from general terrestrial ecology until the
1970s and 1980s (e.g., Whelan 1995; Bond et al. 1996;
Agee 1996). Until then, mentions of fire ecology might
have been found in a book chapter along with climate and
soils, in classroom lessons about ecosystem succession,
or in conference sessions on natural disturbances. Bond
and Keeley (2005) suggested that fire might be consid-
ered as an analog of vertebrate herbivory. Like herbivores
(but unlike floods, earthquakes, cyclones, etc.) fire selects
and transforms its food’ (fuel, or organic compounds in
vegetation and soils) to energy and complex organic and
inorganic substances and gases (Pausas and Bond 20204,
b). By consuming the fuel that feeds them, both fire and
herbivory experience strong reciprocity between dis-
turbance frequency and intensity. Yet, fire differs from
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herbivory as a consumer in that it is generally less selec-
tive and more episodic, with the probability and severity
of biomass consumption depending on immediate and
only partly predictable weather and fuel conditions. With
no top predator—and in some cases few limits to its con-
tagion and impacts (e.g., abiotic and biotic, atmospheric,
terrestrial, and aquatic impacts alike)—fire is an extraor-
dinarily influential global consumer. Fire also interacts
with grazed ecosystems and agroecosystems in cultur-
ally complex ways leading to outcomes that drive eco-
system trajectories (Collins and Calabrese 2012; Larson
et al. 2013; Harris et al. 2007). Removal of fire or its addi-
tion, as with herbivory, can lead to cascading changes in
ecosystem structure, composition, function, and overall
biome shifts. The analogy with herbivory may help place
fire in the context of scientific disciplines with older line-
ages, but this characterization of fire in earth systems is
only partially satisfying given fire’s unique characteristic
as a process where subject (i.e., fire) and object (i.e., fuel)
distinctions are blurry.

As a discipline, fire ecology has also suffered from a
widespread perception, especially in western cultures,
that fires are inherently destructive and undesirable
events, rather than natural ecosystem processes (Dono-
van and Brown 2007). This prejudice reflects a recogni-
tion that fire can be dangerous to humans, leading to the
addition of the qualifier of the untamable “wild” to arrive
at “wildfire,” akin to characterizing animals outside of
human control as “wildlife” In some areas of the globe,
fire was not perceived as a natural process for another
somewhat paradoxical reason: long-held traditions of
pastoral and indigenous burning signaled that fire was
a tool wielded by humans, rather than being “natural”
(Kimmerer and Lake 2001). The predominantly 20th
Century efforts to eradicate fire from both unmanaged
and managed ecosystems, and the ensuing controversy
about re-introducing it where it has been suppressed,
parallels the history of catastrophic eradication and
reluctant re-introduction of large carnivores perceived
as dangerous despite being a critical component of the
functioning of ecosystems (Cronon 1996). A transition
beyond these prejudices and cultural impasses in under-
standing fire’s longstanding ecological and social signifi-
cance has gained traction over the last few decades, and
in response, research in fire ecology has grown exponen-
tially (McLauchlan et al. 2020; Hiers et al. 2020; Neger
and Rosas-Paz 2022). This has spurred the emergence
of broadly consistent and globally applicable fire ecology
concepts that have yet to be comprehensively distilled.

The very act of distillation and declaration of discipli-
nary principles has greatly impacted related fields, even
causing “paradigm shifts” across ecology (e.g., in land-
scape ecology or applications of information theory to
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ecology principles; Wiens et al. 1993; O’Connor et al.
2019). Here, we define principles as qualitative and fun-
damentally true statements about the empirical patterns
and processes that govern a discipline. Principles of fire
ecology should have relevance both internally (i.e., to fire
ecologists), as well as to the students, collaborators, and
stakeholders of the knowledge fire ecology produces (i.e.,
all ecologists and beyond). They are meant to confer a
common theoretical vocabulary that can improve com-
municating fire ecology to broader audiences, including
those without a scientific background, which is a general
need in ecology (Enquist et al. 2017) but especially criti-
cal in fire management (Glenn et al. 2022). This is vital for
confronting a rapidly changing, no-analog world (Hiers
et al. 2016) where people grapple with the complexity of
emotions fire inspires (Ladino et al. 2022) without a clear
understanding of what the distinct discipline of fire ecol-
ogy has to offer.

Fire ecology principles can also serve as the founda-
tion of educational approaches, increasing transfer-
ability across locations, educators, and instructional
methods, thus enabling convergence across institu-
tional and cultural boundaries. Reflecting the complex
and unique theoretical underpinnings that fire ecology
requires, we propose five organizing principles to ini-
tiate and structure a dialog for further refinement. Our
intent is to advance fire ecology science and to translate
research into appropriate fire management, policy, and
social actions with salience, credibility, and legitimacy.
These principles reflect our collaborative effort to rec-
ognize and reconcile fire ecology as a subdiscipline of
ecology and a unique discipline inextricable from the
social drivers of fire patterns and effects. Although there
may be some conceptual overlap with previously identi-
fied principles of ecology (e.g. O’Connor et al. 2019), the
principles presented here were developed independent
of any existing frameworks with the goal of identifying
governing, emergent ideas specific to fire ecology. The
principles articulated in this manuscript are the product
of years of discussion within this group. We acknowledge
that other fire ecologists undertaking this same exercise
might identify a different number or organization of
principles, although the scope and areas of focus should
be similar. We chose to identify five principles that each
capture a unique and provocative attribute of fire ecol-
ogy and its mechanisms that set the discipline apart from
others. Collectively, the set of principles aims to be com-
prehensive. We believe these principles will prove useful
for those outside the discipline, to understand fire ecol-
ogy, and for current and future students and researchers
within the discipline, to continue to advance fire ecol-
ogy discoveries. We hope the illustrative examples we
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provide for the principles will inspire the reader’s sup-
port for the notion that: “a world without fires is like a
sphere without roundness—i.e., we cannot imagine it”
(Pausas and Keeley 2009).

Our goals include:

+ To address the barriers to advancing fire ecology that
result from a lack of integrated thinking among the
various disciplines that address fire as an earth sys-
tem process;

+ To underscore that fire is a keystone biophysical pro-
cess that influences ecosystem composition, struc-
ture, and function in multiple ways and at multiple
scales;

+ To provide a framework for identifying knowledge
gaps and prioritizing research directions among the
various disciplines that address fire;

» To encourage a holistic, multi-disciplinary approach
to hypothesis development and interpretation of fire
ecology research; and

+ To provide fire ecology with a consistent, translatable
identity for understanding, framing communications,
and policies in the future.

Importantly, the practice of science in accordance with
the principles of fire ecology must also adhere to the
standards, values, and practices of responsible and ethi-
cal research for our discipline to continue to make sound
and defendable contributions to knowledge. We encour-
age readers to refer to and carefully apply the guidelines
developed by the National Academy of Sciences and oth-
ers when practicing fire ecology (Responsible Science:
Ensuring the Integrity of the Research Process: Volume
11992).

Principle #1: fire is key to understanding
the evolution and distribution of life on earth at all
temporal and spatial scales of observation

Over scales of time ranging from dozens to mil-
lions of years and from microscopic to landscape
scale, wildland fire serves to structure ecologi-
cal assemblages and individual species traits. The
understanding of fire in any landscape—especially
increasingly managed environments of the modern
world—benefits from a knowledge of fire in deep time
and species’ eco-evolutionary relationships with fire.
Although ecologists have long held that soils and
climate can explain ecosystem distributions across
space and time, fire ecology reveals that fire has long
been a keystone ecological process driving the distri-
bution, evolution, and assembly of life on Earth.
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Interactions among fire, the atmosphere, and the evolution
of major land plant groups

The Earth system’s relationship with fire has been built
over at least 420 million years, with fossil evidence of
fire appearing approximately contemporaneously with
plants colonizing land surfaces (Scott and Glasspool
2006). Wldfires have acted at the landscape scale since
the evolution of the first forests more than 380 million
years ago in the Devonian (Belcher et al. 2013). The evo-
lution of the Earth’s biosphere is a product of the inter-
play between vegetation and fire over deep time; vascular
plants seem to have been predisposed to burn as soon as
they appeared on the evolutionary stage. Far from being
the “threat” to ecosystems as it is often perceived, fire and
plants have “co-evolved” Over these long timescales, fire
has interacted with land plants that fuel fires, but plants
concurrently altered fire regimes and adapted to shifting
fire frequencies and fire behavior (Belcher and Hudspith
2017; Baker et al. 2022). Over geologic time, biomes have
shifted through climatic zones and fires have shifted with
them, driven over long timescales by feedbacks among
shifting climate, atmospheric oxygen levels, fire, and life
on Earth. Most recently, since the late Pleistocene, as gla-
ciers and ice sheets receded, fire has continually shaped
assembly of novel plant communities in regions expected
to be further impacted by anthropogenic climate changes
(Gill et al. 2009). The earliest land plants evolved in a
world where atmospheric CO, levels were seven times
higher and oxygen levels were 1.4 times lower than today
(Lenton et al. 2018). As plants spread and evolved, with-
drawing CO, from the atmosphere and releasing oxy-
gen, they dramatically changed the biochemistry of the
planet (Beerling et al. 2001). By 380 million years ago in
the Devonian, CO, levels in the atmosphere had halved
and oxygen reached levels similar to today (Beerling et al.
2001; Lenton et al. 2018) and wildfires began to become
a frequent feature of the Earth’s land (Scott 2000). By the
late Permian (~250 Ma), oxygen levels had risen due to
the proliferation of plants across Earth’s surface, facili-
tating ignitions and rendering vegetation flammable at
higher fuel moistures, and fires began to occur in numer-
ous ecosystems (Scott and Glasspool 2006; Glasspool
et al. 2015). Because Earth rotates on a tilted axis, sea-
sonal dryness that facilitates fire occurs annually (Pausas
and Keeley 2009).

Not only does fire appear to be a key regulating process
that moderates oxygen concentrations in the atmosphere
by acting as a control on plant biomass (Belcher et al.
2021), but major oxygen-driven phases of fire appear to
be linked to the acquisition of traits that aid plant sur-
vival in a highly flammable world. For example, during
the Cretaceous period, (~ 66—-145 Mya) atmospheric oxy-
gen is likely to have been as high as 28% (compared to
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today’s 21%; Belcher et al. 2021; Vitali et al. 2022). The
earliest directly observable fossil evidence of the evolu-
tion of a plant trait characteristic of some present-day
conifers found in fire-prone ecosystems is that of lower
branch shedding, which evolved in a now-extinct group
of Permian (~252-299 Mya) conifers (Looy 2013). How-
ever, reconstructions of the evolutionary history of the
intrinsic structural states required for serotiny (canopy
seed storage in closed woody cones) suggest that these
characteristics may have emerged in early conifers 332
million years ago in the Late Carboniferous (He et al.
2016). These early conifers were short-statured trees,
with spreading crowns and scale-like leaves enabling heat
from surface fires to reach the cone-bearing crowns and
promote seed dispersal. Reconstructions of the likely
fire behavior indicate that their leaf and branchlet mor-
phology would tend towards carrying fires of high inten-
sity that burned with a rapid release of heat and quickly
consumed the fuel (He et al. 2016). Spread probabilities
during this period would have likely been between 90
and 100%; meaning that every ignition would likely lead
to a spreading fire (Belcher et al. 2010). Fire return inter-
vals in these forests are estimated to have been around
35 years (Falcon-Lang 2000). Therefore, conifers evolv-
ing in the Permo-Carboniferous period would have been
challenged by frequent crown fires which can be seen
as the driving force for the evolution of these early fire
adaptations.

These fiery time periods were followed by a period
in the early to Middle Triassic between 250-240 Ma
where there is little fossil evidence for fire on the planet,
known as the charcoal-gap (Belcher et al. 2010). How-
ever, by around 150 Ma atmospheric oxygen levels had
risen to ~25% and were continuing to rise (Belcher et al.
2021). The Pinus clade evolved ~126 million years ago
at a similar time as the planet appears to have become
more fire-prone due to fuel-oxygen-induced changes in
fire regimes (He et al. 2012). At the same time, the most
dominant plant group in the modern world evolved: the
angiosperms, plants that flower and create seeds, which
altered fire regimes significantly (Bond and Scott 2010;
Belcher and Hudspith 2017). The earliest angiosperms
are believed to have been herbaceous and small in stature
(Feild et al. 2004) with easily dryable and ignitable leaves
(Bond and Scott 2010) that supported surface fire spread
(Belcher and Hudspith 2017). Frequent fires would favor
fire adaptations such as resprouting and seeds that read-
ily germinated post-fire across the lifeforms of angio-
sperms, from herbs to trees. Around the same time, the
Pinus clade of trees evolved thick, insulative bark for the
first time (He et al. 2012). By around 100 million years
ago, angiosperms were present as small trees and shrubs
(Feild et al. 2011), capable of sustaining rapidly spreading
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and intense fires with a high probability of transitioning
to crown fires (Belcher and Hudspith 2017). It is with this
increased crown fire threat that some members of the
genus Pinus appear to have evolved pyriscent serotiny
(closed cones with fire-cued seed release), about 89 Ma
(He et al. 2012).

The emergence of new angiosperm-driven fire regimes
set amidst a background of rising oxygen seems to
have enhanced the overall fire regulation of vegetation
(Belcher et al. 2021; Vitali et al. 2022). Bond and Midg-
ley (2012) hypothesized that some members of the angio-
sperms are the first plant lineage to have produced forests
capable of suppressing fires owing to their closed struc-
ture. The suggested changes in forest structure, hydrology
(Boyce et al. 2010), and the angiosperm-driven decline in
atmospheric oxygen allowed some angiosperms to evolve
as the Earth’s first self-sustaining pyrophobic communi-
ties from ~ 58 Ma. Indeed, during the warm early Eocene
(~34-56 Mya), vegetation similar to modern angiosperm
tropical and paratropical forests extended up to 45-55°
paleolatitudes north and south (Burnham and Johnson
2004; DeVore and Pigg 2010) and global charcoal compi-
lations appear to indicate a>50% decline in the amount
of charcoal found in mire settings from ~ 60 Ma onwards
to the present day compared to 90—-60 Ma (Glasspool
and Scott 2010). Fire during this period of the Oligocene
(~23-34 Mya) also drove species diversification of Pinus
(Jin et al. 2021).

As these events and innovations were occurring a new
fuel type was emerging: the grasses. Grasses with the C3
photosynthetic pathway evolved in the Late Cretaceous
associated with forested ecosystems (Stromberg 2011).
The grasses gradually moved out of the forest, form-
ing open habitats from 40 Ma during the Eocene, set
against a global cooling trend (Stromberg 2011). How-
ever, it is the grasses with the C4 photosynthetic pathway
that dominate within vast tropical savannas of the world
today and fire has been hypothesized to have played a
role in their expansion about 7 Ma. This idea is supported
by sedimentary ocean cores from low latitude sites in the
North Pacific that show a sharp increase in flux of char-
coal between 10 and 1 Ma (Herring 1985). Beerling and
Osborne (2006) proposed that fire initiated and has since
maintained the C4 savanna biome via fires that occur as
frequently as annually, discouraging establishment of for-
ests. Models have indicated that C4 grasses can invade
C3 grasslands and outcompete them in hot open environ-
ments, but C4 grasslands cannot invade forests without
the aid of fire (Scheiter et al. 2012). Hence, fire appears to
have been critical to the establishment of savanna grass-
lands and the expansion of C4 grasses in the Miocene
(~5-23 Mya).
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The formation of the savanna biome during this time
is also supported by time-calibrated phylogenetic analy-
ses of the expansion of savanna trees that appears to
have happened between 10 and 3 Ma (Davies et al. 2020).
These dates may support the savanna hypothesis of early
hominin evolution. The most ancient hominin lineages
date to 6-7 Ma near the equator, where a change from
forest to savanna may have provided the driving force for
a shift from an arboreal habitat to one that favored biped-
alism (Davies et al. 2020). The spread of early hominins to
higher tropical latitudes appears to have occurred around
3 million years ago (Parker et al. 2016). Fire has therefore
been linked to the expansion and evolutionary success
of humans. Anthropologists have proposed that early
human pyrophilia resulted from living in increasingly
fire-prone savanna environments, where they exploited
frequent fire’s foraging benefits and soon learned how
to spread fire, by moving smoldering fuels to unburned
patches and even across the landscape (Parker et al.
2016).

Fire and global vegetation distribution

Theory about biome distribution is being revised in
response to new observations about fire’s role in vegeta-
tion distributions. Climate has long been thought to pri-
marily determine global vegetation patterns, with local
modification by soils. The major biomes were thought to
be a product of climate selecting for the best physiologi-
cal fit to the challenges to plant growth and survival in the
different physical environmental settings (Schimper et al.
1903). This view of the organization of life has changed
rapidly in the last few decades. It has been challenged
by the presence of alternative ecological states, such as
mosaics of closed forests and open grassy ecosystems
sharing the same climate and physical soil substrates
(Pausas and Bond 2020a, b; Staver et al. 2011; Hirota
et al. 2011; Bond 2019; Dantas et al. 2016). Until fire was
added, global vegetation modelers could not predict cer-
tain vegetation assemblages such as the grasslands of
the Great Plains of the USA, Kalahari grasslands, or the
Russian steppe using only climate and soils. The idea of
growth forms being the optimal fit for a given climate
has also been undermined by the spread of invasive plant
species into ecosystems with quite different plant forms.
Among the most transformative invasives are those
that alter the fire regime (Brooks et al. 2004). Flamma-
ble grasses have changed numerous invaded ecosystems
(D’Antonio and Vitousek 1992). They have invaded suc-
culent shrublands in the Sonoran Desert, grasslands and
heathlands in central and Western Australia (Marshall
et al. 2012; Fisher et al. 2009) and seasonally dry tropical
forests in the New World, despite the supposed barrier
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of colonizing extremely nutrient-poor soils. Regardless of
the extreme climate and soil conditions, the productiv-
ity of the invasive grasses has been sufficient to support
frequent fires and alter other important aspects of the
fire regime, such as seasonality. These frequent fires have
transformed these complex ecosystems and their mix of
growth forms, challenging the notion that the native spe-
cies are optimally suited to the extreme environmental
conditions.

Where wildland fires have occurred for millennia,
shade-intolerant biota evolved very differently from those
of closed forests at the climate “potential” (Bond 2019).
They include the fire-maintained shrublands of south-
western Africa and Australia, the richest temperate floras
in the world. These systems have lineages dating back to
the initial spread of angiosperms from ~90 Ma (He and
Lamont 2018). Fire-dependent biota also include savanna
ecosystems, such as the species-rich Brazilian Cer-
rado. Here, phylogenetic analyses have shown that the
Mimosa species are closely related to forest sister species
but diverged concurrently with the rise of flammable C4
grasses within the last five or six million years (Simon
et al. 2009).

Based on the percent area burned and frequency, the
tropical and sub-tropical savannas and those of the Med-
iterranean climate regions (MCRs) are among the most
fire-prone biomes. Overall, both support relatively high
biomass production during the wet season followed by a
long dry season (the cool season in the tropics and the
warm season in the MCRs). In savannas, fires occurring
early in the dry season tend to support greater tree densi-
ties and diversity compared to fires in the late dry season
(before the rains), which are generally of higher severity,
killing fire-sensitive woody species and top-killing shoots
of saplings, thereby creating more open, grassy ecosys-
tems (e.g., Laris and Wardell 2006; Williams et al. 1999).
Differences in fire severity combined with changes in fire
frequency have also been linked to changes in woody
ecosystems (Bowman and Wood 2009; Paritsis et al.
2015; Wood and Bowman 2012). High-severity fires in
mixed-conifer forests of the North American MCR may
be followed by the growth of highly flammable shrubs,
which can promote repeated high-severity fires, thus
blocking forest recovery (Coppoletta et al. 2016; Tepley
et al. 2017). The shrubs tend to support shrub-crown fires
whereas the forests historically burned with lower-inten-
sity surface fires. Many of these historical low-intensity
regimes have now transitioned to a fire regime charac-
terized by higher severity fires, driven by heavy fuels and
high tree densities promoted by a century of fire suppres-
sion (Safford et al. 2021). The development of alternative
stable states implies some negative feedbacks occur-
ring within each ecosystem that can maintain that state
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(Principle 3); however, transitions to a different stable
state are possible through positive feedbacks.

Fire adaptive traits

Wildland fires can injure or kill plants and animals,
yet fire-prone ecosystems are often highly diverse and
include global biodiversity hotspots (Noss et al. 2015).
This is because many species have acquired fire-adaptive
traits that enable survival and reproduction under recur-
rent fires. Different fire regimes exert different evolu-
tionary pressures, mainly depending on the frequency,
intensity, and seasonality of fires, and thus plants have
generated a diversity of fire adaptive traits (Keeley and
Pausas 2022). In fire-prone ecosystems, fire explains a
significant part of the genotypic and phenotypic variabil-
ity within species and of the diversity of communities.
Fire is a major agent of natural selection (He et al. 2019).
Many plant species use multiple strategies to survive or
to increase in abundance post fire.

Plant traits adaptive to recurrent fires can broadly be
classified into two types: those that confer survival, and
those that allow quick recruitment/regrowth in the post-
fire environment. Plant strategies for survival include
protected buds, meristematic tissues, and xylem conduits
from heat during a fire. For instance, recurrent surface
fires often select for trees with a thick insulating bark and
with self-pruning of the lower branches, as in the case
of many Pinus species (Keeley and Zedler 1998; Pausas
2015; Varner et al. 2022). The thick bark and the vertical
fuel discontinuity make those pines tolerant of lower-
intensity surface fires characteristic of the conditions
under which the traits were selected (Gill 1975). Fires can
also select for plants with protected bud locations, as in
the case of those deep in the trunk of the tree as dem-
onstrated in many eucalypts and savanna trees (Burrows
2002; Charles-Dominique et al. 2015); when they burn
at high intensity, they resprout from those protected
stem buds (epicormic resprouting; (Pausas and Keeley
2017). The buds of many grasses, forbs, and shrubs are
protected if they are located belowground (Pausas et al.
2018), as soils are poor heat conductors. Plants often
accumulate buds (i.e., forming a bud bank) in the base of
the stem, sometimes forming large burls (lignotubers), or
in belowground organs such as roots, rhizomes, under-
ground stems, and tubers, which allows survival through
resprouting of the protected buds (Pausas et al. 2018).
The cost of resprouting is the accumulation of carbohy-
drates (starch) for growing new shoots when the plant is
defoliated by fire (i.e., without photosynthetic capacity),
and the maintenance of a bank of dormant buds. This
cost would only benefit a plant under recurring selec-
tive forces, and it is likely that for some lineages, fire
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has played this role, in concert with herbivory and some
other disturbances (e.g., flooding, wind).

Fire adaptive traits also include those that allow
recruitment in postfire conditions, often enabling plants
to take advantage of novel postfire conditions with high
resources and low competition, thereby increasing their
population size. In many MCRs, gaps are generated
by crown fires, and many shade-intolerant plants have
evolved mechanisms to detect new open conditions cre-
ated by fire that are suitable for germination. These strat-
egies include formation of a soil seed bank of dormant
seeds, where the heat or chemicals from combustion
can break seed dormancy (ie., fire-stimulated germina-
tion; Pausas and Lamont 2022), generating a massive
postfire recruitment. Other postfire seeders store seeds
in the canopy instead of in the soil; these types of trees
and large shrubs have cones or fruits that remain closed
for years, until being opened by a fire which disperses
the seeds in the postfire bed (pyriscent serotiny; Lamont
et al. 2020). Typical examples of serotinous plants are
closed-cone pines in the Northern hemisphere (e.g.,
Pinus contorta and Pinus clausa) and many Proteaceae
(e.g., Banksia) in the Southern hemisphere. Postfire seed-
ers also benefit from being flammable to ensure as fire
ensures dormancy release (in species with soil seed bank)
or seed dispersal (in serotinous species) and the recruit-
ment in the postfire environment with high resources
and low competition (Bond and Midgley 1995; Pausas
et al. 2017). Populations of many plants increase rapidly
after fire when surviving plants and initial colonizers,
including many herbaceous plants and geophytes, flower
in abundance (fire-stimulated flowering; Hiers et al. 2003,
Lamont and Downes 2011) to benefit from the high-
resource and low-competition environment for their
offspring. Many plant species use multiple strategies to
increase in abundance post fire.

Fire-prone ecosystems also harbor a rich fauna assem-
bly. Because animals are mobile organisms, their adap-
tive traits are often behavioral and thus more difficult to
depict than in plants (Pausas and Parr 2018; Pausas 2019).
Many animals survive fires by moving to a refuge (e.g.,
hiding belowground, in cracks, among roots, in unburned
patches) or moving away from the fire (for animals with
high mobility). Thus, for those animals, it is adaptive to
quickly detect the coming fire to react accordingly (Pau-
sas and Parr 2018; Nimmo et al. 2021). For example, there
is evidence that some animals from fire-prone ecosystems
have an enhanced capacity to detect fire through smelling
the smoke or hearing the fire (Alvarez-Ruiz et al. 2021a,
b; Alvarez-Ruiz et al. 2023). Among the few morphologi-
cal adaptations in animals is the occurrence of infrared
(fire) detectors in some pyrophilous beetles (Buprestids,
Coleoptera; Evans 1966); they use burned areas as mating
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sites and an ideal environment for reproductive success.
Animals are not only affected by the fire itself, they also
need to survive the postfire environment, which is quite
different from the pre-fire. Thus, some animals acquire
cryptic dark colors (Lillywhite et al. 1977; Forsman et al.
2011) or have the capacity to enter in torpor after fire
(Stawski et al. 2015). Interestingly, the postfire environ-
ment may also provide some benefits, as it is an environ-
ment with fewer parasites for vertebrates (the “cleaning
effect” of fire; Alvarez-Ruiz et al. 2021a, b). Overall, the
dominant fire adaptive strategies in animals are different
from those plants and our understanding of the diverse
examples and mechanisms of animal fire adaptations has
only just begun (Pausas 2019).

Principle #2: fire integrates biotic and abiotic,
above- and below-ground components
and processes

Wildland fire may appear to be an external agent
acting upon the landscape it burns, but it is an
emergent property of the ecosystem itself. It inte-
grates abiotic and biotic components and processes
both immediately and for some time after fire. Fire
greatly influences biogeochemical cycling across
scales, as well as feedbacks on the biota, which in
turn serve as drivers of fire. Along with its scale and
global extent, the rate at which fire converts matter
into energy with impacts across above- and below-
ground, atmospheric, and aquatic boundaries make
fire a uniquely impactful and integrative process.

Abiotic-biotic integration

While other processes such as herbivory act to inte-
grate biotic and abiotic factors (Bond and Keeley 2005),
the process of rapid oxidation and extremes of energy
release make fire unique in both intensity and degree in
its influence over other ecological and atmospheric pro-
cesses. After ignition, fire behavior, including its ability to
spread (or be extinguished) is determined by the struc-
ture, arrangement, chemistry, pattern (e.g., topographic
positioning), and moisture content of biotic material act-
ing as fuel (organic compounds in vegetation, soils, or
structures; Van Wagtendonk 2006; Dickman et al. 2023;
Parsons et al. 2017). Fire behavior is further influenced
by antecedent and concurrent local abiotic conditions,
especially wind speed and direction, precipitation, and
atmospheric stability, which in turn are characteristic of
other abiotic factors, such as time of day and year and
associated incident radiant heat, cloudiness, or topogra-
phy (Johnson and Miyanishi 2001; Riley et al. 2013a, b).
The relative strength of each of these drivers can change
over time and across space and due to their interactions,
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as well as the scale of observation. Thus, each fire, and
even each moment of fire, represents a unique combina-
tion of environmental factors intersecting fuel to produce
heterogeneous impacts on the systems in which it occurs.
Abiotic weather patterns also influence fuel moisture
(and thus combustion characteristics) at various spa-
tial and temporal scales. These can range from hourly
changes driven by diurnal cycles or changes in synoptic
weather affecting moisture content of fuels (Kreye et al.
2018) and organic soils (Reardon et al. 2009), to monthly
cycles of vegetation growth and senescence, hydrology,
and deviations from average conditions (Dickman et al.
2023). On longer timescales, annual-decadal patterns
such as drought and modes of ocean circulation (e.g., El
Nino, Pacific Decadal Oscillation, and Atlantic Multidec-
adal Oscillation) and even longer-term fluctuations such
as global climate change influence fuel moistures (Resco
de Dios et al. 2021; Ellis et al. 2022; Abatzoglou and Wil-
liams 2016). The combustion of biotic material subse-
quently has the potential to influence abiotic factors,
including both local meteorological conditions and global
weather immediately and for months after a fire (Liu
et al. 2014; Yu et al. 2019). For example, wildland fire is
responsible for a significant portion of aerosolized global
particulate matter including black and brown (pyrogenic)
carbon, which have climate-forcing impacts globally that
in turn affect biotic components and processes (Zhang
et al. 2017) and influence fire occurrence. For example,
soot that lands atop snow or ice dramatically reduces
albedo and can result in higher rates of melting than dur-
ing non-wildfire years (Aubry-Wake et al. 2022). Both
biotic and abiotic (e.g., soot) ice nucleation particles are
emitted during biomass fires (Moore et al. 2020; Barry
et al. 2021; Kobziar et al. 2022) and can be transported
in the free atmosphere around the globe. Coupled with
black and brown carbon, these particles are known to
influence cloud radiative properties, cloud glaciation,
and precipitation patterns downwind (Petters et al. 2009;
DeMott et al. 2010; Kanji et al. 2017), which in turn drive
flammability and fuel distribution over larger spatial and
temporal scales. Gaseous products of combustion includ-
ing CO, and CH, further influence overall greenhouse
gas abundance and its effects on global climate and biota
(Liu et al. 2014), with varying impacts on the availability
of fuels and patterns of present and future wildland fires
(Westerling et al. 2003; Hurteau et al. 2019).
Fire-generated winds can also be viewed as a driver of
biological dispersal on both a macro- and microscopic
scale. These winds transport soils, seeds, and pollen
kilometers from the combustion source (Bormann et al.
2008). Millions of living microbes per hectare burned are
transported in smoke to be deposited, and to potentially
colonize, the downwind environments in which they
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land (Kobziar et al. 2022, 2024; Kobziar and Thompson
2020). Both abiotic and biotic smoke constituents have
clear impacts on terrestrial biota, including humans and
wildlife through inhalation, allergic response, or infection
(Liu et al. 2015; Kobziar and Thompson 2020; Sanderfoot
et al. 2021; Zhou et al. 2021), lake and stream ecosystems
through particulate matter (PM) deposition and shading
(Lynch et al. 2004; David et al. 2018), and through eco-
logical cascades by affecting photosynthetically active
radiation (PAR; Scordo et al. 2021). For example, vegeta-
tion and crop growth can be both positively and nega-
tively impacted by suspended PM impacts on incident
diffuse PAR affecting light use efficiency (Hemes et al.
2020). Our current understanding of fire effects as chan-
neled through the atmosphere has benefited from novel,
cross-disciplinary approaches such as large prescribed
fire experiments leading to new fire ecology disciplines
(e.g., “pyroaerobiology”; Prichard et al. 2019; Hiers et al.
2020; Kobziar et al. 2018) and continue to yield evidence
for fire’s uniquely integrative role.

Fire’s integration of abiotic and biotic factors is exem-
plified by fire’s effects on soils and aquatic systems which
can have profound impacts on soil biota and freshwater
and oceanic ecosystems (Riera and Pausas 2024). In infre-
quently burned ecosystems, fire removes understory and
overstory vegetation as well as litter and duff, increasing
with fire severity (Hyde et al. 2016b). Soil can then be
exposed directly to rainfall and runoff during subsequent
high-intensity storms and dramatically increase erosion
rates (Spigel and Robichaud 2007). Increased dry ravel
also plays a role in post-fire erosion (Roering and Ger-
ber 2005). Following fires where significant reduction of
vegetation and organic soil layers has occurred (i.e., high-
severity fires), large changes in hydrological patterns and
soil movement have been observed, especially in steep
terrain (Shakesby and Doerr 2006). Increases in erosion
following fire can greatly exceed background rates; in one
Oregon Coast Range ecosystem, USA, rates increased
by six-fold after fire accounting for up to 50% of the ero-
sion impacting the system (Roering and Gerber 2005).
Stream morphology can change after fire, including
through aggradation of debris flow fans, channel infill-
ing, and sediment fining following fire, especially in areas
of higher-severity fire (Hoffman and Gabet 2007; Riley
et al. 2013a, b; Wilson et al. 2021). Thus, in mountain-
ous or hilly areas that regularly experience fire, a pulsed
rhythm of sediment production and erosion may ensue
that over time demonstrates the influence of fire on soil
conditions (Roering and Gerber 2005). Episodic events
such as debris flows following fire contribute the majority
of sediment transport in mountainous terrain (Dietrich
and Dunne 1978). Thus, post-fire debris flows can sub-
sequently alter stream course and morphology (Hoffman
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and Gabet 2007). Fire can also change soil physical and
chemical properties, for example by inducing hydropho-
bicity or increasing water availability due to reductions in
live vegetation. Commensurate impacts include increases
in surface water flow and decreases in infiltration, affect-
ing local-scale biota, overall watershed function, and pro-
vision of ecosystem services (Roces-Diaz et al. 2022), and
altering biogeochemical processes which govern, e.g., the
levels of P, N, and C in soils (Dove et al. 2020). Pyrogenic
horizons can be a key diagnostic characteristic for soil
classification, leading to proposals that fire be considered
a sixth soil-forming factor (Certini 2014).

Influx of charcoal, sediments, nutrients, and other fire-
derived elements into adjacent streams can increase fol-
lowing fire, impacting water quality and its dependent
ecosystems and ecosystem services (Lynch et al. 2004;
Smith et al. 2011). Stream temperatures may increase fol-
lowing fire due to the removal of overstory vegetation,
with these effects persisting for years, which may trans-
late into additional stress for fish populations already
stressed by high water temperatures due to climate
change (Mahlum et al. 2011). Because fire decreases both
above-ground and below-ground vegetation cover and
root strength, increased erosion often occurs after fire,
with mass wasting events such as post-fire debris flows
becoming more common in the months and years after a
fire (Wondzell and King 2003; Cannon et al. 2010).

Wildfire byproducts enter the oceans via terrestrial
(e.g., sediments) and atmospheric (smoke, aerosols, ash)
routes (Riera and Pausas 2024). Thus, wildfires enhance
the land-sea interaction by altering marine chemistry and
carbon and nutrient cycling. These changes have been
shown to enhance phytoplankton productivity which can
cascade to other trophic levels with both positive and
negative effects on the oceanic biota (Riera and Pausas
2024). The enhanced primary productivity is also a way
to sink carbon into the deep sea. For example, research-
ers estimated that carbon loss from megafires in Australia
was balanced by smoke-induced phytoplankton blooms
where aerosols were deposited (Wang et al. 2022). This
emphasizes the importance of fire as a key component
of the global biogeochemical cycles in our Earth system
(Pausas and Bond 2020a, b).

Above-below ground integration

While combustion of biotic fuels is most frequently an
above-ground (or above-water) process requiring oxygen
from the atmosphere, fire also occurs at or below the soil
interface, as in the case of burning of organic soil hori-
zons, roots, and other below-ground vegetation or buried
woody debris (Watts and Kobziar 2013; Busse et al. 2013;
Kreye et al. 2017; Rein et al. 2008). The magnitude of heat
produced from fire whether from burning fuels above,
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on, within, or pulsed through the soil profile determines
the magnitude and duration of impact on the biotic and
abiotic components of soil which in turn drive the soil
processes which support the overall ecosystem function-
ing (Kreye et al. 2013; Rein et al. 2008; Busse et al. 2013).
It is through complex biochemical mechanisms that fire
integrates above-ground and below-ground processes
and components. For example, above-ground plant mor-
tality eventually releases both labile and recalcitrant
carbon into soils while root availability to microbial
decomposition increases, changing soil carbon efflux and
nutrient content (Adkins et al. 2019) as well as impacting
soil microbial community composition (Fox et al. 2022).
The symbiotic relationship between mycorrhizal fungi
and many tree species can be critical to post-fire veg-
etation survival and regeneration (Fox et al. 2022). Key
soil-dwelling organisms are known to benefit from fire’s
effects, including some mycorrhizal fungi and bacteria
(Whitman et al. 2019; Fox et al. 2022), although effects
on many other groups of soil biota remain poorly under-
stood (Pressler et al. 2019), in part owing to an incom-
plete understanding of their tolerance to soil heating
(Pingree and Kobziar 2019).

Along with effects on soil hydraulic conductivity
(Quigley et al. 2021), hydrophobicity levels (Doerr et al.
2006), and runoff and erosion (Bodi et al. 2014; Balfour
et al. 2014), fires that burn below-ground (i.e., within
organic soils such as peatlands) can have important
biogeomorphic feedbacks including hydrological cycling
and its many impacts, such as water quality and amount
(Shakesby and Doerr 2006). For example, in intermit-
tently dry wetlands, the loss of organic soil from com-
bustion leads to water-induced weathering of bedrock,
expanding wetland patches and driving landscape-scale
vegetation patterns and subsequent flammability mosaics
(Watts et al. 2014; Watts and Kobziar 2015).

As one of the three major pathways for carbon and
nutrient cycling (also including herbivory and microbial
decomposition; Pausas and Bond 2020a, b), fire plays
both direct and indirect roles in integrating above and
below-ground resources. While herbivory decomposes
green biomass and soil microbes decompose dry biomass
(litter), fire decomposes both green and dry biomass in
an abrupt manner, and distributes the resulting inor-
ganic matter at broad spatial scales though aerosols (Pau-
sas and Bond 2020a, b). Plant nutrients essential for the
growth and functioning of ecosystems ultimately come
from the atmosphere (N) and the weathering of rock and
soil (P, K, Mg, Ca, micronutrients). Nitrogen is incorpo-
rated into the soil through deposition and nitrogen-fixing
through symbiotic relationships between certain plants
and bacteria. Plants derive nutrients directly from the
soil (or other organisms through symbiotic relationships)
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and incorporate them into organic chemicals composit-
ing biomass. Nutrients are further transferred through
herbivory or microbial decomposition, with nutrients
ultimately being returned to the soil, where they might be
taken up by plants, leached, or moved by runoff to water
bodies (Larson et al. 2013). Fire redirects these pathways,
directly by volatizing nitrogen and carbon compounds
to the atmosphere and redepositing mineral nutrients
through ash (Bodi et al. 2014; Quigley et al. 2019), typi-
cally intermixed with other products of combustion
such as pyrogenic organic matter (Maestrini et al. 2017;
Pingree and DeLuca 2017). Indirect effects on nutrient
cycling result from potentially persistent impacts on the
below-ground microbial communities and their meta-
bolic substrates (Pietikdinen et al. 2000; Adkins et al.
2020), as well as to root abundance or biomass (Johnson
and Matchett 2001; Kitchen et al. 2009). Depending on
the severity of fire, these soil components are also influ-
enced by changes to above-ground plant community
composition and productivity which determines the
quality of herbivore habitat (Murphy et al. 2018). Nutri-
ent redeposition via herbivores may temporarily increase
resources for and diversity of certain organisms, includ-
ing surviving plants and microbes (Hawkins and Zeglin
2022). For example, fire indirectly provides habitat for
some legume species which are essential for nitrogen
fixing to complete the nitrogen cycle (Hiers et al. 2003;
Peterson et al. 2007).

Energy flow

Fire acts to redirect, rather than sequester, the flow of
energy in the development and function of an ecosys-
tem. As recognized in classical ecology, fire strongly
influences the pathways of energy flow in ecosystems that
facilitate the spread of fire (Odum 1969). Energy derived
from solar radiation is converted to chemical energy
through photosynthesis. Combustion results in the rapid
transformation of chemical energy in plant biomass to
heat energy through exothermic reactions that can cause
the heating and combustion of more biomass, sustaining
the fire feedback and spread of fire. Johnson and Miyani-
shi (2001) emphasized the critical connection of measur-
ing energy release for fire-prone ecosystems, as variation
in energy transfer is key to a mechanistic understanding
of ecological outcomes (O’Brien et al. 2018). Due in part
to the challenges of predicting fire or observing active
fire, a limited number of ecological studies measure com-
bustion or show an appreciation for the variation in the
phases (i.e., flaming or smoldering) and characteristics of
the combustion process (Hiers et al. 2020; Bonner et al.
2021). Combustion is most often incomplete, such that
resulting substances, composed mostly of carbon (i.e.,
incompletely burned vegetation or aerosolized pyrogenic
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organic matter), retain some energy and may either be
locally deposited or translocated by aerial convection
as mixtures of soot, ash, plant materials, organic smoke
content, and other substances including living organ-
isms (Bodi et al. 2014; Yu et al. 2019; Moore et al. 2020;
Kobziar et al. 2022). Water, either via ground or atmos-
pheric pathways (e.g., rainfall deposits of smoke constitu-
ents) transports ash and living/non-living carbonaceous
content to waterways and the ocean, at times producing
massive increases in the biomass and function of resident
biota such as phytoplankton (Tang et al. 2021). Influxes
of sediments and removal of overstory vegetation can
also result in changes in stream chemistry and tempera-
ture from increased insolation, suppressing fish popula-
tions after fire (Rieman and Clayton 1997).

Plants with traits to survive fire often have a reposi-
tory of chemical energy that allows for rapid recovery
of ecological processes following fire (Starr et al. 2015).
Post-fire alterations in herbivore and microbial habitat,
availability of and competition for resources, vectors of
microbe, and seed dispersal and pollination, are some
factors that can be strongly influenced by fire-induced
changes in the distribution of energy, further illustrat-
ing the degree to which fire integrates biotic and abiotic
processes. Fires and effects are dynamically linked in
multifaceted ways, reflective of both the individual and
collective influence of plant life history traits (Principle
1) and post-fire energy exchange and biochemical fire
effects.

Principle #3: recurring fires result in dynamic
feedbacks which serve to organize ecosystem
structure, composition, and function

Although ecologists long considered fire to be an
acute disturbance that altered a natural succession
of ecosystem states, all fire-prone ecosystems are the
product of community reassembly following multiple
fires over time and are inherently non-stationary.
Fire is a highly variable process driving heterogene-
ous effects, which when intersecting repeated fires
over time, create feedbacks of self-sustaining eco-
logical trajectories, non-linear outcomes, landscape-
scale patterning, and alternative stable states. These
cumulative fire effects can maintain ecological com-
munities, result in alternative ecological states, or
cause dynamic transitional change. This principle
adds the necessary context of the variability of fire
behavior and vegetation feedbacks across temporal
and spatial scales that make fire a necessary and
often inevitable emergent process rather than a per-
turbation of the system.
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The fire regime

The fire regime concept has dominated our understand-
ing of cyclical fire effects on ecosystem processes and
community assembly (Krebs et al. 2010; Keane 2015).
Fire regime attributes characterize repeated fires over
time, and often include mean fire return interval (MFRI,
or the average number of years between fires for a given
location), seasonality, severity, and intensity (Gill 1975;
Bergeron et al. 2002; Archibald et al. 2013; He et al
2019). Such historical perspectives are often referred to
as “natural” fire regimes, which presuppose evolution-
ary timescales and stable conditions, shown in Principle
1 to only be stable for a given time. The reliance on mean
characteristics—such as the MFRI—has limited under-
standing of variation as a critical attribute of repeated
fire that drives ecosystem distribution on multiple con-
tinents (Hiers et al. 2016; Keane 2017). Similarly, the
desire in many locations to work towards ecosystem
“restoration” implies a static ecological baseline as the
goal- which is most often a Holocene baseline fire regime
when the ecology of fire has a much longer Earth history.
In addition to temporal variation, spatial heterogene-
ity of fire regime factors can be a driving force in fire’s
effects on ecosystem patterns and processes (Keeley and
Stephenson 2000; Collins and Stephens 2010; Freeman
and Kobziar 2011) but this is inconsistently included in
the traditional description of fire regimes or application
of fire regimes to related scientific fields (Boisramé et al.
2019) or management decision-making (Flatley and Fulé
2016; Freeman et al. 2017). Importantly, the contribution
of Indigenous cultural fire practitioners to “natural” fire
regimes is often omitted. For example, conceptualizing
fire regimes as “lightning regimes” may erase and obscure
the contribution of Indigenous peoples to human-medi-
ated fire regimes (Kimmerer and Lake 2001). In addition,
anthropogenic fire suppression has drastically reduced
the frequency of fires on many continents, as well as
changing its seasonality, restricting fires in essence to the
times of year when they cannot be extinguished due to
extreme fire behavior (Calkin et al. 2015). The result has
predictably shifted many fires regimes effectively toward
higher-intensity conditions, and altered spatial pattern-
ing and impacts.

While ecosystem states and transitions among states
(Pausas and Bond 2020a, b) are well established as a
fundamental ecological concept, fires are often consid-
ered catalysts between states rather than more complex
processes within and among ecosystem states that have
variable spatial and temporal outcomes. In both fre-
quent and infrequent fire systems, an example of this is
the spatial patterning in fires, both in terms of burned vs.
unburned areas as well as variation within the burn, that
become “legacies” that drive ecosystem recovery specific
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to the patterns of severity (sensu Franklin et al. 2007).
For example, the distance from low-severity patches with
intact seed sources to severely burned patches influences
the trajectory of vegetation post burn (Tangney et al.
2022), which in turn impacts subsequent fire probabil-
ity and patterns of consumption and ecological trajec-
tory across the landscape (Nemens et al. 2022). The focus
on “within-fire" variability allows that not all fire has
the same effects within a single burned area or between
fires in the same fire regime, and that ecosystems are the
result of the composite and inherent variability, or “pyro-
diversity” (He et al. 2019; Steel et al. 2021) of fire regime
factors and their feedbacks at multiple scales.

The critical distinction between fire as an evolving
component of ecosystems rather than an external driver
with predictable outcomes is most often misunderstood
in restoration applications of the historical fire regime
concept, where recommendations to recreate mean
fire regime characteristics are presumed to sustain the
biodiversity and desired compositional and structural
elements of a given ecosystem and its services (Free-
man et al. 2017). However, the long history of climate
and humans interacting with fire has shown the critical
importance of fire in evoking non-linear outcomes (Flat-
ley and Fulé 2016; Jones et al. 2022). Interactions between
sequential fires can drive changes outside the boundaries
(“envelope” as per Keane 2017) or historical range and
variability (Keane et al. 2002) of a defined fire regime (Hu
et al. 2010; Prichard et al. 2017; Tangney et al. 2022). This
potential for non-linearity is increased with the arrival
of exotic species (e.g., cheatgrass and cogongrass; Balch
et al. 2013, Estrada and Flory 2015), unprecedented cli-
mate changes (Jones et al. 2022), or unintended inter-
actions of anthropogenic disruptions to land use and
ignition patterns and other conditions that linked ecosys-
tems with particular fire regimes and effects of the past
(Varner et al. 2005; Freeman et al. 2017; Brando et al.
2020).

Because of its reliance on historical boundaries defin-
ing “natural fire,” the fire regime concept does not intui-
tively reflect the non-stationarity of how repeated fire
interacts with vegetation responses. This is an important
consideration in a no-analog future, where unique spe-
cies compositions and novel climates create conditions
outside those historical boundaries (Freeman et al. 2017).
This is partly because fire regimes are often defined by a
chosen historical context of ecosystem response to fire
or present-day fire practices (Miller and Safford 2020).
Instead, a focus on what drives both positive and nega-
tive feedbacks of recurring fires better enables project-
ing future ecological trajectories in a rapidly changing
world (Riley et al. 2019). To provide for a more nuanced
and less hegemonistic representation of these feedbacks,
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the “Ecology of Fuels” (Mitchell et al. 2009) concept was
introduced as an alternative to the focus on fire regimes.
The Ecology of Fuels represents greater theoretical flex-
ibility and understanding of the role of repeated fire. This
concept underscores the recognition that fire ultimately
links vegetation through space and time and drives
structure and function in predictable ways in frequently
burned ecosystems (McLauchlan et al. 2020; Loudermilk
et al. 2022). For example, the type and amount of fuel
developing after a fire dictates the time in which the next
fire can occur (i.e., “reburns”), and short reburn inter-
vals will result in vastly different vegetation development
pathways than long reburn intervals (Prichard et al. 2017;
Stevens-Rumann et al. 2020; Jaffe et al. 2023). In some
cases, variability in fire regimes is actively employed in
large-scale fire management programs. For example, in
the nearly 2 M ha Kruger National Park in South Africa,
after decades of fixed fire intervals, intentionally diverse
frequencies and seasons of prescribed fire combined with
lightning ignitions are used to achieve a range of desired
ecological and social benefits that were not resulting
via adherence to the mean historical fire regime met-
rics (Govender et al. 2006; Van Wilgen et al. 2011).

Alternative stable states and feedbacks

Traditional ecosystem ecology afforded the concept
of stability to systems that appeared to retain consist-
ent structure and composition in the face of “external”
stressors such as fire. Ecosystems were considered “sta-
ble” when they are not significantly altered by biotic or
abiotic disturbances. Current understanding, however,
shows that the complex interplay of fire regime charac-
teristics, climate and weather, and land cover conditions
across spatial and temporal scales results in alternative
stable states that are natural expressions of ecosystem
nonstationarity. Many frequently burned ecosystems rep-
resent one of multiple alternative stable states as a result
of fire and tend to exhibit particular ecosystem structures
and vegetation composition that is conducive to fire, with
examples including most grasslands, some shrublands,
and many woodlands. These frequently burned systems
often contain exceptionally high levels of biodiversity
(e.g., African, South American, and USA savannas, many
Mediterranean ecosystems globally, pine woodlands in
North America, tallgrass prairies/grasslands globally).
Their structure and composition deteriorate function-
ally when fire is removed even for as little as a decade.
Frequency is not the only factor driving fire-maintained
stability. Seasonality plays an important role, since veg-
etation phenology interacts with fire to drive moisture
conditions during the fire (Loudermilk et al. 2022) and
can determine the composition of post-fire communities
and their resulting flammability characteristics (Balch
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et al. 2013, Kane et al. 2021). Even in ecosystems that
are the expressions of low-frequency, high-severity fires,
such as stand-replacing fire-dominated ecosystems (e.g.,
Pinus pungens, some Populus tremuloides, serotinous P
contorta, P. clausa, some Mediterranean ecosystems),
fire is a process that must happen (albeit infrequently) to
maintain ecological function of these ecosystems and the
often critical habitat they provide.

Repeated fires can create negative feedbacks generat-
ing ecosystem stability (stabilizing feedbacks). However,
abrupt fire changes may generate positive feedbacks
driving the system to an alternative state (Pausas and
Bond 2020a). Loudermilk et al. (2016) describe a posi-
tive feedback process where the facilitation effect of
xeric sub-canopy Quercus species on Pinus regenera-
tion is essential in P palustris ecosystems following the
loss of pine overstory. Here, frequent fires maintain a
soil and light environment for successful pine regenera-
tion and keep the otherwise dominant sub-canopy oaks
in shrub form. These and other shrubs can be teleologi-
cally viewed as “nurse plants” for pine regeneration by
reducing solar heat exposure and desiccation between
fires, which promotes pine seedling survival (Marsh et al.
2023). Consequently, pines contribute to fuelbeds that
are more flammable than those of many Quercus. This
positive feedback is found at the local scale, within small
forest gaps, but has landscape-scale implications for eco-
system distribution and pattern. Similarly, stand-replac-
ing fires in forests such as P, rigida (Givnish 1981; Clark
et al. 2015) and P. canariensis can have feedbacks that
maintain system attributes over repeated fire through
resprouting and serotiny.

Rather than an isolated event triggering a set vegeta-
tion trajectory, fire is a highly variable, complex process
that can have non-linear or unexpected influences on
ecological trajectories. For example, in a system that
normally experiences frequent fires with a constrained
range of low-intensity surface fire behavior, the reintro-
duction of fire after a long fire-free period will likely pro-
duce different effects since the fire behavior and severity
may change (Varner et al. 2005). Another example is
the effects from overstory canopy loss (death/removal),
which increases solar radiation penetration, and veg-
etative growth and regeneration response of certain
sub-canopy species: these all cause fine to coarse-scale
changes in subsequent fuel conditions and fire behavior
(Loudermilk et al. 2022). Alternatively, canopy increases
resulting from a decreased fire frequency can increase
fuel moisture conditions to such an extent that fire can
no longer propagate through the altered fuel beds and
fire-adapted species no longer proliferate (Nowacki and
Abrams 2008). For example, Quercus-Carya forests of the
Southern Appalachian mountains of the USA have been
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altered through the exclusion of fire, which has led to a
multidecadal transition from Quercus and Carya domi-
nance to Acer rubrum and other fire-intolerant species
through a process termed “mesophication” (Nowacki and
Abrams 2008). Mesophication resists fire through the
development of less-flammable litter (Kane et al. 2021)
and a more humid microclimate (Nowacki and Abrams
2008). When fires are reintroduced to these stands under
conditions extreme enough to allow spread, expectations
were that mesic species would decline. However, recent
work points to changed microbial communities and
decomposition patterns that place fire-tolerant species at
greater risk of post-fire mortality than their mesic coun-
terparts, due to an increase in fine-root encroachment
in the enhanced soil organic layer (and therefore higher
potential for consumption by fire; Carpenter et al. 2021).
This feedback of altered fire regimes over time could
accelerate the state change to the mesophication trend
despite reintroduction of fires, underscoring the com-
plexity of fire’s role and representing a negative feedback
loop.

There are many other examples of feedback loops,
including in tropical systems where fires alter structure
and composition in such a way to make re-occurrence
of fire more likely (Brando et al. 2020) leading to alter-
native states. For example, in the Amazon, road con-
struction and agricultural activities can initiate positive
feedbacks at both regional and local scales that increase
fuel amount, availability, and likelihood of ignition
(Nepstad et al. 2001). Repeated fires in these ecosystems
have persistent effects on forest structure with reduced
biomass and lianas (vines), as well as strong impacts on
species richness and composition relative to single fires
(Silveira et al. 2016). The trajectory of repeated fire in
rainforests represents divergent pathways for ecosystem
responses and a long-term transition away from closed-
canopy forest, changed microclimate, and altered com-
position. Such a trajectory can drive existing feedbacks
by contributing to global climate change via releasing
large amounts of stored carbon in rainforests to the
atmosphere, further exacerbating climate change (Riley
et al. 2019).

These pathways and trajectories are created by multi-
ple fires over time that interact at timescales that are finer
than what are typical of evolutionary time as described
in Principle 1. The inherent non-stationarity of ecosys-
tems, however, doesn’t remove repeated fire from time
horizons needed for fire management and ecosystem
management planning. Rather it highlights the need to
understand how repeated fires do ecological work and
how to predict their effects in non-linear and no-analog
futures, particularly in human-dominated ecosystems
and those responding to climate change.
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Principle #4: fire behavior and effects derive
from a continuum of deterministic to stochastic
process elements at all spatial and temporal scales

The prediction of fire effects occurs along a gradient
from deterministic to stochastic causal mechanisms.
This includes mechanisms driving deterministic
effects (e.g., effects of heating on fuel moisture) to ran-
dom or probabilistic processes (e.g., post-fire rainfall
patterns or seed dispersal by wildlife). Probabilistic
effects occur when a mechanism, while known in the-
ory, anecdotally, or with partial empirical evidence,
must be represented but cannot be entirely meas-
ured due to lack of detail or logistical or technologi-
cal difficulty. Probabilistic elements also derive from
chaotic effects that cannot be known but can be bet-
ter understood through approaches such as scenario
planning. Accounting for both knowable (epistemic)
and unmeasurable (aleatory) uncertainty in the
underlying processes driving fire effects is critical for
predictive modeling and achieving desired managed

fire effects.

Fire is at times simplified as the result of the combina-
tion of three factors: heat, oxygen, and fuel- leading to
the reductionist supposition that understanding these
components can explain the drivers of fire’s immedi-
ate effects. However, fire effects are ultimately driven
by the complex variability in spatial-temporal patterns,
quantities of heat transferred into organisms and the
physical environment, and subsequent effects of that
energy transfer (Johnson and Miyanishi 2001; O’Brien
et al. 2018; Atchley et al. 2021). Ecological responses to
this energy transfer occur along a spectrum of interact-
ing stochastic-to-deterministic mechanisms, both intrin-
sic and extrinsic to fire. For example, individual plant
mortality can be driven by the variation in fire intensity
that is the result of millions of consecutive fluctuations
in fire-atmosphere coupling (Kobziar et al. 2006; Trouvé
et al. 2021) or fine-scale variation in surface fuel char-
acteristics driven by, for example, the random location
where a pine needle falls and settles against a blade of
grass (Loudermilk et al. 2014; O’Brien et al. 2018; Rit-
ter et al. 2020). Alternatively, some fire effects are more
predictable and the result of innate characteristics of
species such as heat-stimulated seed germination or
protective bark (see traits in Principle 1). These types of
ecological drivers can occur independently or interact to
shape fire-driven ecological outcomes at various scales of
observation.

Stochastic fire effects can occur through variation in
fire energy release driven by random or quasi-random
processes, such as air turbulence or spatial arrangement
and condition of vegetation at the moment a fire passes
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through. These stochastic elements can be captured using
probabilities bounded by empirical evidence. For exam-
ple, Loudermilk et al. (2019) showed that the influence of
fire on plant community assembly was driven by random
birth and mortality of individual plants caused by spatial
variation of fire energy release, that itself was the result
of random vegetation and fuel distribution (O’Brien et al.
2016). The spatial arrangement of fuels at fine scales has
deterministic (e.g. falling foliage driven by tree size, type,
shape, and gravity) and random properties, such as the
final resting spot of foliage or cones after falling from
a tree. Although each tree defines the larger domain of
where a cone may fall, climate, plant productivity, animal
behavior, and weather variables define when and where
each cone falls within that domain. These impacts can
also extend beyond plant community dynamics to explain
patterns in insect and interaction diversity, all driven by
the fine-scale variation in heat dose-dependent mortality
(Dell et al. 2017; 2019).

The complex dynamics of fire-atmosphere coupling
can also result in stochastic differences in fire energy
release that can drive local variation in vegetation inter-
actions with fire behavior (Jonko et al. 2021) and result-
ing plant injury and mortality (Wiggers et al. 2013). For
example, turbulence and entrainment of air are based on
variations in local vegetation structure, such as canopy
gaps or thinning. Opening of the canopy also increases
the penetration of solar radiation, causing a drying effect
on surface vegetation that was previously shaded. The
interaction of these two phenomena can create a hetero-
geneous fuel moisture environment, and complex inter-
actions with climate, weather, and topography that drive
positive and negative feedbacks with fire behavior and
effects (Matthews et al. 2012; Marshall et al. 2020; Baner-
jee et al. 2020b, a). Stochasticity in flame patterns is also
seen at small scales (e.g. cm to m) due to turbulent flame
dynamics driven by structures such as Gortler vortices;
these structures are visible only recently due to new tech-
nologies such as high-speed thermal imagery (e.g. Katurji
etal. 2021).

Deterministic responses to fire are often more eas-
ily observed and have been the focus of most fire effects
research. Species traits help predict fire effects and are
often linked to the magnitude of fire energy release in an
ecosystem and/or frequency of repetitive fires (Stevens
et al. 2020; Burton et al. 2021). For example, ants some-
times form mutualistic relationships with trees in fre-
quent-fire ecosystems, with the payoff for the ants driven
by protection or enhancement of resources or habitat,
and the payoff for the tree driven by ant modification of
surrounding fine fuels (Janzen 1967; Dalrymple and Saf-
ford 2019). As illustrated in Principle 1, high-severity
fires that remove overstory biomass favor reproductive
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strategies such as serotinous cones and recovery of
aboveground tissue from underground tissues or epi-
cormic buds. Alternatively, traits such as thick bark and
self-pruning limbs are attributed to low rates of and
total energy release fires where overstory trees escape
most damage (Bond and Keeley 2005). While immedi-
ate fire effects can at times be deterministic with respect
to fire energy, the post-fire responses may still be heav-
ily influenced by less predictable events. These include
short-term climate variation, local weather, other change
agents such as fungal pathogens or bark beetles, and local
variation in fire behavior and intensity, notwithstanding
ignition patterns and topography.

Research on fire effects through the lens of dose-
response relationships is useful along the entire contin-
uum of causal drivers. For example, lethal energy dose
for individual organism mortality is best characterized
as a probabilistic function of the dose—response relation-
ship (Smith et al. 2016; Sparks et al. 2017). Plant tissues
likely have discrete or discernible thresholds for mortal-
ity (Lodge et al. 2018), where mechanisms for mortality
and dose dependence can be quantified (O’Brien et al.
2018; Partelli-Feltrin et al. 2023). However, interactions
among fire and non-fire drivers of ecological responses
can alter the magnitude of heat dose-dependent thresh-
olds. For example, the threshold heat dose for plant mor-
tality is heavily influenced by pre- and post-fire drought,
beneficial or pathogenic insect or microbial presence,
temperature extremes, and other non-fire events (Hood
et al. 2018). The relative importance of damage to dif-
ferent plant tissues is only beginning to be examined
(Partelli-Feltrin et al. 2023). Traditional assumptions of
“lethal dosages” such as 60 °C for 1 min are increasingly
being challenged as fire effects studies expand to include
diverse lifeforms beyond or mutualistic/symbiotic with
plants (Pingree and Kobziar 2019). For example, many
fungal and bacterial species demonstrate extraordinary
tolerance to even long-duration high-temperature heat-
ing in some soil environments (Pingree and Kobziar
2019; Gow 2009; Whitman et al. 2019). Understanding
the nature of each causal mechanism, i.e., random or
deterministic or some combination of the two, is critical
for developing better predictions of ecosystem responses
to fire. Fire has been described as being a dynamic system
with characteristics of a steady state (Finney et al. 2021).
Decoupling direct, indirect, and interacting mechanisms
will likely be essential for a clearer understanding of
causal drivers of fire effects, which can in turn increase
a broader understanding of the evolution of species traits
and their relationship to fire. In this way, impacts can
be better understood even as novel post-fire conditions
emerge through accelerating global change.
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Further complexity arises from the impacts of impor-
tant non-fire drivers on ecological responses after fire.
For example, links between fire energy transfer and fire
effects can be decoupled by extrinsic interactions such
as the impact of a post-fire drought on a plant’s abil-
ity to recover from crown damage (Barker et al. 2022).
Some interactions generate feedback loops that sustain
ecosystem properties, while others can create unpredict-
able, non-linear, or state-changing outcomes. As with
feedbacks of multiple fires (Principle 3), a dramatic shift
away from a fire-maintained plant community could
result from the loss of a single foundation species if that
species also serves to produce the fuel that carries fire- a
situation observed with the complete loss of Pinus cari-
baea overstory as a result of an introduced insect patho-
gen (Dani Sanchez et al. 2019). Such extrinsic factors will
require coupling variation in fire behavior to climate and
ecological process modeling to understand non-linear or
novel outcomes.

Spatial heterogeneity in fire effects results from pre-
fire characteristics of the landscape (including varia-
tions in fuel arrangement and antecedent fuel moisture
across topographic gradients) as well as conditions
that occur during the fire. These conditions include
variations in weather and the way wind moves across
dissected topography, fuel moisture fluctuations in
response to weather, and the direction fire enters veg-
etation (e.g., heading, flanking, or backing). The spatial
heterogeneity results from characteristics of the land-
scape that could be measured or known (determinis-
tic) intersecting with chaotic factors such as weather
(stochastic). Fire is thus an important player in the
field of landscape ecology, which studies interactions
and diversity of lifeforms and the natural environ-
ment at a landscape scale. Fire effects often occur in
patches of low, moderate, and high severity dispersed
across the burned area, with the size and propor-
tion of these patches (an element of “pyrodiversity”;
Steel et al. 2021) varying from fire to fire, even within
the same fire regime (Collins and Stephens 2010). Fire
patch size can greatly affect post-fire vegetation trajec-
tories, as distance to seed source is a major factor in
whether an area experiences post-fire tree regeneration
(the closer a burned area is to seed source, the more
likely it is to regenerate; Stevens-Rumann and Morgan
2019). Fire patch size also links to post-fire abiotic fac-
tors, with areas with larger patches and higher propor-
tion of moderate and high-severity fire and higher slope
more likely to experience debris flows than areas of
low severity and lower slope (Gartner et al. 2015; Hyde
et al. 2016a, b). Patchiness of a landscape is related to
post-fire outcomes, as recently burned areas tend to
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slow fire spread (Parks et al. 2015) and may also act as
areas where firefighters can pursue suppression tactics.
Fire generates complexity in both vertical (e.g., removal
of ladder fuels) and horizontal (e.g., variation in fire
severity patches) directions. Each of these mechanisms
for fire effects across a landscape represents a complex
combination of deterministic and stochastic elements.

Predicting post-fire outcomes in a rapidly chang-
ing climate future depends on understanding of causal
mechanisms to improve parameterization of ecosystem
process models (Dickman et al. 2023). Despite the long-
standing recognition that fire effects must be understood
in the context of climate change (Flannigan et al. 2009),
some models fail to capture fire as a physical process of
interacting atmosphere-vegetation-fire feedbacks as well
as resulting fire effects. Instead, many vegetation mod-
els use indirect scale-dependent ecological phenomena
influenced by fire, such as estimates or thresholds of fire
effects on seed dispersal and recruitment ability and limi-
tations, mortality and re-sprouting patterns, post-burn
depredation, and cumulative soil impacts, but still treat
each fire as an event with predetermined behavioral char-
acteristics and ecological responses (Fisher et al. 2018,
Keane et al. 1996, Scheller et al. 2019, Sturtevant et al.
2009). It is important to note that integrating complex-
ity into ecological models does not always translate into
greater accuracy and precision—it only ensures impor-
tant processes are accounted for in the computation of
fire effects.

Including fire-atmospheric feedbacks and better under-
standing of the physics of fire behavior in models will fill
an important need for mechanistically linking dynamic
fire behavior to feedbacks with fire effects, vegetation
response, and future fire conditions, as well as helping to
guide effective fire management. The coupling of mecha-
nistic models with models that incorporate a range of
variability within the stochastic to deterministic contin-
uum can be used to identify unknowns and test whether
they affect underlying processes that occur at different
scales. In addition, techniques such as scenario plan-
ning can be used in models to address phenomena for
which the probability of stochastic events (e.g. weather)
is not known (Riley and Thompson 2016). As our current
climate-fire interactions disrupt ecosystem trajectories
and create novel conditions, a more mechanistic under-
standing of the relationships between fire behavior and
its impacts from the sub-meter to the landscape scale can
improve our ability to predict and plan for both stochas-
tic and deterministic fire effects.
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Principle #5: human ideas, institutions,
and impacts are key drivers of historical,
contemporary, and future fire

The inextricable human relationship with fire has a
long and complex history. Unlike most other natural
disturbances, fire has a broad range of human uses
and can be applied intentionally as an ecological
forcing agent with reasonably predictable results.
Although humans are one of many regulators of
fire, uniquely sentient human ideas, morals, ethics,
and policies drive decisions that affect fire across
the globe and at scales ranging up to the entirety of
the Earth system. This makes the human regulation
of fire a fundamentally different process requiring a
diversity of scientific approaches (e.g., anthropology,
geography, behavioral science, policy etc., integrated
with natural sciences). Fire is and always has been
a tool for achieving human objectives, be they bio-
logical, ecological, cultural, or combinations thereof.
At the same time, some uncontrolled fires are having
devastating impacts on humans and their environ-
ment. Ultimately, the human relationship to fire will
continue to be a major driver of fire ecology research
and of societal capacity to adapt to ongoing environ-
mental and climatic changes.

Early human use of fire
Early hominids observed and experienced fire for mil-
lennia, often taking advantage of naturally ignited fire
for foraging (Glikson 2013). Human control of fire
for domestic purposes can be confidently dated to
the Middle Pleistocene Epoch, between 300,000 and
400,000 years before present (James et al. 1989; Roe-
broeks and Villa 2011; Agam et al. 2021; James et al.
1989). There is some evidence of potentially much earlier
fire control (Hlubik et al. 2017). By the middle of the Mid-
dle Paleolithic (c. 150,000 ybp), humans in many parts of
the globe were regularly harnessing fire. As suggested by
the large increase in fire-related deposits and artifacts
in Europe between 130,000 and 70,000 years ago (Roe-
broeks and Villa 2011), uses evolved gradually, beginning
with the provision of warmth, light, protection, and the
ability to live in colder climes; to the increased efficiency
of hunting tools and practices; to the ability to cook meat
for easier ingestion of protein, the manufacture of more
sophisticated tools, and the production of materials like
adhesives (Carmody and Wrangham 2009; Clark and
Harris 1985).

This extended history of fire usage reflects and can
be considered a driver of the evolution of human soci-
ety and culture, leading to technological and cultural
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advancement. This is evidenced by ideological and reli-
gious belief systems from around the world (Frazer 2019).
Examples include the ancient Greek myth of Prometheus’
theft of fire from Zeus; the exploits of the Polynesian
mythological hero Maui, who stole the ability to make
fire from the goddess Mahuika; Mixcoatl’s gift of fire to
humans in Aztec mythology; and Manco Capac, at once
the Incan god of fire and sun and founder of Incan soci-
ety, who is credited in Incan mythology with introducing
humanity to technology (Frazer 2019). These mytholo-
gies capture the transition of the human relationship with
fire from a natural force to be reckoned with to a highly
valuable tool. For millennia, and continuing still today,
Indigenous communities actively use fire to manage veg-
etation for numerous purposes, such as providing protec-
tion from predators and other humans, preparing land
for agriculture and grazing, and promoting the growth
of plants for food, medicine, shelter, basket making, and
other practical uses (Kimmerer and Lake 2001; Lake et al.
2017; Lake and Christianson 2019; Greenwood et al.
2022).

The dawn of “bad” fire

Unlike the above examples, the Judeo-Christian concep-
tion of Hades and Hell can be seen as a platform sup-
porting largely fearful and antagonistic views of fire in
many European traditions. European colonization of
much of the world in the 17th-nineteenth centuries
was accompanied by the exportation of such pyropho-
bic attitudes to newly inhabited continents that soon
became a dominant paradigm (Pyne 1997). This shift in
perspective was driven by several factors that include
the predominant use of wood in European-built struc-
tures and perceptions that demonized fire itself (e.g.,
religious linkages to hell, racist viewpoints, destruction
of nature, etc.). Development of progressively more effec-
tive fire control technologies soon followed. Often, this
promoted the design of public information campaigns
that criminalized cultural burning (Seijo 2009). In many
colonized regions—Australia and North America are the
best-known examples—Indigenous peoples were for-
cibly removed from their ancestral lands and prevented
from conducting traditional practices, including cultural
burning (Cronon 1996). Large landscapes were set aside
in national parks and other reserves to preserve their
“pristine” nature and protect them from human depreda-
tions (Stamou 2002; Laris and Wardell 2006; Seijo et al.
2020; Ladino et al. 2022; Armenteras and de la Barrera
2023). European-derived models of forest management,
which were adopted by most colonies, ex-colonies, and
other Europeanized societies in the late 19th and early
twentieth centuries, narrowly defined the value of for-
ests as sources of timber, and perceived fires as wasteful,
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destructive, and unnatural (Safford and Stevens 2017;
Pausas and Bond 2019). The rise of modern fire-fight-
ing technologies—trucks, planes, helicopters, profes-
sional wildland fire-fighting organizations—and tactics
increased fire suppression effectiveness and reduced risk,
and led to delusions that absolute control of fire was in
reach (Pyne 1997). Today, in the early twenty-first cen-
tury, most nations on Earth continue to strongly discour-
age the use of fire as an ecosystem management tool.

Recognition of “good” fire

By the late 1960s, a growing body of research began to
demonstrate that (1) fire, including cultural burning,
plays an important ecological role in natural ecosys-
tems, and (2) fire exclusion has resulted in a series of
detrimental ecological impacts (Leopold et al. 1963).
This research was originally centered in South Africa,
but soon expanded to other nations, including the USA,
Australia, the Mediterranean Basin, east Africa, and Bra-
zil (Pyne 1991; Van Wilgen et al. 2011; Welch et al. 2013;
Pooley 2022). In the USA, the rise of fire ecology research
was coincident with—and influenced—the environmen-
tal movement. By the mid-1970s, all the US federal land
and resource management agencies had stepped away
from full fire suppression as a policy and embraced the
notion of “ecological fire management” (Stephens and
Ruth 2005). It has only been more recently that Euro-
pean-centric viewpoints have begun to shift to acknowl-
edge that Indigenous peoples and cultural burning are
intrinsically part of the social-ecological system and fire
regimes rather than separated from lightning-ignited
fires (Whitlock et al. 2010; Lake et al. 2017; Larson et al.
2021; Copes-Gerbitz et al. 2022). However, a number of
causes contribute to continued fire suppression, includ-
ing public misperception of fire’s role in ecosystems and
institutional causes such as inertia and the transference
of blame to fire managers (Calkin et al. 2015). For many
reasons, fire suppression continues to dominate fire man-
agement in the US, such that approximately 98% of all
wildland ignitions in the USA are extinguished before
they reach 120 ha (Calkin et al. 2005).

Although US influence on many western nations’ wild-
land fire policy and practice has been significant (e.g.,
fire-fighting technologies and the tacit focus on fire pre-
vention and suppression), several Latin American nations
have sought to adopt more liberal policies relative to fire
use as a management tool. This more recent shift largely
is based on findings from internal domestic science and
influence by international non-governmental organiza-
tions (NGOs), like The Nature Conservancy and World
Wildlife Fund. Mexico formally transitioned from full
fire suppression to fire management in 2017 (see evi-
dence of earlier unsuppressed wildfires in Baja California;
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Stephens, Fry, and Franco-Vizcaino 2008; Murphy et al.
2021), and Brazil has been on the verge of making a
similar change for at least a decade (L. Steil, FAO, pers.
comm.). Colombia has also considered making changes
to its current complete ban on fire use, but those efforts
are currently stalled (S. Rodrigues-Buritacd, Instituto
Humboldt, pers. comm.). Only a few nations in the rest
of the world have formally adopted fire management pol-
icies that recognize the ecological importance of fire in
some ecosystems; these include South Africa, Australia,
Spain, Portugal, and a few nations in the Mediterranean
Basin. However, as policies shift in relation to global cli-
mate change and other major drivers, advances towards
fire management reform in many of these countries con-
tinue to be precarious (Seijo et al. 2015).

Confounding factors

The word “crisis” is being used to describe the current
state of wildland fire with regard to impact on human
communities (for example, the US Forest Service’s Wild-
fire Crisis Strategy). The factors contributing to this char-
acterization are difficult if not impossible to disentangle,
as they include complex interactions between changes
in fuels caused by decades of fire suppression, land use
changes, expanding Wildland-Urban Interface (WUI),
and changes in climate, along with shifting attitudes and
philosophies about fire-human relationships (Ladino
et al. 2022). There is evidence that at the global scale,
area burned in the last few decades is actually decreasing
rather than increasing ( Doerr and Santin 2016; Andela
et al. 2017; Giglio et al. 2013). Yet fire’s impact on global
human communities continues to grow with a rise in
the intersection of human populations, fire, and more
recently, intercontinental smoke. Both climate change
and the long-distance transport of smoke from large,
long-duration wildfires demonstrate that the effects of
fire on humans extend beyond the fire perimeter and
burn period.

The human relationship with fire has contributed to
environmental challenges of the 20th and early twenty-
first centuries. The combustion of vegetation and fos-
sil fuels, including estimated biomass burning release
of 2069 Tg C year !(van Wees et al. 2022), discharges
more than 10 Pg of carbon per year—an overall carbon
release rate (at least for the dominant fossil fuels emis-
sions) that is unprecedented over at least the last 66 mil-
lion years (Zeebe et al. 2016). Resulting climate change
has compounded land use/fuels management impacts
and contributed to changes in fire regimes that shift
species composition and abundance, stimulate ecologi-
cal invasion, and provoke changes in carbon and water
cycling, wildlife habitat, ecosystem services, and climate
resilience (Bowman et al. 2009; Johnstone et al. 2010;
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McLauchlan et al. 2020; Rakhmatulina et al. 2021). In
much of the world, changes have resulted in larger, more
severe fires that can be destructive to ecosystem pro-
cesses and human wellbeing (Bowman et al. 2017; Halof-
sky et al. 2020; Mueller et al. 2020).

Extreme weather-driven wildfire outbreaks have
caused significant economic losses and human mortality
(Moreira et al. 2020; Safford et al. 2022). Under warming
and drying climates, fires set for agricultural purposes in
tropical latitudes are more likely to escape and the scale
of burning has amplified due to increased land ownership
consolidation. Aside from the widespread loss of tropi-
cal forest, this has led to increased respiratory disease
and related mortality in (mostly) rural human popula-
tions, and economic and livelihood losses to small land-
holders (Nepstad et al. 2001; Frankenberg et al. 2005). In
subtropical savanna systems, institutional resistance to
small-scale cultural fire use has resulted in social conflict,
economic hardship, and stark contradictions between
national policies and local practice (Kull 2004; Archibald
2016; Moura et al. 2019).

Rapid development spurred by the housing crisis and
subsequent building in fire-prone areas in the wildland-
urban interface (WUI) have exacerbated the conditions
that can limit application of effective vegetation manage-
ment practices (Syphard et al. 2012; Radeloff et al. 2018).
Since 1990, tens of millions of new homes have been built
in the WUI in countries like the USA, Australia, South
Africa, and Chile, with hundreds of thousands of homes
damaged by or lost to wildfire in the same period (e.g.,
Radeloff et al. 2018; Godoy et al. 2019). Since 2015, in
California, USA alone, nearly 50,000 homes, commer-
cial buildings, and other structures have been destroyed
by wildfires, nearly 200 people have died, and insured
economic losses have exceeded $50 billion (Safford et al.
2022). Direct fire-caused damage and death in the Medi-
terranean Basin, Chile, and Australia have been also cen-
tered on human populations in the WUI (Moreira et al.
2020; Filkov et al. 2020; Ganteaume et al. 2021). In addi-
tion, recent studies suggest that the impacts of smoke on
respiratory and cardiovascular systems during and fol-
lowing major wildfire seasons cause morbidity and death
for many thousands of people worldwide (O’Dell et al.
2021; Hahn et al. 2021; Akdis and Nadeau 2022).

Toward a paradigm shift

Conventional land and fire management may be ill-pre-
pared to face the synergistic effects of legacy management
policies and practices, climate change, and the expansion
of ex-urban development in fire-prone landscapes (North
et al. 2015; Moreira et al. 2020). Fire suppression usu-
ally begets higher fuel loadings and increased vegetation
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homogeneity that fosters subsequent larger, more intense,
and dangerous fires. Arguably, novel applications of
existing practices bode well for effectively facing these
complex challenges. Many organizations and existing
programs (e.g., Fire Learning Networks, cooperative
extension programs, prescribed fire councils, prescribed
fire training exchanges) are potential tools to address bar-
riers that may hinder the broad use of intentional fire in
vegetation management, particularly if they join forces
to engage in coordinated and collaborative partnerships
to evaluate novel approaches, not simply expand exist-
ing practice. Similarly, NGOs, government agencies, and
academic institutions can play a key role in leading effec-
tive communications globally about the need for flexible
fire management policies. These institutions are critical
to educate the broader public about the intentional use of
fire as a mechanism for dispelling common misconcep-
tions surrounding the good fire-bad fire dichotomy. They
also possess unique opportunities to promote concepts
of ecological resilience, where the focus is less about rec-
reating the pre-industrial past and more about using his-
torical baselines as waypoints or roadmaps rather than
endpoints (Safford et al. 2012; Freeman et al. 2017). Ide-
ally, academic institutions, state and federal agencies, and
NGOs will continue to build translational ecology and
boundary-spanning capacities to address and convey the
complex interdisciplinary nature of fire ecology (Enquist
et al. 2017; Safford et al. 2017).

Opportunities to recognize, incorporate, and equally
value traditional and diverse Indigenous knowledge
systems and practices alongside other fire management
approaches may improve and accelerate the capacity of
forest and fire managers to meet the challenges of rapid
climatic and land use changes (Seijo et al. 2015). This
is particularly true with the current and growing inter-
est in the traditional Indigenous use of fire around the
globe (Yibarbuk et al. 2001; Hoffman et al. 2021). The
recognition of the importance of cultural burning not
only within Indigenous societies but for its broader
landscape applications holds great promise for land-
scape stewardship, in addition to facilitating the estab-
lishment of community and ecosystem resilience to
climate change (Hoffman et al. 2021; Long et al. 2021).
This is consistent with recent research (Long et al. 2017;
Marks-Block et al. 2021; Adlam et al. 2021) that conveys
the current relevance of Indigenous knowledge systems
that have evolved over millennia. Moreover, Indige-
nous approaches to fire often reflect a nuanced under-
standing of and relationship with fire that is based on
respect-oriented stewardship of landscapes that com-
prise ancestral homelands. Such human connections
to the land extend beyond the context of functional
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ecological processes and can serve to demonstrate the
many dimensions of community well-being.

Finally, socio-ecological considerations of truly adap-
tive land and fire management require reconsider-
ing common metrics, such as annual area burned. The
standard use of area burned is no longer adequate for
characterizing the growing impacts of climate change
on humans and ecosystems (Hood et al. 2022; Macdon-
ald et al. 2023), and suggests that any form of increased
fire is necessarily negative. Some have argued that the
focus should be on an assessment of the socio-ecological
context and impacts of fire (or its absence; Moreira et al.
2020). This extends to our understanding of the efficacy
of human intervention practices and policy in the con-
text of scope, scale, improved ecological outcomes (per
Moreira et al. 2020), and avoided socio-ecological dam-
age. In sum, humans are inextricably connected to fire,
both the good and the bad. Ultimately, the human rela-
tionship to fire will be a major determinant of our capac-
ity to adapt to ongoing and intensifying environmental
and climatic changes.

Conclusion

As these Principles demonstrate, fire ecology represents
the nexus of many related fields, from ecology and biol-
ogy to fluid dynamics and combustion science, from
anthropology to behavioral science and public policy.
Defining the key theoretical underpinnings of this inte-
grated field helps ensure fire ecology’s scientific rigor. For
example, reporting fire effects in the context of measured
abiotic conditions and/or fire behavior supports princi-
ples 2 and 3. By clearly articulating the conceptual foun-
dation for the disciplinary space fire ecology uniquely
occupies, we hope to set standards for hypothesis formu-
lation, experimentation, observation, and interpretation.
These principles can structure future development of
theory and promote a holistic consideration of fire ecol-
ogy’s scope and relevance.

The five principles articulated here anchor fire ecology
as a distinct discipline key to understanding life on Earth.
Fire is now (and for a long time has been) part of human
social systems, affected by human values, decisions,
laws, and intent, which drive human-fire relationships
and the ecological consequences of those relationships.
This linkage to humans and human systems is inextrica-
ble and recognizes both evolutionary ties between fire
and Homo sapiens, and the long cultural connections of
fire to human societies that are often reflected in endur-
ing Indigenous ecological knowledge. Understanding
fire effects both as an integrated biophysical, chemical,
and social phenomenon, and a complex interplay of bio-
mass-mediated energy transfer, underscores the need for
mechanistic understanding of fire and its effects on all
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ecosystem components. Such an understanding would
bridge the two sub-disciplines that have traditionally
bifurcated the discipline between combustion science
and fire effects.

While our expectation is that these principles represent
a comprehensive distillation of foundational knowledge
for the field, we recognize that as knowledge grows, so
too will our understanding of fire ecology principles. Our
hope is that this effort allows for a continuing and robust
conversation about what comprises the discipline of fire
ecology, and better positions future fire research for rapid
advances in knowledge and sustainable management of
fire in an ever-changing world.

Acknowledgements

The ideas presented here have been influenced by countless individuals who
have contributed to the field of fire ecology from its inception. We acknowl-
edge the critical input from internal and external reviewers and the students
of fire ecology whose questions, curiosity, and ideas promote our discipline’s
improvement. We are also grateful for the great diversity of fire practition-

ers whose work requires that our science is meaningful and enduringly
relevant. We thank our internal reviewers who improved the manuscript prior
to submission.

Authors’ contributions

Kobziar and Hiers contributed equally to the manuscript, conceiving of the
original ideas and defining the final principles, writing the Introduction and
Conclusion, leading or co-leading the writing of Principles 2, 3, and 4, and
overall editing. Belcher, Bond, Enquist, Loudermilk, Miesel, O'Brien, Pausas,
Riley, Safford, Wall, Watts, and Varner led the writing teams for different princi-
ples of the manuscript. The remainder of the authors plus the principle leaders
provided intellectual and editorial input across the manuscript.

Funding
No funding to report.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Forest, Rangeland, and Fire Sciences, University of Idaho, 1031
N. Academic Way, Coeur d’Alene, ID 83844, USA. “Natural Resources Institute,
Texas A&M University, 1747 Pennsylvania Ave NW, Washington, DC 20006, USA.
3wildFIRE Lab, Hatherly Laboratories, University of Exeter, Prince of Wales Road,
Exeter, Devon EX4 4PS, UK. “Department of Biological Sciences, University

of Cape Town, Rondebosch 7701, South Africa. 5US. Geological Survey, South-
west Climate Adaptation Science Center, Ecosystems Mission Area, Reston,
VA, USA. ®USDA Forest Service Southern Research Station, Athens Prescribed
Fire Science Laboratory, Athens, GA 30606, USA. Department of Plant,

Soil and Microbial Sciences and Graduate Program in Ecology, Evolution

and Behavior, Michigan State University, East Lansing, MI 48824, USA. 8CIDE-
CSIC, IVIA Campus, Ctra. Naquera Km. 4.5, 46113 Montcada, Valencia, Spain.
“Missoula Fire Sciences Lab, Rocky Mountain Research Station, US Forest
Service, Missoula, MT 59808, USA. mDepartmem of Forest, Rangeland, and Fire
Sciences, University of Idaho, 875 Perimeter Dr. MS 1133, Moscow, ID 83844,



Kobziar et al. Fire Ecology (2024) 20:39

USA. "TUSDA Forest Service, Bitterroot National Forest, 1801 N 1st Street,
Hamilton, MT 59840, USA. '?Vibrant Planet, Incline Village, Department of Envi-
ronmental Science and Policy, University of California, Davis, USA. "®Instituto
de Empresa, School of Politics, Economics and Global Affairs, 28006 Madrid,
Spain. "“Tall Timbers Research Station, 13093 Henry Beadel Drive, Tallahas-
see, FL 32312, USA. "®Division of Atmospheric Sciences, DRI, Reno, NV 89523,
USA. "6USDA Forest Service Pacific Wildland Fire Sciences Laboratory, Pacific
Northwest Research Station, Seattle, WA 98103, USA.

Received: 17 January 2024 Accepted: 3 April 2024
Published online: 25 April 2024

References

Atchley, Adam L., Rodman Linn, Alex Jonko, Chad Hoffman, Jeffrey D. Hyman,
Francois Pimont, Carolyn Sieg, and Richard S. Middleton. 2021. Effects of
fuel spatial distribution on wildland fire behaviour. International Journal
of Wildland Fire 30 (3): 179-189.

Balch, JK, B.A. Bradley, CM. D'’Antonio, and J. GdGmez-Dans. 2013. Introduced
annual grass increases regional fire activity across the arid western USA
(1980-2009). Global Change Biology 19 (1): 173-183.

Banerjee, Tirtha, Warren Heilman, J. Scott Goodrick, Kevin Hiers, and Rod Linn.
2020a. Effects of canopy midstory management and fuel moisture on
wildfire behavior. Scientific Reports 10 (1): 1-14.

Barker, J.S.,, AN. Gray, and J.S. Fried. 2022. The effects of crown scorch on post-
fire delayed mortality are modified by drought exposure in California
(USA). Fire 5 (1): 21.

Abatzoglou, J.T,, and A.P. Williams. 2016. Impact of anthropogenic climate
change on wildfire across western US forests. Proceedings of the
National Academy of Sciences 113 (42): 11770-11775.

Adkins, J.,, KM. Docherty, J.L.M. Gutknecht, and J.R. Miesel. 2020. How do soil
microbial communities respond to fire in the intermediate term? Inves-
tigating direct and indirect effects associated with fire occurrence and
burn severity. Science of the Total Environment 745 (November): 140957.
https://doi.org/10.1016/j.scitotenv.2020.140957.

Adkins, J., J. Sanderman, and J. Miesel. 2019. Soil carbon pools and fluxes
vary across a burn severity gradient three years after wildfire in Sierra
Nevada mixed-conifer forest. Geoderma 333 (January): 10-22. https://
doi.org/10.1016/j.geoderma.2018.07.009.

Adlam, C,, D. Almendariz, R. W. Goode, D. J. Martinez, and B. R. Middleton. 2021.
“Keepers of the Flame: Supporting the Revitalization of Indigenous
Cultural Burning!" Society & Natural Resources 0 (0): 1-16. https://doi.org/
10.1080/08941920.2021.2006385

Agam, A, I. Azuri, |. Pinkas, A. Gopher, and F. Natalio. 2021. Estimating tem-
peratures of heated lower palaeolithic flint artefacts. Nature Human
Behaviour 5 (2): 221-228. https://doi.org/10.1038/541562-020-00955-z.

Agee, JK. 1996. Fire Ecology of Pacific Northwest Forests. Island Press.

Akdis, CA, and K.C. Nadeau. 2022. Human and planetary health on fire.
Nature Reviews. Immunology 22 (11): 651. https://doi.org/10.1038/
$41577-022-00776-3.

Alvarez-Ruiz, L., J. Belliure, and J.G. Pausas. 2021a. Fire-driven behavioral
response to smoke in a mediterranean lizard. Behavioral Ecology 32 (4):
662-667. https://doi.org/10.1093/beheco/arab010.

Alvarez-Ruiz, L, J. Belliure, X. Santos, and J.G. Pausas. 2021b. Fire reduces
parasite load in a mediterranean lizard. Proceedings of the Royal Society
b: Biological Sciences 288 (1954): 20211230. https://doi.org/10.1098/
rspb.2021.1230.

Alvarez-Ruiz, L, J.G. Pausas, D.T. Blumstein, and B.J. Putman. 2023. Lizards'
response to the sound of fire is modified by fire history. Animal Behav-
iour 196 (February): 91-102. https://doi.org/10.1016/j.anbehav.2022.12.
002.

Andela, N., D.C. Morton, L. Giglio, Y. Chen, G.R. van der Werf, PS. Kasibhatla, R.S.
DeFries, et al. 2017. A human-driven decline in global burned area. Sci-
ence 356 (6345): 1356-1362. https://doi.org/10.1126/science.aal4108.

Archibald, S. 2016. Managing the human component of fire regimes: lessons
from Africa. Philosophical Transactions of the Royal Society b: Biological
Sciences 371 (1696): 20150346. https://doi.org/10.1098/rstb.2015.0346.

Archibald, S, CER. Lehmann, JL. Gdmez-Dans, and R.A. Bradstock. 2013.
Defining pyromes and global syndromes of fire regimes. Proceedings of

Page 20 of 28

the National Academy of Sciences of the United States of America 110 (16):
6442-6447. https.//doi.org/10.1073/pnas.1211466110.

Armenteras, D, and F. de la Barrera. 2023. Landscape management is urgently
needed to address the rise of megafires in South America. Com-
munications Earth & Environment 4 (1): 1-4. https://doi.org/10.1038/
$43247-023-00964-6.

Aubry-Wake, C,, A. Bertoncini, and J.W. Pomeroy. 2022. Fire and ice: the impact
of wildfire-affected albedo and irradiance on glacier melt. Earth’s Future
10 (4): €2022EF002685. https://doi.org/10.1029/2022EF002685.

Baker, S.J,, R.A. Dewhirst, J.C. McElwain, M. Haworth, and C.M. Belcher. 2022.
CO2-Induced biochemical changes in leaf volatiles decreased fire-
intensity in the run-up to the triassic-jurassic boundary. New Phytologist
235 (4): 1442-1454. https://doi.org/10.1111/nph.18299.

Balfour, V.N., S.H. Doerr, PR. Robichaud, V.N. Balfour, S.H. Doerr, and PR.
Robichaud. 2014. The temporal evolution of wildfire ash and implica-
tions for post-fire infiltration. International Journal of Wildland Fire 23 (5):
733-745. https://doi.org/10.1071/WF13159.

Banerjee, T, W. Heilman, S. Goodrick, J.K. Hiers, and R. Linn. 2020b. Effects
of canopy midstory management and fuel moisture on wildfire
behavior. Scientific Reports 10 (1): 17312. https://doi.org/10.1038/
$41598-020-74338-9.

Barry, KR, T.CJ. Hill, EJT. Levin, CH. Twohy, K.A. Moore, Z.D. Weller, D.W.
Toohey, et al. 2021. Observations of Ice nucleating particles in the free
troposphere From Western US Wildfires. Journal of Geophysical Research:
Atmospheres 126 (3): €2020JD033752. https://doi.org/10.1029/2020)
D033752.

Beerling, D.J,, C.P. Osborne, and W.G. Chaloner. 2001. Evolution of leaf-form in
land plants linked to atmospheric CO2 decline in the Late Palaeozoic
Era. Nature 410 (6826): 352-354. https://doi.org/10.1038/35066546.

Beerling, David J., and C.P. Osborne. 2006. The Origin of the Savanna Biome.
Global Change Biology 12 (11): 2023-2031. https://doi.org/10.1111/j.
1365-2486.2006.01239.x.

Belcher, C. M., M. E. Collinson, and A. C. Scott. 2013."A 450-Million-Year History
of Fire!In Fire Phenomena and the Earth System, 229-49. John Wiley &
Sons, Ltd. https://doi.org/10.1002/9781118529539.ch12. Accessed 11
Dec 2023.

Belcher, CM.,, and V.A. Hudspith. 2017. Changes to cretaceous surface fire
behaviour influenced the spread of the early angiosperms. New Phy-
tologist 213 (3): 1521-1532. https://doi.org/10.1111/nph.14264.

Belcher, CM., BJW. Mills, R. Vitali, S.J. Baker, TM. Lenton, and A.J. Watson. 2021.
The rise of angiosperms strengthened fire feedbacks and improved the
regulation of atmospheric oxygen. Nature Communications 12 (1): 503.
https://doi.org/10.1038/s41467-020-20772-2.

Belcher, CM,, J.M. Yearsley, RM. Hadden, J.C. McElwain, and G. Rein. 2010.
Baseline intrinsic flammability of earth’s ecosystems estimated from
paleoatmospheric oxygen over the past 350 million years. Proceedings
of the National Academy of Sciences 107 (52): 22448-22453. https://doi.
org/10.1073/pnas.1011974107.

Bergeron, Y, A. Leduc, B. D. Harvey, and S. Gauthier. 2002. “Natural Fire Regime:
A Guide for Sustainable Management of the Canadian Boreal Forest”
Silva Fennica 36 (1). https://www.silvafennica.fi/article/553. Accessed 11
Oct 2023.

Bodi, M.B., D.A. Martin, V.N. Balfour, C. Santin, S.H. Doerr, P. Pereira, A. Cerda,
and J. Mataix-Solera. 2014. Wildland fire ash: production, composition
and eco-hydro-geomorphic effects. Earth-Science Reviews 130 (March):
103-127. https://doi.org/10.1016/j.earscirev.2013.12.007.

Boisramé, G.FS., S.E. Thompson, C. Tague, and S.L. Stephens. 2019. Restoring
a natural fire regime alters the water balance of a sierra nevada catch-
ment. Water Resources Research 55 (7): 5751-5769. https://doi.org/10.
1029/2018WR024098.

Bond, W. J. 2019. Open Ecosystems: Ecology and Evolution beyond the Forest Edge.
Oxford University Press. https://doi.org/10.1093/050/9780198812456.
001.0001. Accessed 14 Jan 2024.

Bond, W.J, and J.E. Keeley. 2005. Fire as a global‘herbivore”: the ecology and
evolution of flammable ecosystems. Trends in Ecology & Evolution 20 (7):
387-394. https://doi.org/10.1016/j.tree.2005.04.025.

Bond, W.J.,, and JJ. Midgley. 1995. Kill Thy neighbour: an individualistic argu-
ment for the evolution of flammability. Oikos 73 (1): 79. https://doi.org/
10.2307/3545728.


https://doi.org/10.1016/j.scitotenv.2020.140957
https://doi.org/10.1016/j.geoderma.2018.07.009
https://doi.org/10.1016/j.geoderma.2018.07.009
https://doi.org/10.1080/08941920.2021.2006385
https://doi.org/10.1080/08941920.2021.2006385
https://doi.org/10.1038/s41562-020-00955-z
https://doi.org/10.1038/s41577-022-00776-3
https://doi.org/10.1038/s41577-022-00776-3
https://doi.org/10.1093/beheco/arab010
https://doi.org/10.1098/rspb.2021.1230
https://doi.org/10.1098/rspb.2021.1230
https://doi.org/10.1016/j.anbehav.2022.12.002
https://doi.org/10.1016/j.anbehav.2022.12.002
https://doi.org/10.1126/science.aal4108
https://doi.org/10.1098/rstb.2015.0346
https://doi.org/10.1073/pnas.1211466110
https://doi.org/10.1038/s43247-023-00964-6
https://doi.org/10.1038/s43247-023-00964-6
https://doi.org/10.1029/2022EF002685
https://doi.org/10.1111/nph.18299
https://doi.org/10.1071/WF13159
https://doi.org/10.1038/s41598-020-74338-9
https://doi.org/10.1038/s41598-020-74338-9
https://doi.org/10.1029/2020JD033752
https://doi.org/10.1029/2020JD033752
https://doi.org/10.1038/35066546
https://doi.org/10.1111/j.1365-2486.2006.01239.x
https://doi.org/10.1111/j.1365-2486.2006.01239.x
https://doi.org/10.1002/9781118529539.ch12
https://doi.org/10.1111/nph.14264
https://doi.org/10.1038/s41467-020-20772-2
https://doi.org/10.1073/pnas.1011974107
https://doi.org/10.1073/pnas.1011974107
https://www.silvafennica.fi/article/553
https://doi.org/10.1016/j.earscirev.2013.12.007
https://doi.org/10.1029/2018WR024098
https://doi.org/10.1029/2018WR024098
https://doi.org/10.1093/oso/9780198812456.001.0001
https://doi.org/10.1093/oso/9780198812456.001.0001
https://doi.org/10.1016/j.tree.2005.04.025
https://doi.org/10.2307/3545728
https://doi.org/10.2307/3545728

Kobziar et al. Fire Ecology (2024) 20:39

Bond, W.J,, and J.J. Midgley. 2012. Fire and the angiosperm revolutions. Inter-
national Journal of Plant Sciences 173 (6): 569-583. https://doi.org/10.
1086/665819.

Bond, W.J,, and A.C. Scott. 2010. Fire and the spread of flowering plants in the
cretaceous. New Phytologist 188 (4): 1137-1150. https://doi.org/10.
1111/j.1469-8137.2010.03418 x.

Bond, W.J,, BW. van Wilgen, and B.W.V. Wilgen. 1996. Fire and Plants. Nether-
lands: Springer.

Bonner, S. R, C. M. Hoffman, J. M. Kane, J. M. Varner, J. K. Hiers, J. J. O'Brien, H.
D. Rickard, et al. 2021. Invigorating Prescribed Fire Science Through
Improved Reporting Practices. Frontiers in Forests and Global Change 4.
https://www.frontiersin.org/article/10.3389/ffgc.2021.750699. Accessed
13 May 2022.

Bormann, BT.B.T, PS.H.S. Homann, R.L.D.L. Darbyshire, and B.A.M.A. Morris-
sette. 2008. Intense forest wildfire sharply reduces mineral soil c and
N: the first direct evidence. Canadian Journal of Forest Research 38 (11):
2771-2783. https://doi.org/10.1139/X08-136.

Bowman, D.MJ.S., JK. Balch, P. Artaxo, W.J. Bond, J.M. Carlson, M.A. Cochrane,
CM. D'Antonio, et al. 2009. Fire in the earth system. Science 324 (5926):
481-484. https://doi.org/10.1126/science.1163886.

Bowman, D.M.J.S., GJ. Williamson, J.T. Abatzoglou, CA. Kolden, M.A. Cochrane,
and AM.S. Smith. 2017. Human exposure and sensitivity to globally
extreme wildfire events. Nature Ecology & Evolution 1 (3): 1-6. https://
doi.org/10.1038/541559-016-0058.

Bowman, D. M. J. S, and S. W. Wood. 2009. Fire-Driven Land Cover Change in
Australia and W.D. Jackson’s Theory of the Fire Ecology of Southwest
Tasmania. In Tropical Fire Ecology: Climate Change, Land Use, and Eco-
system Dynamics, edited by Mark A. Cochrane, 87-111. Springer Praxis
Books. Berlin, Heidelberg: Springer. https://doi.org/10.1007/978-3-540-
77381-8_4. Accessed 14 Jan 2024.

Boyce, CK, J-E. Lee, TS. Feild, T.J. Brodribb, and M.A. Zwieniecki. 2010.
Angiosperms helped put the rain in the rainforests: the impact of plant
physiological evolution on tropical biodiversity1. Annals of the Missouri
Botanical Garden 97 (4): 527-540. https://doi.org/10.3417/2009143.

Brando, P, M. Macedo, D. Silvério, L. Rattis, L. Paolucci, A. Alencar, M. Coe, and
C. Amorim. 2020. amazon wildfires: scenes from a foreseeable disaster.
Flora 268 (July): 151609. https://doi.org/10.1016/jflora.2020.151609.

Brooks, M.L., C.M. D’Antonio, D.M. Richardson, J.B. Grace, J.E. Keeley, J.M. DiTo-
maso, R.J. Hobbs, M. Pellant, and D. Pyke. 2004. Effects of invasive alien
plants on fire regimes. BioScience 54 (7): 677-688. https://doi.org/10.
1641/0006-3568(2004)054[0677:EOIAPQO]2.0.CO;2.

Burnham, R.J, and K.R. Johnson. 2004. South American Palaeobotany and the
Origins of Neotropical Rainforests. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences 359 (1450): 1595-1610.
https://doi.org/10.1098/rstb.2004.1531.

Burrows, G.E. 2002. Epicormic Strand Structure in Angophora, Eucalyptus and
Lophostemon (Myrtaceae) - Implications for Fire Resistance and Recov-
ery. New Phytologist 153: 111-131.

Burton, J.E, JG. Cawson, All. Filkov, and T.D. Penman. 2021. Leaf Traits Predict
Global Patterns in the Structure and Flammability of Forest Litter Beds.
Journal of Ecology 109 (3): 1344-1355. https://doi.org/10.1111/1365-
2745.13561.

Busse, M.D., C.J. Shestak, and KR. Hubbert. 2013. Soil heating during burning
of forest slash piles and wood piles. International Journal of Wildland Fire
22 (6): 786. https://doi.org/10.1071/WF12179.

Calkin, D.E, KM. Gebert, J.G. Jones, and R.P. Neilson. 2005. Forest service large
fire area burned and suppression expenditure trends, 1970-2002. Jour-
nal of Forestry 103 (4): 179-183. https://doi.org/10.1093/jof/103.4.179.

Calkin, D. E,, M. P Thompson, and M. A. Finney. 2015.“Negative Consequences
of Positive Feedbacks in US Wildfire Management!” Forest Ecosystems 2
(2). https://doi.org/10.1186/540663-015-0033-8. Accessed 10 Mar 2024.

Cannon, S.H., J.E. Gartner, M.G. Rupert, J.A. Michael, AH. Rea, and C. Parrett.
2010. Predicting the probability and volume of postwildfire debris flows
in the intermountain Western United States. GSA Bulletin 122 (1-2):
127-144. https://doi.org/10.1130/B26459.1.

Carmody, RN, and RW. Wrangham. 2009. Cooking and the human commit-
ment to a high-quality diet. Cold Spring Harbor Symposia on Quantitative
Biology 74: 427-434. https://doi.org/10.1101/5gb.2009.74.019.

Carpenter, D.O., MK. Taylor, M.A. Callaham, JK. Hiers, E.L. Loudermilk, J.J.
O'Brien, and N. Wurzburger. 2021. Benefit or Liability? The ectomy-
corrhizal association may undermine tree adaptations to fire after

Page 21 of 28

long-term fire exclusion. Ecosystems 24 (5): 1059-1074. https://doi.org/
10.1007/510021-020-00568-7.

Certini, G. 2014. Fire as a soil-forming factor. Ambio 43 (2): 191-195. https://doi.
0rg/10.1007/513280-013-0418-2.

Charles-Dominique, T, H. Beckett, G.F. Midgley, and W.J. Bond. 2015. Bud pro-
tection: a key trait for species sorting in a forest-savanna mosaic. New
Phytologist 207 (4): 1052-1060. https://doi.org/10.1111/nph.13406.

Clark, J.D., and JW.K. Harris. 1985. Fire and its roles in early hominid lifeways.
African Archaeological Review 3 (1): 3-27. https://doi.org/10.1007/BFO11
17453.

Clark, K.L., N. Skowronski, and M. Gallagher. 2015. Fire management and car-
bon sequestration in pine barren forests. Journal of Sustainable Forestry
34 (1-2): 125-146. https://doi.org/10.1080/10549811.2014.973607.

Collins, B.M., and S.L. Stephens. 2010. Stand-replacing patches within a‘'mixed
severity’fire regime: quantitative characterization using recent fires in
along-established natural fire area. Landscape Ecology 25 (6): 927-939.
https://doi.org/10.1007/510980-010-9470-5.

Collins, S.L., and LB. Calabrese. 2012. Effects of fire, grazing and topographic
variation on vegetation structure in tallgrass prairie. Journal of Vegeta-
tion Science 23 (3): 563-575. https://doi.org/10.1111/}.1654-1103.2011.
01369.x.

Copes-Gerbitz, K., S.M. Hagerman, and L.D. Daniels. 2022. Transforming fire
governance in british columbia, canada: an emerging vision for coexist-
ing with fire. Regional Environmental Change 22 (2): 48. https://doi.org/
10.1007/510113-022-01895-2.

Coppoletta, M., K.E. Merriam, and B.M. Collins. 2016. Post-fire vegetation and
fuel development influences fire severity patterns in reburns. Ecological
Applications 26 (3): 686-699. https://doi.org/10.1890/15-0225.

Cronon, W,, ed. 1996. Uncommon Ground: Rethinking the Human Place in Nature,
1st ed. New York: W. W. Norton & Company.

Dalrymple, S.E, and H.D. Safford. 2019. Ants, wind, and low litter deposition
contribute to the maintenance of fire-protective clearings around
jeffrey pine (Pinus Jeffreyi). Forest Ecology and Management 438 (April):
44-50. https://doi.org/10.1016/j.foreco.2019.01.043.

Dani Sanchez, M., BN. Manco, J. Blaise, M. Corcoran, and M.A. Hamilton. 2019.
Conserving and restoring the caicos pine forests: the first decade. Plant
Diversity, Restoration of Threatened Plant Species and Their Habitats 41 (2):
75-83. https://doi.org/10.1016/j.pld.2018.05.002.

Dantas, Vde L., M. Hirota, R.S. Oliveira, and J.G. Pausas. 2016. Disturbance main-
tains alternative biome States. Ecology Letters 19 (1): 12—19. https://doi.
org/10.1111/ele.12537.

D’Antonio, C.M,, and PM. Vitousek. 1992. Biological invasions by exotic grasses,
the grass/fire cycle, and global change. Annual Review of Ecology and
Systematics 23 (1): 63-87. https://doi.org/10.1146/annurev.es.23.110192.
000431.

David, AT, J.E. Asarian, and FK. Lake. 2018. Wildfire smoke cools summer
river and stream water temperatures. Water Resources Research 54 (10):
7273-7290. https://doi.org/10.1029/2018WR022964.

Davies, T.J, BH. Daru, BS. Bezeng, T. Charles-Dominique, G.P. Hempson, R.M.
Kabongo, O. Maurin, AM. Muasya, M. van der Bank, and W.J. Bond.
2020. Savanna tree evolutionary ages inform the reconstruction of the
paleocenvironment of our hominin ancestors. Scientific Reports 10 (1):
12430. https://doi.org/10.1038/541598-020-69378-0.

Dell, J.E, LAA. Richards, J.J. O'Brien, E.L. Loudermilk, A.T. Hudak, S.M. Pokswinski,
B.C. Bright, JK. Hiers, BW. Williams, and L.A. Dyer. 2017. Overstory-
derived surface fuels mediate plant species diversity in frequently
burned longleaf pine forests. Ecosphere 8 (10): e01964. https://doi.org/
10.1002/ecs2.1964.

Dell, J. E, D. M. Salcido, W. Lumpkin, L. A. Richards, S. M. Pokswinski, E. L.
Loudermilk, J. J. O'Brien, and L. A. Dyer. 2019."Interaction Diversity
Maintains Resiliency in a Frequently Disturbed Ecosystem! Frontiers in
Ecology and Evolution 7. https://www.frontiersin.org/articles/10.3389/
fevo.2019.00145 Accessed 18 Oct 2023.

DeMott, PJ., AJ. Prenni, X. Liu, S.M. Kreidenweis, M.D. Petters, C.H. Twohy, M.S.
Richardson, T. Eidhammer, and D.C. Rogers. 2010. Predicting global
atmospheric ice nuclei distributions and their impacts on climate.
Proceedings of the National Academy of Sciences 107 (25): 11217-11222.
https://doi.org/10.1073/pnas.0910818107.

DeVore, M.L., and K. Pigg. 2010. Floristic composition and comparison of
middle eocene to late eocene and oligocene floras in North America.


https://doi.org/10.1086/665819
https://doi.org/10.1086/665819
https://doi.org/10.1111/j.1469-8137.2010.03418.x
https://doi.org/10.1111/j.1469-8137.2010.03418.x
https://www.frontiersin.org/article/10.3389/ffgc.2021.750699
https://doi.org/10.1139/X08-136
https://doi.org/10.1126/science.1163886
https://doi.org/10.1038/s41559-016-0058
https://doi.org/10.1038/s41559-016-0058
https://doi.org/10.1007/978-3-540-77381-8_4
https://doi.org/10.1007/978-3-540-77381-8_4
https://doi.org/10.3417/2009143
https://doi.org/10.1016/j.flora.2020.151609
https://doi.org/10.1641/0006-3568(2004)054[0677:EOIAPO]2.0.CO;2
https://doi.org/10.1641/0006-3568(2004)054[0677:EOIAPO]2.0.CO;2
https://doi.org/10.1098/rstb.2004.1531
https://doi.org/10.1111/1365-2745.13561
https://doi.org/10.1111/1365-2745.13561
https://doi.org/10.1071/WF12179
https://doi.org/10.1093/jof/103.4.179
https://doi.org/10.1186/s40663-015-0033-8
https://doi.org/10.1130/B26459.1
https://doi.org/10.1101/sqb.2009.74.019
https://doi.org/10.1007/s10021-020-00568-7
https://doi.org/10.1007/s10021-020-00568-7
https://doi.org/10.1007/s13280-013-0418-2
https://doi.org/10.1007/s13280-013-0418-2
https://doi.org/10.1111/nph.13406
https://doi.org/10.1007/BF01117453
https://doi.org/10.1007/BF01117453
https://doi.org/10.1080/10549811.2014.973607
https://doi.org/10.1007/s10980-010-9470-5
https://doi.org/10.1111/j.1654-1103.2011.01369.x
https://doi.org/10.1111/j.1654-1103.2011.01369.x
https://doi.org/10.1007/s10113-022-01895-2
https://doi.org/10.1007/s10113-022-01895-2
https://doi.org/10.1890/15-0225
https://doi.org/10.1016/j.foreco.2019.01.043
https://doi.org/10.1016/j.pld.2018.05.002
https://doi.org/10.1111/ele.12537
https://doi.org/10.1111/ele.12537
https://doi.org/10.1146/annurev.es.23.110192.000431
https://doi.org/10.1146/annurev.es.23.110192.000431
https://doi.org/10.1029/2018WR022964
https://doi.org/10.1038/s41598-020-69378-0
https://doi.org/10.1002/ecs2.1964
https://doi.org/10.1002/ecs2.1964
https://www.frontiersin.org/articles/10.3389/fevo.2019.00145
https://www.frontiersin.org/articles/10.3389/fevo.2019.00145
https://doi.org/10.1073/pnas.0910818107

Kobziar et al. Fire Ecology (2024) 20:39

Bulletin of Geosciences 85 (1): 111-134. https://doi.org/10.3140/bull.
geosci.1135.

Dickman, LT, AK. Jonko, RR. Linn, I. Altintas, A.L. Atchley, A. Bar, A.D. Collins,
et al. 2023. Integrating plant physiology into simulation of fire behavior
and effects. New Phytologist 238 (3): 952-970. https://doi.org/10.1111/
nph.18770.

Dietrich, W.E., and T. Dunne. 1978. Sediment budget for a small catchment in a
mountainous terrain, 191-206.

Doerr, S.H. RA. Shakesby, W.H. Blake, C.J. Chafer, G.S. Humphreys, and PJ.
Wallbrink. 2006. Effects of differing wildfire severities on soil wettabil-
ity and implications for hydrological response. Journal of Hydrology
319 (1-4): 295-311. https://doi.org/10.1016/}jhydrol.2005.06.038.

Doerr, Stefan H., and C. Santin. 2016. Global trends in wildfire and its
impacts: perceptions versus realities in a changing world. Philosophi-
cal Transactions of the Royal Society b: Biological Sciences 371 (1696):
20150345. https://doi.org/10.1098/rstb.2015.0345.

Donovan, GH., and T.C. Brown. 2007. Be careful what you wish for: the legacy
of smokey bear. Frontiers in Ecology and the Environment 5 (2): 73-79.

Dove, N.C, H.D. Safford, G.N. Bohlman, B.L. Estes, and S.C. Hart. 2020. High-
severity wildfire leads to multi-decadal impacts on soil biogeochem-
istry in mixed-conifer forests. Ecological Applications 30 (4): €02072.
https://doi.org/10.1002/eap.2072.

Ellis, TM., D.M.J.S. Bowman, P. Jain, M.D. Flannigan, and G.J. Williamson. 2022.
Global increase in wildfire risk due to climate-driven declines in fuel
moisture. Global Change Biology 28 (4): 1544-1559. https://doi.org/10.
1111/gcb.16006.

Enquist, CA, ST. Jackson, G.M. Garfin, FW. Davis, L.R. Gerber, J.A. Littell, J.L. Tank,
et al. 2017. Foundations of translational ecology. Frontiers in Ecology and
the Environment 15 (10): 541-550. https://doi.org/10.1002/fee.1733.

Estrada, J.A, and S.L. Flory. 2015. Cogongrass (Imperata Cylindrica) invasions in
the US: mechanisms, impacts, and threats to biodiversity. Global Ecology
and Conservation 3 (January): 1-10. https://doi.org/10.1016/j.gecco.
2014.10.014.

Evans, W.G. 1966. Perception of infrared radiation from forest fires by mel-
anophila acuminata de geer (Buprestidae, Coleoptera). Ecology 47 (6):
1061-1065. https://doi.org/10.2307/1935658.

Falcon-Lang, H.J. 2000. Fire ecology of the carboniferous tropical zone. Palaeo-
geography, Palaeoclimatology, Palaeoecology, Fire and the Palaeoenviron-
ment 164 (1): 339-355. https://doi.org/10.1016/50031-0182(00)00193-0.

Feild, T.S, N.C. Arens, J.A. Doyle, T.E. Dawson, and M.J. Donoghue. 2004. Dark
and disturbed: a new image of early angiosperm ecology. Paleobiology
30 (1): 82-107. https://doi.org/10.1666/0094-8373(2004)030%3c0082:
DADANI%3e2.0.CO;2.

Feild, T.S., T.J. Brodribb, A. Iglesias, D.S. Chatelet, A. Baresch, G.R. Upchurch, B.
Gomez, et al. 2011. Fossil evidence for cretaceous escalation in angio-
sperm leaf vein evolution. Proceedings of the National Academy of Sci-
ences 108 (20): 8363-8366. https://doi.org/10.1073/pnas.1014456108.

Filkov, AL, T.Ngo, S. Matthews, S. Telfer, and T.D. Penman. 2020. Impact of
Australia’s Catastrophic 2019/20 bushfire season on communities and
environment. retrospective analysis and current trends. Journal of Safety
Science and Resilience 1 (1): 44-56. https://doi.org/10.1016/},jnlssr.2020.
06.009.

Finney, M.A, S.S. McAllister, JM. Forthofer, and T.P. Grumstrup. 2021. Wildland
Fire Behaviour: Dynamics. Principles and Processes: Csiro Publishing.

Fisher, JL, W.A. Loneragan, K. Dixon, J. Delaney, and E.J. Veneklaas. 2009.
Altered vegetation structure and composition linked to fire frequency
and plant invasion in a biodiverse woodland. Biological Conservation
142 (10): 2270-2281. https://doi.org/10.1016/j.biocon.2009.05.001.

Fisher, Rosie A, Charles D. Koven, William R.L. Anderegg, Bradley O. Christof-
fersen, Michael C. Dietze, Caroline E. Farrior, Jennifer A. Holm, et al. 2018.
Vegetation demographics in Earth System Models: a review of progress
and priorities. Global Change Biology 24: 35-54. https://doi.org/10.1111/
gcb.13910.

Flannigan, M.D,, M.A. Krawchuk, W.J. de Groot, B.M. Wotton, and L.M. Gow-
man. 2009. Implications of changing climate for global wildland fire.
International Journal of Wildland Fire 18 (5): 483-507. https://doi.org/10.
1071/WF08187.

Flatley, W.T, and PZ. Fulé. 2016. Are historical fire regimes compatible with
future climate? Implications for forest restoration. Ecosphere 7 (10):
e01471. https://doi.org/10.1002/ecs2.1471.

Page 22 of 28

Forsman, A., M. Karlsson, L. Wennersten, J. Johansson, and E. Karpestam. 2011.
Rapid evolution of fire melanism in replicated populations of PYGMY
grasshoppers. Evolution 65 (9): 2530-2540. https://doi.org/10.1111/j.
1558-5646.2011.01324.x.

Fox, S., B.AA. Sikes, S.P. Brown, C.L. Cripps, S.I. Glassman, K. Hughes, T. Semenova-
Nelsen, and A. Jumpponen. 2022. Fire as a driver of fungal diversity - a
synthesis of current knowledge. Mycologia 114 (2): 215-241. https://doi.
0rg/10.1080/00275514.2021.2024422.

Frankenberg, C, J.F. Meirink, M. van Weele, U. Platt, and T. Wagner. 2005. Assess-
ing methane emissions from global space-borne observations. Science
308 (June): 1010-1014.

Franklin, J. F, R. J. Mitchell, and B. Palik. 2007. Natural Disturbance and Stand
Development Principles for Ecological Forestry. https://www.fs.usda.
gov/research/treesearch/download/13293.pdf. Accessed 11 Oct 2023.

Frazer, Sir James G. 2019. Myths of the origin of fire. London: Routledge. https://
doi.org/10.4324/9781315028798.

Freeman, J.E, and L.N. Kobziar. 2011. Tracking postfire successional trajectories
in a plant community adapted to high-severity fire. Ecological Applica-
tions 21 (1): 61-74. https://doi.org/10.1890/09-0948.1.

Freeman, J,, L. Kobziar, EW. Rose, and W. Cropper. 2017. A critique of the
historical-fire-regime concept in conservation: historical fire regimes.
Conservation Biology 31 (5): 976-985. https://doi.org/10.1111/cobi.
12942.

Ganteaume, A, R. Barbero, M. Jappiot, and E. Maillé. 2021. Understanding
future changes to fires in Southern Europe and their impacts on the
wildland-urban interface. Journal of Safety Science and Resilience 2 (1):
20-29. https://doi.org/10.1016/j.jnlssr.2021.01.001.

Gartner, JE, PM. Santi, and S.H. Cannon. 2015. Predicting locations of post-
fire debris-flow erosion in the San Gabriel Mountains of Southern
California. Natural Hazards 77 (2): 1305-1321. https://doi.org/10.1007/
s11069-015-1656-3.

Giglio, L., J.T. Randerson, and G.R. van der Werf. 2013. Analysis of daily, monthly,
and annual burned area using the fourth-generation Global Fire Emis-
sions Database (GFED4). Journal of Geophysical Research: Biogeosciences
118 (1):317-328. https://doi.org/10.1002/jgrg.20042.

Am, G.LL.L. 1975. Fire and the australian flora: a review. Australian Forestry 38
(1): 4-25. https://doi.org/10.1080/00049158.1975.10675618.

Gill, J.L., JW. Williams, S.T. Jackson, K.B. Lininger, and G.S. Robinson. 2009. Pleis-
tocene megafaunal collapse, novel plant communities, and enhanced
fire regimes in North America. Science 326 (5956): 1100-1103. https://
doi.org/10.1126/science.1179504.

Givnish, TJ. 1981. Serotiny, geography, and fire in the pine barrens of new
jersey. Evolution 35 (1): 101-123. https://doi.org/10.1111/].1558-5646.
1981.tb04862.x.

Glasspool, 1), and A.C. Scott. 2010. Phanerozoic concentrations of atmospheric
oxygen reconstructed from sedimentary charcoal. Nature Geoscience 3
(9): 627-630. https://doi.org/10.1038/nge0923.

Glasspool, 1. J, A. C. Scott, D. Waltham, N. V. Pronina, and L. Shao. 2015."The
Impact of Fire on the Late Paleozoic Earth System.” Frontiers in Plant Sci-
ence 6 (September). https://doi.org/10.3389/fpls.2015.00756. Accessed
8 Mar 2024.

Glenn, E,, L. Yung, C. Wyborn, D.R. Williams, E. Glenn, L. Yung, C. Wyborn, and
D.R. Williams. 2022. Organisational influence on the co-production
of fire science: overcoming challenges and realising opportunities.
International Journal of Wildland Fire 31 (4): 435-448. https://doi.org/10.
1071/WF21079.

Glikson, A. 2013. Fire and human evolution: the deep-time blueprints of the
anthropocene. Anthropocene 3 (November): 89-92. https://doi.org/10.
1016/j.ancene.2014.02.002.

Godoy, M.M,, S. Martinuzzi, H.A. Kramer, G.E. Defossé, J. Arganaraz, V.C. Radeloff,
M.M. Godoy, et al. 2019. Rapid WUI growth in a natural amenity-rich
Region in Central-Western Patagonia, Argentina. International Journal of
Wildland Fire 28 (7): 473-484. https://doi.org/10.1071/WF18097.

Govender, N, W.S.W. Trollope, and BW. Van Wilgen. 2006. The effect of fire
season, fire frequency, rainfall and management on fire intensity in
savanna vegetation in South Africa. Journal of Applied Ecology 43 (4):
748-758. https://doi.org/10.1111/j.1365-2664.2006.01184.x.

Gow, N.ARR. 2009. Fungal morphogenesis: some like it hot. Current Biology 19
(8): R333-R334. https://doi.org/10.1016/j.cub.2009.03.027.


https://doi.org/10.3140/bull.geosci.1135
https://doi.org/10.3140/bull.geosci.1135
https://doi.org/10.1111/nph.18770
https://doi.org/10.1111/nph.18770
https://doi.org/10.1016/j.jhydrol.2005.06.038
https://doi.org/10.1098/rstb.2015.0345
https://doi.org/10.1002/eap.2072
https://doi.org/10.1111/gcb.16006
https://doi.org/10.1111/gcb.16006
https://doi.org/10.1002/fee.1733
https://doi.org/10.1016/j.gecco.2014.10.014
https://doi.org/10.1016/j.gecco.2014.10.014
https://doi.org/10.2307/1935658
https://doi.org/10.1016/S0031-0182(00)00193-0
https://doi.org/10.1666/0094-8373(2004)030%3c0082:DADANI%3e2.0.CO;2
https://doi.org/10.1666/0094-8373(2004)030%3c0082:DADANI%3e2.0.CO;2
https://doi.org/10.1073/pnas.1014456108
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.biocon.2009.05.001
https://doi.org/10.1111/gcb.13910
https://doi.org/10.1111/gcb.13910
https://doi.org/10.1071/WF08187
https://doi.org/10.1071/WF08187
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1111/j.1558-5646.2011.01324.x
https://doi.org/10.1111/j.1558-5646.2011.01324.x
https://doi.org/10.1080/00275514.2021.2024422
https://doi.org/10.1080/00275514.2021.2024422
https://www.fs.usda.gov/research/treesearch/download/13293.pdf
https://www.fs.usda.gov/research/treesearch/download/13293.pdf
https://doi.org/10.4324/9781315028798
https://doi.org/10.4324/9781315028798
https://doi.org/10.1890/09-0948.1
https://doi.org/10.1111/cobi.12942
https://doi.org/10.1111/cobi.12942
https://doi.org/10.1016/j.jnlssr.2021.01.001
https://doi.org/10.1007/s11069-015-1656-3
https://doi.org/10.1007/s11069-015-1656-3
https://doi.org/10.1002/jgrg.20042
https://doi.org/10.1080/00049158.1975.10675618
https://doi.org/10.1126/science.1179504
https://doi.org/10.1126/science.1179504
https://doi.org/10.1111/j.1558-5646.1981.tb04862.x
https://doi.org/10.1111/j.1558-5646.1981.tb04862.x
https://doi.org/10.1038/ngeo923
https://doi.org/10.3389/fpls.2015.00756
https://doi.org/10.1071/WF21079
https://doi.org/10.1071/WF21079
https://doi.org/10.1016/j.ancene.2014.02.002
https://doi.org/10.1016/j.ancene.2014.02.002
https://doi.org/10.1071/WF18097
https://doi.org/10.1111/j.1365-2664.2006.01184.x
https://doi.org/10.1016/j.cub.2009.03.027

Kobziar et al. Fire Ecology (2024) 20:39

Greenwood, L, R. Bliege Bird, and D. Nimmo. 2022. Indigenous burning shapes
the structure of visible and invisible fire mosaics. Landscape Ecology 37
(3): 811-827. https://doi.org/10.1007/510980-021-01373-w.

Hahn, M.B., G. Kuiper, K. O'Dell, EV. Fischer, and S. Magzamen. 2021. Wildfire
Smoke is associated with an increased risk of cardiorespiratory emer-
gency department visits in Alaska. GeoHealth 5 (5): €2020GH000349.
https://doi.org/10.1029/2020GH000349.

Halofsky, J.E, D.L. Peterson, and B.J. Harvey. 2020. Changing wildfire, changing
forests: the effects of climate change on fire regimes and Vegetation
in the Pacific Northwest, USA. Fire Ecology 16 (1): 4. https://doi.org/10.
1186/542408-019-0062-8.

Harris, W.N., A.S. Moretto, R.A. Distel, TW. Boutton, and R.M. Boo. 2007. Fire and
grazing in grasslands of the argentine caldenal: effects on plant and
Soil Carbon and Nitrogen. Acta Oecologica 32 (2): 207-214. https://doi.
org/10.1016/j.actac.2007.05.001.

Hawkins, J.H., and L. H. Zeglin. 2022. “Microbial Dispersal, Including Bison
Dung Vectored Dispersal, Increases Soil Microbial Diversity in a Grass-
land Ecosystem. Frontiers in Microbiology 13. https://www.frontiersin.
org/articles/https://doi.org/10.3389/fmicb.2022.825193. Accessed 11
Oct 2023.

He, T, C.M. Belcher, BB. Lamont, and S.L. Lim. 2016. A 350-Million-year legacy
of fire adaptation among conifers. Journal of Ecology 104 (2): 352-363.
https://doi.org/10.1111/1365-2745.12513.

He, T, and B.B. Lamont. 2018. Baptism by fire: the pivotal role of ancient confla-
grations in evolution of the earth’s Flora. National Science Review 5 (2):
237-254. https://doi.org/10.1093/nsr/nwx041.

He, T, B.B. Lamont, and J.G. Pausas. 2019. Fire as a key driver of earth's biodiver-
sity. Biological Reviews 94 (6): 1983-2010. https://doi.org/10.1111/brv.
12544.

He, T, J.G. Pausas, C.M. Belcher, D.W. Schwilk, and B.B. Lamont. 2012. Fire-
adapted traits of pinus arose in the fiery cretaceous. New Phytologist
194 (3): 751-759. https://doi.org/10.1111/}.1469-8137.2012.04079.x.

Hemes, K.S., J. Verfaillie, and D.D. Baldocchi. 2020. Wildfire-smoke aerosols
lead to increased light use efficiency among agricultural and restored
wetland land uses in California’s Central Valley. Journal of Geophysical
Research: Biogeosciences 125 (2): €2019JG005380. https://doi.org/10.
1029/2019JG005380.

Herring, J. R. 1985.“Charcoal Fluxes into Sediments of the North Pacific Ocean:
The Cenozoic Record of Burning!” In The Carbon Cycle and Atmospheric
CO2: Natural Variations Archean to Present, 419-42. American Geophysi-
cal Union (AGU). https://doi.org/10.1029/GM032p0419. Accessed 11
Dec 2023.

Hiers, Kevin J,, S.T. Jackson, R.J. Hobbs, E.S. Bernhardt, and L.E. Valentine. 2016.
The precision problem in conservation and restoration. Trends in Ecol-
ogy & Evolution 31 (11): 820-30. https://doi.org/10.1016/j.tree.2016.08.
001.

Hiers, J,, JJ. Kevin, JM. O'Brien, B.W. Varner, M. Butler, J. Dickinson, M. Gallagher.
Furman, et al. 2020. Prescribed fire science: the case for a refined
research Agenda. Fire Ecology 16 (1): 11. https://doi.org/10.1186/
$42408-020-0070-8.

Hiers, JK., RJ. Mitchell, L.R. Boring, J.J. Hendricks, and R. Wyatt. 2003. Legumes
native to longleaf pine savannas exhibit capacity for high N2-fixation
rates and negligible impacts due to timing of fire. New Phytologist 157:
327-338. https://doi.org/10.1046/j.1469-8137.2003.00679.x.

Hirota, M., M. Holmgren, E.H. Van Nes, and M. Scheffer. 2011. Global resilience
of tropical forest and savanna to critical transitions. Science 334 (6053):
232-235. https://doi.org/10.1126/science.1210657.

Hlubik, S., F. Berna, C. Feibel, D. Braun, and JW.K. Harris. 2017. Researching the
nature of fire at 1.5 Mya on the site of FxJj20 AB, Koobi Fora, Kenya,
using high-resolution spatial analysis and FTIR spectrometry. Current
Anthropology 58 (516): $243-5257. https://doi.org/10.1086/692530.

Hoffman, D.F, and E.J. Gabet. 2007. Effects of sediment pulses on channel mor-
phology in a gravel-bed river. GSA Bulletin 119 (1-2): 116-125. https://
doi.org/10.1130/B25982.1.

Hoffman, K. M., E. L. Davis, S. B. Wickham, K. Schang, A. Johnson, T. Larking, P.
N. Lauriault, N. Q. Le, E. Swerdfager, and A. J. Trant. 2021. Conservation
of Earth’s Biodiversity Is Embedded in Indigenous Fire Stewardship.
Proceedings of the National Academy of Sciences 118 (32). https://doi.org/
10.1073/pnas.2105073118 Accessed 21 Feb 2022.

Hood, SM., JM. Varner, T.B. Jain, and J.M. Kane. 2022. A framework for quan-
tifying forest wildfire hazard and fuel treatment effectiveness from

Page 23 of 28

stands to landscapes. Fire Ecology 18 (1): 33. https://doi.org/10.1186/
$42408-022-00157-0.

Hood, S.M., J.M. Varner, P. van Mantgem, and C.A. Cansler. 2018. Fire and tree
death: understanding and improving modeling of fire-induced tree
mortality. Environmental Research Letters 13 (11): 113004. https://doi.
0rg/10.1088/1748-9326/aae934.

Hu, F. S, P E. Higuera, J. E. Walsh, W. L. Chapman, P. A. Duffy, L. B. Brubaker, and
M. L. Chipman. 2010. Tundra Burning in Alaska: Linkages to Climatic
Change and Sea Ice Retreat. Journal of Geophysical Research: Biogeo-
sciences 115 (4). https://doi.org/10.1029/2009JG001270. Accessed 9
Aug 2023.

Hurteau, M.D,, S. Liang, A.L. Westerling, and C. Wiedinmyer. 2019. Vegetation-
fire feedback reduces projected area burned under climate change. Sci-
entific Reports 9 (1): 1-6. https://doi.org/10.1038/541598-019-39284-1.

Hyde, KD, K. Jencso, A.C. Wilcox, and S. Woods. 2016a. Influences of vegeta-
tion disturbance on hydrogeomorphic response following wildfire.
Hydrological Processes 30 (7): 1131-1148. https://doi.org/10.1002/hyp.
10691.

Hyde, K. D., K. Riley, and C. Stoof. 2016.“Uncertainties in Predicting Debris Flow
Hazards Following Wildfire! In Natural Hazard Uncertainty Assessment,
287-99. American Geophysical Union (AGU). https://doi.org/10.1002/
9781119028116.ch19. Accessed 10 Mar 2024.

Jaffe, MR, MR. Kreider, D.L.R. Affleck, PE. Higuera, C.A. Seielstad, S.A. Parks,
and AJ. Larson. 2023. Mesic mixed-conifer forests are resilient to both
historical high-severity fire and contemporary reburns in the US North-
ern Rocky Mountains. Forest Ecology and Management 545 (October):
121283. https://doi.org/10.1016/j.foreco.2023.121283.

James, S.R, RW. Dennell, AS. Gilbert, H.T. Lewis, J.A.J. Gowlett, T.F. Lynch, W.C.
McGrew, CR. Peters, G.G. Pope, and A.B. Stahl. 1989. Hominid use of
fire in the lower and middle pleistocene: a review of the evidence [and
Comments and Replies]. Current Anthropology 30 (1): 1-26.

Janzen, D.H. 1967. Fire, vegetation structure, and the ant X acacia interaction
in Central America. Ecology 48 (1): 26-35. https://doi.org/10.2307/19334
14.

Jin, W-T, D.S. Gernandt, C. Wehenkel, X.-M. Xia, X.-X. Wei, and X.-Q. Wang. 2021.
Phylogenomic and ecological analyses reveal the spatiotemporal evo-
lution of global pines. Proceedings of the National Academy of Sciences of
the United States of America 118 (20): €2022302118. https://doi.org/10.
1073/pnas.2022302118.

Johnson, E., and K. Miyanishi. 2001. “Forest Fires : Behavior and Ecological
Effects!In. https://www.semanticscholar.org/paper/Forest-fires-%3A-
behavior-and-ecological-effects-Johnson-Miyanishi/cfe509cb7e4ba8a
76a2d791753892b84c7528ch2. Accessed 9 Aug 2023.

Johnson, L.C, and J.R. Matchett. 2001. Fire and grazing regulate belowground
processes in tallgrass prairie. £cology 82 (12): 3377-3389. https://doi.
0rg/10.1890/0012-9658(2001)082[3377:FAGRBP]2.0.CO;2.

Johnstone, J.F, TN. Hollingsworth, F.S. Chapin, and M.C. Mack. 2010. Changes
in fire regime break the legacy lock on successional trajectories in
alaskan boreal forest. Global Change Biology 16 (4): 1281-1295. https://
doi.org/10.1111/j.1365-2486.2009.02051 x.

Jones, M\W,, J.T. Abatzoglou, S. Veraverbeke, N. Andela, G. Lasslop, M. Forkel,
AJ.P.Smith, et al. 2022. Global and regional trends and drivers of fire
under climate change. Reviews of Geophysics 60 (3): e2020RG000726.
https://doi.org/10.1029/2020RG000726.

Jonko, AK., KM. Yedinak, J.L. Conley, and RR. Linn. 2021. Sensitivity of Grass
Fires Burning in Marginal Conditions to Atmospheric Turbulence.
Journal of Geophysical Research: Atmospheres 126 (13): €2020JD033384.
https://doi.org/10.1029/2020JD033384.

Kane, JM.,, JK. Kreye, R. Barajas-Ramirez, and J.M. Varner. 2021. Litter trait driven
dampening of flammability following deciduous forest community
shifts in Eastern North America. Forest Ecology and Management 489
(June): 119100. https://doi.org/10.1016/jforeco.2021.119100.

Kanji, Z.A., LA. Ladino, H. Wex, Y. Boose, M. Burkert-Kohn, D.J. Cziczo, and M.
Kramer. 2017. Overview of ice nucleating particles. Meteorological
Monographs 58 (January): 1.1-1.33. https://doi.org/10.1175/AMSMO
NOGRAPHS-D-16-0006.1.

Katurji, M., J. Zhang, A. Satinsky, H. McNair, B. Schumacher, T. Strand, A. Valencia,
etal. 2021. turbulent thermal image velocimetry at the immediate fire
and atmospheric interface. Journal of Geophysical Research: Atmospheres
126 (24): €2021JD035393. https://doi.org/10.1029/2021JD035393.


https://doi.org/10.1007/s10980-021-01373-w
https://doi.org/10.1029/2020GH000349
https://doi.org/10.1186/s42408-019-0062-8
https://doi.org/10.1186/s42408-019-0062-8
https://doi.org/10.1016/j.actao.2007.05.001
https://doi.org/10.1016/j.actao.2007.05.001
https://doi.org/10.3389/fmicb.2022.825193
https://doi.org/10.1111/1365-2745.12513
https://doi.org/10.1093/nsr/nwx041
https://doi.org/10.1111/brv.12544
https://doi.org/10.1111/brv.12544
https://doi.org/10.1111/j.1469-8137.2012.04079.x
https://doi.org/10.1029/2019JG005380
https://doi.org/10.1029/2019JG005380
https://doi.org/10.1029/GM032p0419
https://doi.org/10.1016/j.tree.2016.08.001
https://doi.org/10.1016/j.tree.2016.08.001
https://doi.org/10.1186/s42408-020-0070-8
https://doi.org/10.1186/s42408-020-0070-8
https://doi.org/10.1046/j.1469-8137.2003.00679.x
https://doi.org/10.1126/science.1210657
https://doi.org/10.1086/692530
https://doi.org/10.1130/B25982.1
https://doi.org/10.1130/B25982.1
https://doi.org/10.1073/pnas.2105073118
https://doi.org/10.1073/pnas.2105073118
https://doi.org/10.1186/s42408-022-00157-0
https://doi.org/10.1186/s42408-022-00157-0
https://doi.org/10.1088/1748-9326/aae934
https://doi.org/10.1088/1748-9326/aae934
https://doi.org/10.1029/2009JG001270
https://doi.org/10.1038/s41598-019-39284-1
https://doi.org/10.1002/hyp.10691
https://doi.org/10.1002/hyp.10691
https://doi.org/10.1002/9781119028116.ch19
https://doi.org/10.1002/9781119028116.ch19
https://doi.org/10.1016/j.foreco.2023.121283
https://doi.org/10.2307/1933414
https://doi.org/10.2307/1933414
https://doi.org/10.1073/pnas.2022302118
https://doi.org/10.1073/pnas.2022302118
https://www.semanticscholar.org/paper/Forest-fires-%3A-behavior-and-ecological-effects-Johnson-Miyanishi/cfe509cb7e4ba8a76a2d791753892b84c7528cb2
https://www.semanticscholar.org/paper/Forest-fires-%3A-behavior-and-ecological-effects-Johnson-Miyanishi/cfe509cb7e4ba8a76a2d791753892b84c7528cb2
https://www.semanticscholar.org/paper/Forest-fires-%3A-behavior-and-ecological-effects-Johnson-Miyanishi/cfe509cb7e4ba8a76a2d791753892b84c7528cb2
https://doi.org/10.1890/0012-9658(2001)082[3377:FAGRBP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[3377:FAGRBP]2.0.CO;2
https://doi.org/10.1111/j.1365-2486.2009.02051.x
https://doi.org/10.1111/j.1365-2486.2009.02051.x
https://doi.org/10.1029/2020RG000726
https://doi.org/10.1029/2020JD033384
https://doi.org/10.1016/j.foreco.2021.119100
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1
https://doi.org/10.1029/2021JD035393

Kobziar et al. Fire Ecology (2024) 20:39

Keane, R. 2017."Disturbance Regimes and the Historical Range and Variation
in Terrestrial Ecosystems¥."In Reference Module in Life Sciences. Elsevier.
https://doi.org/10.1016/B978-0-12-809633-8.02397-9. Accessed 10 Aug
2023.

Keane, R. E. 2015. Wildland Fuel Fundamentals and Applications. Cham: Springer
International Publishing. https://doi.org/10.1007/978-3-319-09015-3.
Accessed 9 Aug 2023.

Keane, Robert E., Penelope Morgan, and Steven W. Running. 1996. FIRE-BGC - a
mechanistic ecological process model for simulating fire succession on
coniferous forest landscapes of the northern Rocky Mountains. Research
Paper INT-RP-484,122. Ogden: USDA Forest Service, Intermountain For-
est and Range Experiment Station.

Keane, RE., RA. Parsons, and PF. Hessburg. 2002. Estimating historical range
and variation of landscape patch dynamics: limitations of the simula-
tion approach. Ecological Modelling 151 (1): 29-49.

Keeley, J. E, and N. L. Stephenson. 2000. “Restoring Natural Fire Regimes to the
Sierra Nevada in an Era of Global Change!'In , 5:255-65.

Keeley, J.E, and PH. Zedler. 1998. Evolution of Life Histories in Pinus. In Ecology
and Biogeography of Pinus, ed. D.M. Richardson, 219-250. Cambridge
(UK): Cambridge University Press.

Keeley, Jon E., and J.G. Pausas. 2022. Evolutionary ecology of fire. Annual Review
of Ecology, Evolution, and Systematics 53 (1): 203-225. https://doi.org/10.
1146/annurev-ecolsys-102320-095612.

Kimmerer, RW. and FK. Lake. 2001. The role of indigenous burning in land
management. Journal of Forestry 99 (11): 36-41. https://doi.org/10.
1093/j0f/99.11.36.

Kitchen, D.J., J.M. Blair, and M.A. Callaham. 2009. Annual fire and mowing alter
biomass, depth distribution, and C and N Content of roots and soil in
tallgrass prairie. Plant and Soil 323 (1-2): 235-247. https://doi.org/10.
1007/511104-009-9931-2.

Kobziar, L., J. Moghaddas, and S.L. Stephens. 2006. Tree mortality patterns
following prescribed fires in a mixed conifer forest. Canadian Journal of
Forest Research 36 (12): 3222-3238. https://doi.org/10.1139/x06-183.

Kobziar, L. N., P. Lampman, A. Tohidi, A. K. Kochanski, A. Cervantes, A. T. Hudak,
R. McCarley, et al. 2024."Bacterial Emission Factors: A Foundation for the
Terrestrial-Atmospheric Modeling of Bacteria Aerosolized by Wildland
Fires! Environmental Science & Technology, January, acs.est.3c05142.
https://doi.org/10.1021/acs.est.3c05142.

Kobziar, LN, MRA. Pingree, H. Larson, T.J. Dreaden, S. Green, and J.A. Smith.
2018. Pyroaerobiology: the aerosolization and transport of viable
microbial life by wildland fire. Ecosphere 9 (11): €02507. https://doi.org/
10.1002/ecs2.2507.

Kobziar, L.N., and G.R. Thompson. 2020. Wildfire smoke, a potential infectious
agent. Science 370 (6523): 1408-1410. https://doi.org/10.1126/science.
abe8116.

Kobziar, LN., D.Vuono, R. Moore, B.C. Christner, T. Dean, D. Betancourt, A.C.
Watts, J. Aurell, and B. Gullett. 2022. Wildland fire smoke alters the
composition, diversity, and potential atmospheric function of microbial
life in the aerobiome. ISME Communications 2 (1): 8. https://doi.org/10.
1038/543705-022-00089-5.

Krebs, P, G.B. Pezzatti, S. Mazzoleni, L.M. Talbot, and M. Conedera. 2010.

“Fire regime: history and definition of a key concept in disturbance
ecology. Theory in Bioscience 129 (1): 53-69. https://doi.org/10.1007/
$12064-010-0082-z.

Kreye, JK., JK. Hiers, JM.Varner, B. Hornsby, S. Drukker, and J.J. O'Brien. 2018.
Effects of solar heating on the moisture dynamics of forest floor litter
in humid environments: composition, structure, and position matter.
Canadian Journal of Forest Research 48 (11): 1331-1342. https://doi.org/
10.1139/cjfr-2018-0147.

Kreye, JK, L.N. Kobziar,and W.C. Zipperer. 2013. Effects of fuel load and
moisture content on fire behaviour and heating in masticated litter-
dominated fuels. International Journal of Wildland Fire 22 (4): 440-445.
https://doi.org/10.1071/WF12147.

Kreye, JK, JM.Varner, CJ. Dugaw, E.A. Engber, and L.N. Quinn-Davidson. 2017.
Patterns of duff ignition and smoldering beneath old pinus palustris:
influence of tree proximity, moisture content, and ignition vectors. For-
est Science 63 (2): 165-172. https://doi.org/10.5849/forsci.2016-058.

Kull, C. A. 2004. Isle of Fire: The Political Ecology of Landscape Burning in Madagas-
car. University of Chicago Press.

Page 24 of 28

Ladino, J., LN. Kobziar, J. Kredell, and T.C. Cohn. 2022. How nostalgia drives
and derails living with wildland fire in the American West. fire 5 (2): 53.
https://doi.org/10.3390/fire5020053.

Lake, F. K., and A. C. Christianson. 2019. “Indigenous Fire Stewardship!” In
Encyclopedia of Wildfires and Wildland-Urban Interface (WUI) Fires, edited
by Samuel L. Manzello, 1-9. Cham: Springer International Publishing.
https://doi.org/10.1007/978-3-319-51727-8_225-1. Accessed 16 Nov
2020.

Lake, FK, V. Wright, P. Morgan, M. McFadzen, D. McWethy, and C. Stevens-
Rumann. 2017. Returning fire to the land: celebrating traditional
knowledge and fire. Journal of Forestry 115 (5): 343-353. https://doi.org/
10.5849/jof.2016-043R2.

Lamont, B.B., and K.S. Downes. 2011. Fire-stimulated flowering among
resprouters and geophytes in Australia and South Africa. Plant Ecology
212:2111-2125.

Lamont, B.B,, J.G. Pausas, T. He, E.T.F. Witkowski, and M.E. Hanley. 2020. Fire as
a selective agent for both serotiny and nonserotiny over space and
time. Critical Reviews in Plant Sciences 39 (2): 140-172. https://doi.org/10.
1080/07352689.2020.1768465.

Laris, P, and D.A. Wardell. 2006. Good, Bad or ‘Necessary Evil”? Reinterpreting
the Colonial Burning Experiments in the Savanna Landscapes of West
Africa. The Geographical Journal 172 (4): 271-290. https://doi.org/10.
1111/j.1475-4959.2006.002 15 X.

Larson, D.M., B.P. Grudzinski, W.K. Dodds, M.D. Daniels, A. Skibbe, and A. Joern.
2013. Blazing and grazing: influences of fire and bison on tallgrass
prairie stream water quality. Freshwater Science 32 (3): 779-791. https://
doi.org/10.1899/12-118.1.

Larson, ER,, K-F. Kipfmueller, and L.B. Johnson. 2021. People, fire, and pine:
linking human agency and landscape in the boundary waters canoe
area wilderness and beyond. Annals of the American Association of Geog-
raphers 111 (1): 1-25. https://doi.org/10.1080/24694452.2020.1768042.

Leopold, AS, et al. 1963. The Goal of Park Management in the United States.
Wildlife Management in the National Parks. National Park Service.
https.//wwww.nps.gov/parkhistory/online_books/leopold/leopold.
htm. Retrieved on April 14, 2024.

Lenton, TM,, S.J. Daines, and B.J.W. Mills. 2018. COPSE reloaded: an improved
model of biogeochemical cycling over phanerozoic time. Earth-Science
Reviews 178 (March): 1-28. https://doi.org/10.1016/j.earscirev.2017.12.
004.

Lillywhite, H.B., G. Friedman, and N. Ford. 1977. Color matching and perch
selection by lizards in recently burned chaparral. Copeia 1977 (1):
115-121. https://doi.org/10.2307/1443512.

Liu, J.C, G. Pereira, S.A. Uhl, M.A. Bravo, and M.L. Bell. 2015. A systematic review
of the physical health impacts from non-occupational exposure to
wildfire smoke. Environmental Research 136 (January): 120-132. https://
doi.org/10.1016/j.envres.2014.10.015.

Liu, Y, S. Goodrick, and W. Heilman. 2014. Wildland fire emissions, carbon, and
climate: wildfire-climate interactions. Forest Ecology and Management,
Wildland Fire Emissions, Carbon, and Climate: Science Overview and
Knowledge Needs 317 (April): 80-96. https://doi.org/10.1016/jforeco.
2013.02.020.

Lodge, Alexandra G., Matthew B. Dickinson, and Kathleen L. Kavanagh. 2018.
Xylem heating increases vulnerability to cavitation in longleaf pine.
Environmental Research Letters 13: 055007. IOP Publishing. https://doi.
0rg/10.1088/1748-9326/aabbe5.

Long, JW., RW. Goode, R.J. Gutteriez, J.J. Lackey, and M.K. Anderson. 2017.
Managing California black oak for tribal ecocultural restoration. Journal
of Forestry 115 (5): 426-434.

Long, JW., FK. Lake, and RW. Goode. 2021. The importance of indigenous cul-
tural burning in forested regions of the pacific west, USA. Forest Ecology
and Management 500 (November): 119597. https://doi.org/10.1016/j.
foreco.2021.119597.

Looy, C.V. 2013. Natural history of a plant trait: branch-system abscission in
paleozoic conifers and its environmental, autecological, and ecosystem
implications in a fire-prone world. Paleobiology 39 (2): 235-252. https://
doi.org/10.1666/12030.

Loudermilk, E.L, G.L. Achtemeier, JJ. O'Brien, JK. Hiers, and B.S. Hornsby. 2014.
High-resolution observations of combustion in heterogeneous surface
fuels. International Journal of Wildland Fire 23 (7): 1016-1026.

Loudermilk, E. L, L. Dyer, S. Pokswinski, A. T. Hudak, B. Hornsby, L. Richards,

J. Dell, S. L. Goodrick, J. K. Hiers, and J. J. O'Brien. 2019."Simulating


https://doi.org/10.1016/B978-0-12-809633-8.02397-9
https://doi.org/10.1007/978-3-319-09015-3
https://doi.org/10.1146/annurev-ecolsys-102320-095612
https://doi.org/10.1146/annurev-ecolsys-102320-095612
https://doi.org/10.1093/jof/99.11.36
https://doi.org/10.1093/jof/99.11.36
https://doi.org/10.1007/s11104-009-9931-2
https://doi.org/10.1007/s11104-009-9931-2
https://doi.org/10.1139/x06-183
https://doi.org/10.1021/acs.est.3c05142
https://doi.org/10.1002/ecs2.2507
https://doi.org/10.1002/ecs2.2507
https://doi.org/10.1126/science.abe8116
https://doi.org/10.1126/science.abe8116
https://doi.org/10.1038/s43705-022-00089-5
https://doi.org/10.1038/s43705-022-00089-5
https://doi.org/10.1007/s12064-010-0082-z
https://doi.org/10.1007/s12064-010-0082-z
https://doi.org/10.1139/cjfr-2018-0147
https://doi.org/10.1139/cjfr-2018-0147
https://doi.org/10.1071/WF12147
https://doi.org/10.5849/forsci.2016-058
https://doi.org/10.3390/fire5020053
https://doi.org/10.1007/978-3-319-51727-8_225-1
https://doi.org/10.5849/jof.2016-043R2
https://doi.org/10.5849/jof.2016-043R2
https://doi.org/10.1080/07352689.2020.1768465
https://doi.org/10.1080/07352689.2020.1768465
https://doi.org/10.1111/j.1475-4959.2006.00215.x
https://doi.org/10.1111/j.1475-4959.2006.00215.x
https://doi.org/10.1899/12-118.1
https://doi.org/10.1899/12-118.1
https://doi.org/10.1080/24694452.2020.1768042
https://wwww.nps.gov/parkhistory/online_books/leopold/leopold.htm
https://wwww.nps.gov/parkhistory/online_books/leopold/leopold.htm
https://doi.org/10.1016/j.earscirev.2017.12.004
https://doi.org/10.1016/j.earscirev.2017.12.004
https://doi.org/10.2307/1443512
https://doi.org/10.1016/j.envres.2014.10.015
https://doi.org/10.1016/j.envres.2014.10.015
https://doi.org/10.1016/j.foreco.2013.02.020
https://doi.org/10.1016/j.foreco.2013.02.020
https://doi.org/10.1088/1748-9326/aabbe5
https://doi.org/10.1088/1748-9326/aabbe5
https://doi.org/10.1016/j.foreco.2021.119597
https://doi.org/10.1016/j.foreco.2021.119597
https://doi.org/10.1666/12030
https://doi.org/10.1666/12030

Kobziar et al. Fire Ecology (2024) 20:39

Groundcover Community Assembly in a Frequently Burned Ecosystem
Using a Simple Neutral Model” Frontiers in Plant Science 10. https://
www.frontiersin.org/articles/10.3389/fpls.2019.01107. Accessed 11 Dec
2023.

Loudermilk, E.L, JJ. O'Brien, S.L. Goodrick, R.R. Linn, N.S. Skowronski, and
JK. Hiers. 2022. Vegetation'’s Influence on Fire Behavior Goes beyond
Just Being Fuel. Fire Ecology 18 (1): 9. https://doi.org/10.1186/
$42408-022-00132-9.

Loudermilk, E.L., J. Kevin Hiers, S. Pokswinski, JJ. O'Brien, A. Barnett, and R.J.
Mitchell. 2016. The Path Back: Oaks (Quercus Spp.) facilitate longleaf
pine (Pinus Palustris) seedling establishment in xeric sites. Ecosphere 7
(6): €01361. https://doi.org/10.1002/ecs2.1361.

Lynch, J.A, JS. Clark, and B.J. Stocks. 2004. Charcoal production, dispersal, and
deposition from the fort providence experimental fire: interpreting fire
regimes from charcoal records in boreal forests. Canadian Journal of For-
est Research 34 (8): 1642-1656. https://doi.org/10.1139/x04-071.

Macdonald, G, T.Wall, C. A. F. Enquist, S. R. Leroy, J. B. Bradford, D. D. Breshears,
T.Brown, et al. 2023."Drivers of California's Changing Wildfires: A State-
of-the-Knowledge Synthesis!" International Journal of Wildland Fire.
https://doi.org/10.1071/WF22155. Accessed 11 Dec 2023.

Maestrini, B, E.C. Alvey, M.D. Hurteau, H. Safford, and J.R. Miesel. 2017. Fire
severity alters the distribution of pyrogenic carbon stocks across eco-
system pools in a californian mixed-conifer forest. Journal of Geophysical
Research: Biogeosciences 122 (9): 2338-2355. https://doi.org/10.1002/
2017JG003832.

Mahlum, SK., LA. Eby, MK. Young, C.G. Clancy, and M. Jakober. 2011. Effects of
wildfire on stream temperatures in the bitterroot river basin, montana.
International Journal of Wildland Fire 20 (2): 240-247. https://doi.org/10.
1071/WF09132.

Marks-Block, T, FK. Lake, R. Bliege Bird, and L.M. Curran. 2021. Revitalized
Karuk and Yurok Cultural Burning to Enhance California Hazelnut for
Basketweaving in Northwestern California, USA. Fire Ecology 17 (1): 6.
https://doi.org/10.1186/542408-021-00092-6.

Marsh, C., J.C. Blankinship, and M.D. Hurteau. 2023. Effects of nurse shrubs
and biochar on planted conifer seedling survival and growth in a high-
severity burn patch in new Mexico, USA. Forest Ecology and Manage-
ment 537 (June): 120971. https://doi.org/10.1016/j.foreco.2023.120971.

Marshall, G, D.K. Thompson, K. Anderson, B. Simpson, R. Linn, and D.
Schroeder. 2020. The impact of fuel treatments on wildfire behavior in
North American Boreal Fuels: a simulation study using FIRETEC. Fire 3
(2): 18. https://doi.org/10.3390/fire3020018.

Marshall, V.M., M.M. Lewis, and B. Ostendorf. 2012. Buffel grass (Cenchrus
Ciliaris) as an invader and threat to biodiversity in arid environments: a
review. Journal of Arid Environments 78 (March): 1-12. https://doi.org/10.
1016/} jaridenv.2011.11.005.

Matthews, S., A.L. Sullivan, P. Watson, and R.J. Williams. 2012. Climate change,
fuel and fire behaviour in a eucalypt forest. Global Change Biology 18
(10): 3212-3223. https://doi.org/10.1111/).1365-2486.2012.02768 x.

McLauchlan, KK, PE. Higuera, J. Miesel, B.M. Rogers, J. Schweitzer, JK. Shu-
man, AJ. Tepley, et al. 2020. Fire as a fundamental ecological process:
research advances and frontiers. Journal of Ecology 108 (5): 2047-2069.
https://doi.org/10.1111/1365-2745.13403.

Miller, JE.D,, and H.D. Safford. 2020. Are plant community responses to wildfire
contingent upon historical disturbance regimes? Global Ecology and
Biogeography 29 (10): 1621-1633. https;//doi.org/10.1111/geb.13115.

Mitchell, R.J,, JK. Hiers, J. O'Brien, and G. Starr. 2009. Ecological Forestry in the
Southeast: understanding the ecology of fuels. Journal of Forestry. 107:
391-97.

Moore, R. A, C. Bomar, L. N. Kobziar, and B. C. Christner. 2020.“Wildland Fire as
an Atmospheric Source of Viable Microbial Aerosols and Biological Ice
Nucleating Particles!” The ISME Journal, October. https://doi.org/10.1038/
541396-020-00788-8. Accessed 28 Nov 2020.

Moreira, F, D. Ascoli, H. Safford, M. Adams, JM. Moreno, J.C. Pereira, F. Catry,
et al. 2020. Wildfire management in mediterranean-type regions: para-
digm change needed. Environmental Research Letters 15 (1): 011001.
https://doi.org/10.1088/1748-9326/ab541e.

Moura, L.C,, A.O. Scariot, 1.B. Schmidt, R. Beatty, and J. Russell-Smith. 2019.The
legacy of colonial fire management policies on traditional livelihoods
and ecological sustainability in savannas: impacts, consequences,
new directions. Journal of Environmental Management 232 (February):
600-606. https://doi.org/10.1016/jjenvman.2018.11.057.

Page 25 of 28

Mueller, S.E, A.E. Thode, E.Q. Margolis, L.L. Yocom, J.D. Young, and J.M. Iniguez.
2020. Climate relationships with increasing wildfire in the Southwestern
US from 1984 to 2015. Forest Ecology and Management 460 (March):
117861. https://doi.org/10.1016/j.foreco.2019.117861.

Murphy, S. M., M. C.Vidal, T. P. Smith, C. J. Hallagan, E. D. Broder, D. Rowland,
and L. C. Cepero. 2018.“Forest Fire Severity Affects Host Plant Quality
and Insect Herbivore Damage! Frontiers in Ecology and Evolution 6.
https.//www.frontiersin.org/articles/10.3389/fevo.2018.00135. Accessed
11 Oct 2023.

Murphy, Julia S., Robert York, Hiram Rivera Huerta, and Scott L. Stephens. 2021.
Characteristics and metrics of resilient forests in the Sierra de San Pedro
Martir, Mexico. Forest Ecology and Management 482: 118864. https://doi.
0rg/10.1016/j.foreco.2020.118864.

Neger, C., and L.D. Rosas-Paz. 2022. A characterization of fire-management
research: a bibliometric review of global networks and themes. Fire 5
(4): 89. https://doi.org/10.3390/fire5040089.

Nemens, D.G., KR. Kidd, J.M. Varner, and B. Wing. 2022. Recurring wildfires
provoke type conversion in dry western forests. Ecosphere 13 (8):
e4184. https://doi.org/10.1002/ecs2.4184.

Nepstad, D., G. Carvalho, A. Cristina Barros, A. Alencar, J. Paulo Capobianco,
J. Bishop, P. Moutinho, P. Lefebvre, U. Lopes Silva, and E. Prins. 2001.
Road paving, fire regime feedbacks, and the future of amazon forests.
Forest Ecology and Management, New Directions in Tropical Forest
Research 154 (3): 395-407. https://doi.org/10.1016/50378-1127(01)
00511-4.

Nimmo, D.G., A.JR. Carthey, C.J. Jolly, and D.T. Blumstein. 2021. Welcome to
the pyrocene: animal survival in the age of megafire. Global Change
Biology 27 (22): 5684-5693. https://doi.org/10.1111/gcb.15834.

North, M.P, S.L. Stephens, B.M. Collins, J.K. Agee, G. Aplet, J.F. Franklin, and
PZ. Fulé. 2015. Reform forest fire management. Science 349 (6254):
1280-1281. https://doi.org/10.1126/science.aab2356.

Noss, R.F, W.J. Platt, B.A. Sorrie, A.S. Weakley, D.B. Means, J. Costanza, and RK.
Peet. 2015. How global biodiversity hotspots may go unrecognized:
lessons from the North American coastal plain. Diversity and Distribu-
tions 21 (2): 236-244. https://doi.org/10.1111/ddi.12278.

Nowacki, G.J., and M.D. Abrams. 2008. The demise of fire and ‘mesophication’
of forests in the Eastern United States. BioScience 58 (2): 123-138.
https://doi.org/10.1641/B580207.

O'Brien, J.J., JK. Hiers, J.M. Varner, C.M. Hoffman, M.B. Dickinson, S.T. Micha-
letz, E.L. Loudermilk, and B.W. Butler. 2018. Advances in mechanistic
approaches to quantifying biophysical fire effects. Current Forestry
Reports 4 (4): 161-177. https://doi.org/10.1007/5s40725-018-0082-7.

O'Brien, Joseph J., E.L. Loudermilk, B. Hornsby, A.T. Hudak, B.C. Bright, M.B.
Dickinson, J.K. Hiers, C. Teske, and R.D. Ottmar. 2016. High-resolution
infrared thermography for capturing wildland fire behaviour:
RxCADRE 2012. International Journal of Wildland Fire 25 (1): 62-75.
https://doi.org/10.1071/WF14165.

O'Connor, M. I, M. W. Pennell, F. Altermatt, B. Matthews, C. J. Melian, and A.
Gonzalez. 2019."Principles of Ecology Revisited: Integrating Informa-
tion and Ecological Theories for a More Unified Science!” Frontiers in
Ecology and Evolution 7. https://www.frontiersin.org/articles/10.3389/
fevo.2019.00219. Accessed 5 Jan. 2024.

O'Dell, K., K. Bilsback, B. Ford, S.E. Martenies, S. Magzamen, E.V. Fischer, and
JR. Pierce. 2021. Estimated Mortality and Morbidity Attributable to
Smoke Plumes in the United States: Not Just a Western US Problem.
GeoHealth 5 (9): €2021GH000457. https://doi.org/10.1029/2021G
H000457.

Odum, E.P. 1969. The strategy of ecosystem development. Science 164
(3877): 262-270. https://doi.org/10.1126/science.164.3877.262.

Paritsis, J., T.T. Veblen, and A. Holz. 2015. Positive fire feedbacks contribute
to shifts from nothofagus pumilio forests to fire-prone shrublands in
patagonia. Journal of Vegetation Science 26 (1): 89-101. https://doi.
org/10.1111/jvs.12225.

Parker, CH., E.R. Keefe, N.M. Herzog, J.F. O'connell, and K. Hawkes. 2016. The
pyrophilic primate hypothesis. Evolutionary Anthropology: Issues,
News, and Reviews 25 (2): 54-63. https://doi.org/10.1002/evan.21475.

Parks, S.A., L.M. Holsinger, C. Miller, and C.R. Nelson. 2015. Wildland fire as a
self-regulating mechanism: the role of previous burns and weather
in limiting fire progression. Ecological Applications 25 (6): 1478-1492.
https://doi.org/10.1890/14-1430.1.


https://www.frontiersin.org/articles/10.3389/fpls.2019.01107
https://www.frontiersin.org/articles/10.3389/fpls.2019.01107
https://doi.org/10.1186/s42408-022-00132-9
https://doi.org/10.1186/s42408-022-00132-9
https://doi.org/10.1002/ecs2.1361
https://doi.org/10.1139/x04-071
https://doi.org/10.1071/WF22155
https://doi.org/10.1002/2017JG003832
https://doi.org/10.1002/2017JG003832
https://doi.org/10.1071/WF09132
https://doi.org/10.1071/WF09132
https://doi.org/10.1186/s42408-021-00092-6
https://doi.org/10.1016/j.foreco.2023.120971
https://doi.org/10.3390/fire3020018
https://doi.org/10.1016/j.jaridenv.2011.11.005
https://doi.org/10.1016/j.jaridenv.2011.11.005
https://doi.org/10.1111/j.1365-2486.2012.02768.x
https://doi.org/10.1111/1365-2745.13403
https://doi.org/10.1111/geb.13115
https://doi.org/10.1038/s41396-020-00788-8
https://doi.org/10.1038/s41396-020-00788-8
https://doi.org/10.1088/1748-9326/ab541e
https://doi.org/10.1016/j.jenvman.2018.11.057
https://doi.org/10.1016/j.foreco.2019.117861
https://www.frontiersin.org/articles/10.3389/fevo.2018.00135
https://doi.org/10.1016/j.foreco.2020.118864
https://doi.org/10.1016/j.foreco.2020.118864
https://doi.org/10.3390/fire5040089
https://doi.org/10.1002/ecs2.4184
https://doi.org/10.1016/S0378-1127(01)00511-4
https://doi.org/10.1016/S0378-1127(01)00511-4
https://doi.org/10.1111/gcb.15834
https://doi.org/10.1126/science.aab2356
https://doi.org/10.1111/ddi.12278
https://doi.org/10.1641/B580207
https://doi.org/10.1007/s40725-018-0082-7
https://doi.org/10.1071/WF14165
https://www.frontiersin.org/articles/10.3389/fevo.2019.00219
https://www.frontiersin.org/articles/10.3389/fevo.2019.00219
https://doi.org/10.1029/2021GH000457
https://doi.org/10.1029/2021GH000457
https://doi.org/10.1126/science.164.3877.262
https://doi.org/10.1111/jvs.12225
https://doi.org/10.1111/jvs.12225
https://doi.org/10.1002/evan.21475
https://doi.org/10.1890/14-1430.1

Kobziar et al. Fire Ecology (2024) 20:39

Parsons, R.AA, RR. Linn, F. Pimont, C. Hoffman, J. Sauer, J. Winterkamp, C.H.
Sieg, and W.M. Jolly. 2017. Numerical investigation of aggregated fue
spatial pattern impacts on fire behavior. Land 6 (2): 43. https://doi.
0rg/10.3390/land6020043.

Partelli-Feltrin, R, AM.S. Smith, H.D. Adams, R.A. Thompson, C.A. Kolden,
K.M. Yedinak, and D.M. Johnson. 2023. Death from hunger or thirst?
Phloem death, rather than xylem hydraulic failure, as a driver of
fire-induced conifer mortality. New Phytologist 237 (4): 1154-1163.
https://doi.org/10.1111/nph.18454.

Pausas, J.G., and J.E. Keeley. 2017. Epicormic resprouting in fire-prone eco-
systems. Trends in Plant Science 22 (12): 1008-1015. https://doi.org/
10.1016/j.tplants.2017.08.010.

Pausas, J.G,, B.B. Lamont, S. Paula, B. Appezzato-da-Gldria, and B. Fidelis.
2018. Unearthing belowground bud banks in fire-prone ecosystems.
New Phytologist 217 (4): 1435-48. https://doi.org/10.1111/nph.14982.

Pausas, Juli G. 2015. Evolutionary fire ecology: lessons learned from pines.
Trends in Plant Science 20 (5): 318-324. https://doi.org/10.1016/j.tplan
15.2015.03.001.

Pausas, Juli G. 2019. Generalized fire response strategies in plants and animals.
Oikos 128 (2): 147-153. https://doi.org/10.1111/0ik.05907.

Pausas, Juli G, and W.J. Bond. 2019."Humboldt and the Reinvention of Nature.
Edited by Mahesh Sankaran. Journal of Ecology. 107 (3): 031-037.
https://doi.org/10.1111/1365-2745.13109.

Pausas,Juli, G., and W.J. Bond. 2020a. Alternative Biome States in Terrestrial
Ecosystems. Trends in Plant Science 25 (3): 250-63. https://doi.org/10.
1016/j.tplants.2019.11.003.

Pausas,Juli, G, and W.J. Bond. 2020b. On the three major recycling pathways
in terrestrial ecosystems. Trends in Ecology & Evolution 35 (9): 767-75.
https://doi.org/10.1016/j.tree.2020.04.004.

Pausas, Juli G, and J.E. Keeley. 2009. A burning story: the role of fire in the
history of life. BioScience 59 (7): 593-601. https://doi.org/10.1525/bio.
2009.59.7.10.

Pausas, Juli G, J.E. Keeley, and D.W. Schwilk. 2017. Flammability as an ecologi-
cal and evolutionary driver. Journal of Ecology 105: 289-297. https://doi.
org/10.1111/1365-2745.12691.

Pausas, Juli G, and B.B. Lamont. 2022. Fire-released seed dormancy - a global
synthesis. Biological Reviews 97 (4): 1612-1639. https://doi.org/10.1111/
brv.12855.

Pausas, Juli G., and C.L. Parr. 2018. Towards an understanding of the evolu-
tionary role of fire in animals. Evolutionary Ecology 32 (2-3): 113-125.
https://doi.org/10.1007/510682-018-9927-6.

Peterson, D.W,, PB. Reich, and K.J. Wrage. 2007. Plant functional group
responses to fire frequency and tree canopy cover gradients in oak
savannas and woodlands. Journal of Vegetation Science 18 (1): 3-12.
https://doi.org/10.1111/j.1654-1103.2007.tb02510.x.

Petters, M. D.,, M. T. Parsons, A. J. Prenni, P. J. DeMott, S. M. Kreidenweis, C. M.
Carrico, A. P. Sullivan, et al. 2009. Ice Nuclei Emissions from Biomass
Burning. Journal of Geophysical Research: Atmospheres 114 (D7). https://
doi.org/10.1029/2008JD011532. Accessed 16 Aug 2019.

Pietikdinen, J., O. Kiikkild, and H. Fritze. 2000. Charcoal as a habitat for microbes
and its effect on the microbial community of the underlying humus.
Oikos 89 (2): 231-242. https://doi.org/10.1034/j.1600-0706.2000.
890203.x.

Pingree, M. R. A, and T. H. Deluca. 2017.“Function of Wildfire-Deposited
Pyrogenic Carbon in Terrestrial Ecosystems” Frontiers in Environmental
Science 5. https://www.frontiersin.org/articles/10.3389/fenvs.2017.
00053. Accessed 11 Oct 2023.

Pingree, M.R.A,, and L.N. Kobziar. 2019. The myth of the biological threshold: a
review of biological responses to soil heating associated with wildland
fire. Forest Ecology and Management 432 (January): 1022-1029. https://
doi.org/10.1016/j.foreco.2018.10.032.

Pooley, S. 2022. A historical perspective on fire research in east and Southern
African Grasslands and Savannas. African Journal of Range & Forage Sci-
ence 39 (1): 1-15. https://doi.org/10.2989/10220119.2022.2028187.

Pressler, Y., J.C. Moore, and M.F. Cotrufo. 2019. Belowground community
responses to fire: meta-analysis reveals contrasting responses of soil
microorganisms and mesofauna. Oikos 128 (3): 309-327. https://doi.
0rg/10.1111/0ik.05738.

Prichard, S.J,, CS. Stevens-Rumann, and PF. Hessburg. 2017. Tamm review:
shifting global fire regimes: lessons from reburns and research needs.

Page 26 of 28

Forest Ecology and Management 396 (July): 217-233. https://doi.org/10.
1016/j.foreco.2017.03.035.

Prichard, S, N.S. Larkin, R. Ottmar, N.H.F. French, K. Baker, T. Brown, C. Clements,
etal. 2019. The fire and smoke model evaluation experiment—a plan
for integrated, large fire-atmosphere field campaigns. Atmosphere 10
(2): 66. https://doi.org/10.3390/atmos10020066.

Pyne, S. J. 1991. Burning Bush: A Fire History of Australia. University of Washing-
ton Press. https://www.jstor.org/stable/j.ctvewnmnO. Accessed 11 Oct
2023.

Pyne, S. J. 1997. World Fire: The Culture of Fire on Earth. University of Washington
Press.. https://www.jstor.org/stable/j.ctvd7w7dq Accessed 11 Oct 2023.

Quigley, KM, R.E. Wildt, B.R. Sturtevant, RK. Kolka, M.B. Dickinson, C.C. Kern,
D.M. Donner, and J.R. Miesel. 2019. Fuels, vegetation, and prescribed
fire dynamics influence ash production and characteristics in a diverse
landscape under active pine barrens restoration. Fire Ecology 15 (1): 5.
https://doi.org/10.1186/542408-018-0015-7.

Quigley, Kathleen M., R. Kolka, B.R. Sturtevant, M.B. Dickinson, C.C. Kern, and J.R.
Miesel. 2021. Restoring open canopy pine barrens from the ground up:
repeated burns correspond with increased soil hydraulic conductivity.
Science of the Total Environment 767 (May): 144258. https://doi.org/10.
1016/].scitoteny.2020.144258.

Radeloff, V.C,, D.P. Helmers, H.A. Kramer, M.H. Mockrin, PM. Alexandre, A. Bar-
Massada, V. Butsic, et al. 2018. Rapid growth of the US wildland-urban
interface raises wildfire risk. Proceedings of the National Academy of Sci-
ences 115 (13): 3314-3319. https://doi.org/10.1073/pnas.1718850115.

Rakhmatulina, E., G. Boisramé, S.L. Stephens, and S. Thompson. 2021. Hydro-
logical benefits of restoring wildfire regimes in the sierra nevada persist
in a warming climate. Journal of Hydrology 593 (February): 125808.
https://doi.org/10.1016/j.jhydrol.2020.125808.

Reardon, James, Gary Curcio, and Roberta Bartlette. 2009. Soil moisture
dynamics and smoldering combustion limits of pocosin soils in North
Carolina, USA. International Journal of Wildland Fire 18: 326-335. CSIRO
PUBLISHING. https://doi.org/10.1071/WF08085.

Rein, G, N. Cleaver, C. Ashton, P. Pironi, and J.L. Torero. 2008. The severity of
smouldering peat fires and damage to the forest soil. CATENA, Fire
Effects on Soil Properties 74 (3): 304-309. https://doi.org/10.1016/j.
catena.2008.05.008.

Resco de Dios, V, J. Hedo, A. Cunill Camprubi, P. Thapa, E. Martinez Del
Castillo, J. Martinez de Aragon, J.A. Bonet, et al. 2021. Climate change
induced declines in fuel moisture may turn currently fire-free pyrenean
mountain forests into fire-prone ecosystems. The Science of the Total
Environment 797 (November): 149104. https://doi.org/10.1016/j.scito
tenv.2021.149104.

Responsible Science: Ensuring the Integrity of the Research Process: Volume 1. 1992.
Washington, D.C.: National Academies Press. https://doi.org/10.17226/
1864. Accessed 5 Jan 2024.

Rieman, B, and J. Clayton. 1997. Wildfire and native fish: issues of forest health
and conservation of sensitive species. Fisheries 22 (11): 6-15. https://doi.
0rg/10.1577/1548-8446(1997)022%3c0006:WANFI0%3e2.0.CO;2.

Riera, R, and J.G. Pausas. 2024. Fire ecology in marine systems. Trends in Ecology
& Evolution 39 (3): 221-224. https://doi.org/10.1016/].tree.2023.12.001.

Riley, K.L, J.T. Abatzoglou, I.C. Grenfell, AE. Klene, and FA. Heinsch. 2013a.

The relationship of large fire occurrence with drought and fire danger
indices in the Western USA, 1984-2008: the role of temporal scale.
International Journal of Wildland Fire 22 (7): 894-909. https://doi.org/10.
1071/WF12149.

Riley, KL, R. Bendick, K.D. Hyde, and E.J. Gabet. 2013b. Frequency-magnitude
distribution of debris flows compiled from global data, and compari-
son with post-fire debris flows in the Western U.S. Geomorphology 191
(June): 118-128. https://doi.org/10.1016/j.geomorph.2013.03.008.

Riley, K.L,, A.P. Williams, S.P. Urbanski, D.E. Calkin, K.C. Short, and C.D. O'Connor.
2019. Will landscape fire increase in the future? A systems approach
to climate, fire, fuel, and human drivers. Current Pollution Reports 5 (2):
9-24. https://doi.org/10.1007/540726-019-0103-6.

Riley, K., and M. Thompson. 2016."An Uncertainty Analysis of Wildfire Mod-
eling!In Natural Hazard Uncertainty Assessment, 191-213. American
Geophysical Union (AGU). https://doi.org/10.1002/9781119028116.
ch13. Accessed 12 Dec 2023.

Ritter, S.M., CM. Hoffman, M.A. Battaglia, C.S. Stevens-Rumann, and W.E. Mell.
2020. Fine-scale fire patterns mediate forest structure in frequent-fire


https://doi.org/10.3390/land6020043
https://doi.org/10.3390/land6020043
https://doi.org/10.1111/nph.18454
https://doi.org/10.1016/j.tplants.2017.08.010
https://doi.org/10.1016/j.tplants.2017.08.010
https://doi.org/10.1111/nph.14982
https://doi.org/10.1016/j.tplants.2015.03.001
https://doi.org/10.1016/j.tplants.2015.03.001
https://doi.org/10.1111/oik.05907
https://doi.org/10.1111/1365-2745.13109
https://doi.org/10.1016/j.tplants.2019.11.003
https://doi.org/10.1016/j.tplants.2019.11.003
https://doi.org/10.1016/j.tree.2020.04.004
https://doi.org/10.1525/bio.2009.59.7.10
https://doi.org/10.1525/bio.2009.59.7.10
https://doi.org/10.1111/1365-2745.12691
https://doi.org/10.1111/1365-2745.12691
https://doi.org/10.1111/brv.12855
https://doi.org/10.1111/brv.12855
https://doi.org/10.1007/s10682-018-9927-6
https://doi.org/10.1111/j.1654-1103.2007.tb02510.x
https://doi.org/10.1029/2008JD011532
https://doi.org/10.1029/2008JD011532
https://doi.org/10.1034/j.1600-0706.2000.890203.x
https://doi.org/10.1034/j.1600-0706.2000.890203.x
https://www.frontiersin.org/articles/10.3389/fenvs.2017.00053
https://www.frontiersin.org/articles/10.3389/fenvs.2017.00053
https://doi.org/10.1016/j.foreco.2018.10.032
https://doi.org/10.1016/j.foreco.2018.10.032
https://doi.org/10.2989/10220119.2022.2028187
https://doi.org/10.1111/oik.05738
https://doi.org/10.1111/oik.05738
https://doi.org/10.1016/j.foreco.2017.03.035
https://doi.org/10.1016/j.foreco.2017.03.035
https://doi.org/10.3390/atmos10020066
https://www.jstor.org/stable/j.ctvcwnmn0
https://www.jstor.org/stable/j.ctvd7w7dq
https://doi.org/10.1186/s42408-018-0015-7
https://doi.org/10.1016/j.scitotenv.2020.144258
https://doi.org/10.1016/j.scitotenv.2020.144258
https://doi.org/10.1073/pnas.1718850115
https://doi.org/10.1016/j.jhydrol.2020.125808
https://doi.org/10.1071/WF08085
https://doi.org/10.1016/j.catena.2008.05.008
https://doi.org/10.1016/j.catena.2008.05.008
https://doi.org/10.1016/j.scitotenv.2021.149104
https://doi.org/10.1016/j.scitotenv.2021.149104
https://doi.org/10.17226/1864
https://doi.org/10.17226/1864
https://doi.org/10.1577/1548-8446(1997)022%3c0006:WANFIO%3e2.0.CO;2
https://doi.org/10.1577/1548-8446(1997)022%3c0006:WANFIO%3e2.0.CO;2
https://doi.org/10.1016/j.tree.2023.12.001
https://doi.org/10.1071/WF12149
https://doi.org/10.1071/WF12149
https://doi.org/10.1016/j.geomorph.2013.03.008
https://doi.org/10.1007/s40726-019-0103-6
https://doi.org/10.1002/9781119028116.ch13
https://doi.org/10.1002/9781119028116.ch13

Kobziar et al. Fire Ecology (2024) 20:39

ecosystems. Ecosphere 11 (7): €03177. https://doi.org/10.1002/ecs2.
3177.

Roces-Diaz, J.V, C. Santin, J. Martinez-Vilalta, and S.H. Doerr. 2022. A global syn-
thesis of fire effects on ecosystem services of forests and woodlands.
Frontiers in Ecology and the Environment 20 (3): 170-178. https://doi.org/
10.1002/fee.2349.

Roebroeks, W,, and P. Villa. 2011. On the earliest evidence for habitual Use of
Fire in Europe. Proceedings of the National Academy of Sciences 108 (13):
5209-5214. https://doi.org/10.1073/pnas.1018116108.

Roering, J.J,, and M. Gerber. 2005. Fire and the Evolution of Steep, Soil-Mantled
Landscapes. Geology 33 (5): 349-352. https://doi.org/10.1130/G21260.1.

Safford, H. D,, G. D. Hayward, N. E. Heller, and J. A. Wiens. 2012. "Historical Ecol-
ogy, Climate Change, and Resource Management: Can the Past Still
Inform the Future?”In Historical Environmental Variation in Conserva-
tion and Natural Resource Management, 46-62. John Wiley & Sons, Ltd.
https://doi.org/10.1002/9781118329726.ch4. Accessed 12 Dec 2023.

Safford, H.D,, AK. Paulson, Z.L. Steel, D.JN. Young, and RB. Wayman. 2022. The
2020 california fire season: a year like no other, a return to the past or
a harbinger of the future? Global Ecology and Biogeography 31 (10):
2005-2025. https://doi.org/10.1111/geb.13498.

Safford, H.D., S.C. Sawyer, S.D. Kocher, J.K. Hiers, and M. Cross. 2017. Linking
knowledge to action: the role of boundary spanners in translating ecol-
ogy. Frontiers in Ecology and the Environment 15 (10): 560-568. https://
doi.org/10.1002/fee.1731.

Safford, H. D, and J. T. Stevens. 2017. “Natural Range of Variation for Yellow Pine
and Mixed-Conifer Forests in the Sierra Nevada, Southern Cascades,
and Modoc and Inyo National Forests, California, USA!" Gen. Tech. Rep.
PSW-GTR-256. Albany, CA: U.S. Department of Agriculture, Forest Service,
Pacific Southwest Research Station. 229 p. https://www.fs.usda.gov/trees
earch/pubs/55393. Accessed 11 Nov 2019.

Safford, H.D,, R.J. Butz, GN. Bohlman, M. Coppoletta, B.L. Estes, S.E. Gross, K.E.
Merriam, M.D. Meyer, N.A. Molinari, and A. Wuenschel. 2021.“Fire Ecol-
ogy of the North American Mediterranean-Climate Zone! In Fire Ecology
and Management: Past, Present, and Future of US Forested Ecosystemes.,
337-92. New York, NY: Springer.

Sanderfoot, O.V, S.B. Bassing, J.L. Brusa, R.L. Emmet, S.J. Gillman, K. Swift, and B.
Gardner. 2021. A Review of the Effects of Wildfire Smoke on the Health
and Behavior of Wildlife. Environmental Research Letters 16 (12): 123003.
https://doi.org/10.1088/1748-9326/ac30f6.

Scheiter, S, S.I. Higgins, CP. Osborne, C. Bradshaw, D. Lunt, B.S. Ripley, L.L. Tay-
lor, and D.J. Beerling. 2012. Fire and Fire-Adapted Vegetation Promoted
C4 Expansion in the Late Miocene. New Phytologist 195 (3): 653-666.
https://doi.org/10.1111/j.1469-8137.2012.04202.x.

Scheller, Robert, Alec Kretchun, Todd J. Hawbaker, and Paul D. Henne. 2019. A
landscape model of variable social-ecological fire regimes. Ecological
Modelling 401: 85-93. https://doi.org/10.1016/j.ecolmodel.2019.03.022.

Schimper, A. F.W. (Andreas F. W., W. R. Fisher, P. Groom, and I. B. Balfour. 1903.
Plant-Geography upon a Physiological Basis. Oxford : Clarendon Press.
http://archive.org/details/plantgeographyup00schi. Accessed 9 Aug
2023.

Scordo, F, S. Chandra, E. Suenaga, S.J. Kelson, J. Culpepper, L. Scaff, F. Tromboni,
etal. 2021. Smoke from Regional Wildfires Alters Lake Ecology. Scientific
Reports 11 (1): 10922. https://doi.org/10.1038/541598-021-89926-6.

Scott, A.C. 2000. The pre-quaternary history of fire. Palaeogeography, Palaeo-
climatology, Palaeoecology, Fire and the Palaeoenvironment 164 (1):
281-329. https://doi.org/10.1016/5S0031-0182(00)00192-9.

Scott, Andrew C, and I.J. Glasspool. 2006. The Diversification of Paleozoic
Fire Systems and Fluctuations in Atmospheric Oxygen Concentration.
Proceedings of the National Academy of Sciences 103 (29): 10861-10865.
https://doi.org/10.1073/pnas.0604090103.

Seijo, F. 2009. Who framed the forest fire? state framing and peasant counter-
framing of anthropogenic forest fires in Spain Since 1940. Journal of
Environmental Policy & Planning 11 (2): 103-128. https://doi.org/10.
1080/15239080902732570.

Seijo, Francisco, M.M. Godoy, D. Guglielmin, C. Ciampoli, S. Ebright, O. Picco,
and G. Defossé. 2020. Conflicting Frames about Ownership and
Land Use Drive Wildfire Ignitions in a Protected Conservation Area.
Environmental Management 65 (4): 448-462. https://doi.org/10.1007/
500267-020-01265-w.

Seijo, Francisco, J.D.A. Millington, R. Gray, V. Sanz, J. Lozano, F. Garcia-Serrano,
G. Sanglesa-Barreda, and J. Julio Camarero. 2015. Forgetting Fire:

Page 27 of 28

Traditional Fire Knowledge in Two Chestnut Forest Ecosystems of the
Iberian Peninsula and Its Implications for European Fire Management
Policy. Land Use Policy 47 (September): 130-144. https://doi.org/10.
1016/j.landusepol.2015.03.006.

Shakesby, R.A, and S.H. Doerr. 2006. Wildfire as a Hydrological and Geomor-
phological Agent. Earth-Science Reviews 74 (3): 269-307. https://doi.org/
10.1016/j.earscirev.2005.10.006.

Silveira, J.M,, J. Louzada, J. Barlow, R. Andrade, L. Mestre, R. Solar, S. Lacau, and
M.A. Cochrane. 2016. A Multi-Taxa Assessment of Biodiversity Change
After Single and Recurrent Wildfires in a Brazilian Amazon Forest.
Biotropica 48 (2): 170-180.

Simon, M.F, R. Grether, LP. de Queiroz, C. Skema, R.T. Pennington, and C.E.
Hughes. 2009. Recent assembly of the cerrado, a neotropical plant
diversity hotspot, by in situ evolution of adaptations to fire. Proceedings
of the National Academy of Sciences 106 (48): 20359-20364. https://doi.
0rg/10.1073/pnas.0903410106.

Smith, AM.S., AM. Sparks, CA. Kolden, J.T. Abatzoglou, A.F. Talhelm, D.M.
Johnson, L. Boschetti, et al. 2016. Towards a new paradigm in fire sever-
ity research using dose-response experiments. International Journal of
Wildland Fire 25 (2): 158-166. https://doi.org/10.1071/WF15130.

Smith, H.G., G.J. Sheridan, PN.J. Lane, P.Nyman, and S. Haydon. 2011. Wildfire
effects on water quality in forest catchments: a review with implications
for water supply. Journal of Hydrology 396 (1): 170-192. https://doi.org/
10.1016/jjhydrol.2010.10.043.

Sparks, AM., AM.S. Smith, AF. Talhelm, C.A. Kolden, K.M. Yedinak, and
D.M. Johnson. 2017. Impacts of Fire Radiative Flux on Mature Pinus
Ponderosa Growth and Vulnerability to Secondary Mortality Agents.
International Journal of Wildland Fire 26 (1): 95-106. https://doi.org/10.
1071/WF161309.

Spigel, KM.,, and PR. Robichaud. 2007. First-Year Post-Fire Erosion Rates in
Bitterroot National Forest, Montana. Hydrological Processes 21 (8):
998-1005. https://doi.org/10.1002/hyp.6295.

Stamou, G.P. 2002. The Nature of Mediterranean Europe. An Ecological History
BY A.T. GROVE AND OLIVER RACKHAM 384 Pp., 302 Figs., 28.5 X 22.0
% 3.0 Cm, ISBN 0 300 08443 9 Hardback, US$ 75.00, New Haven, USA/
London, UK: Yale University Press, 2001. An. Environmental Conservation
29 (2): 263-70. https//doi.org/10.1017/50376892902210164.

Starr, G, C.L. Staudhammer, HW. Loescher, R. Mitchell, A. Whelan, JK. Hiers,
and J.J. O'Brien. 2015. Time Series Analysis of Forest Carbon Dynamics:
Recovery of Pinus Palustris Physiology Following a Prescribed Fire. New
Forests 46 (1): 63-90. https://doi.org/10.1007/511056-014-9447-3.

Staver, A.C,, S. Archibald, and S.A. Levin. 2011. The Global Extent and Determi-
nants of Savanna and Forest as Alternative Biome States. Science 334
(6053): 230-232. https://doi.org/10.1126/science.1210465.

Stawski, C,, JK. Matthews, G. Kértner, and F. Geiser. 2015. Physiological and
Behavioural Responses of a Small Heterothermic Mammal to Fire
Stimuli. Physiology & Behavior 151 (November): 617-622. https://doi.org/
10.1016/j.physbeh.2015.09.002.

Steel, Z.L., BM. Collins, D.B. Sapsis, and S.L. Stephens. 2021. Quantifying
Pyrodiversity and Its Drivers. Proceedings of the Royal Society b: Biological
Sciences 288 (1948): 20203202. https://doi.org/10.1098/rspb.2020.3202.

Stephens, S. L, D. L. Fry, and E. Franco-Vizcaino. 2008. “Wildfire and Spatial
Patterns in Forests in Northwestern Mexico: The United States Wishes It
Had Similar Fire Problems!” Ecology and Society 13 (2). https://www.jstor.
org/stable/26267961. Accessed 2 Jul 2020.

Stephens, S.L, and LW. Ruth. 2005. Federal Forest-Fire Policy in the United
States. Ecological Applications 15 (2): 532-542. https://doi.org/10.1890/
04-0545.

Stevens, J.T,, M\M. Kling, DW. Schwilk, JM. Varner, and J.M. Kane. 2020. Bioge-
ography of Fire Regimes in Western U.S. Conifer Forests: A Trait-Based
Approach. Global Ecology and Biogeography 29 (5): 944-955. https://doi.
0rg/10.1111/geb.13079.

Stevens-Rumann, C. S, A. T. Hudak, P. Morgan, A. Arnold, and E. K. Strand. 2020.
“Fuel Dynamics Following Wildfire in US Northern Rockies Forests!” Fron-
tiers in Forests and Global Change 3. https://www.frontiersin.org/articles/
10.3389/ffgc.2020.00051. Accessed 11 Dec 2023.

Stevens-Rumann, C.S., and P Morgan. 2019. Tree Regeneration Following
Wildfires in the Western US: A Review. Fire Ecology 15 (1): 15. https://doi.
0rg/10.1186/542408-019-0032-1.


https://doi.org/10.1002/ecs2.3177
https://doi.org/10.1002/ecs2.3177
https://doi.org/10.1002/fee.2349
https://doi.org/10.1002/fee.2349
https://doi.org/10.1073/pnas.1018116108
https://doi.org/10.1130/G21260.1
https://doi.org/10.1002/9781118329726.ch4
https://doi.org/10.1111/geb.13498
https://doi.org/10.1002/fee.1731
https://doi.org/10.1002/fee.1731
https://www.fs.usda.gov/treesearch/pubs/55393
https://www.fs.usda.gov/treesearch/pubs/55393
https://doi.org/10.1088/1748-9326/ac30f6
https://doi.org/10.1111/j.1469-8137.2012.04202.x
https://doi.org/10.1016/j.ecolmodel.2019.03.022
http://archive.org/details/plantgeographyup00schi
https://doi.org/10.1038/s41598-021-89926-6
https://doi.org/10.1016/S0031-0182(00)00192-9
https://doi.org/10.1073/pnas.0604090103
https://doi.org/10.1080/15239080902732570
https://doi.org/10.1080/15239080902732570
https://doi.org/10.1007/s00267-020-01265-w
https://doi.org/10.1007/s00267-020-01265-w
https://doi.org/10.1016/j.landusepol.2015.03.006
https://doi.org/10.1016/j.landusepol.2015.03.006
https://doi.org/10.1016/j.earscirev.2005.10.006
https://doi.org/10.1016/j.earscirev.2005.10.006
https://doi.org/10.1073/pnas.0903410106
https://doi.org/10.1073/pnas.0903410106
https://doi.org/10.1071/WF15130
https://doi.org/10.1016/j.jhydrol.2010.10.043
https://doi.org/10.1016/j.jhydrol.2010.10.043
https://doi.org/10.1071/WF16139
https://doi.org/10.1071/WF16139
https://doi.org/10.1002/hyp.6295
https://doi.org/10.1017/S0376892902210164
https://doi.org/10.1007/s11056-014-9447-3
https://doi.org/10.1126/science.1210465
https://doi.org/10.1016/j.physbeh.2015.09.002
https://doi.org/10.1016/j.physbeh.2015.09.002
https://doi.org/10.1098/rspb.2020.3202
https://www.jstor.org/stable/26267961
https://www.jstor.org/stable/26267961
https://doi.org/10.1890/04-0545
https://doi.org/10.1890/04-0545
https://doi.org/10.1111/geb.13079
https://doi.org/10.1111/geb.13079
https://www.frontiersin.org/articles/10.3389/ffgc.2020.00051
https://www.frontiersin.org/articles/10.3389/ffgc.2020.00051
https://doi.org/10.1186/s42408-019-0032-1
https://doi.org/10.1186/s42408-019-0032-1

Kobziar et al. Fire Ecology (2024) 20:39

Stromberg, CAE. 2011. Evolution of Grasses and Grassland Ecosystems. Annual
Review of Earth and Planetary Sciences 39 (1): 517-544. https://doi.org/
10.1146/annurev-earth-040809-152402.

Sturtevant, Brian R., Robert M. Scheller, Brian R. Miranda, Douglas Shinneman,
and Alexandra Syphard. 2009. Simulating dynamic and mixed-severity
fire regimes: a process-based fire extension for LANDIS-II. Ecological
Modelling 220: 3380-3393. https://doi.org/10.1016/j.ecolmodel.2009.
07.030.

Syphard, AD,, J.E. Keeley, A.B. Massada, T.J. Brennan, and V.C. Radeloff. 2012.
Housing arrangement and location determine the likelihood of hous-
ing loss due to wildfire. PLoS one 7 (3): €33954. https://doi.org/10.1371/
journal.pone.0033954.

Tang, W, J. Llort, J. Weis, M.M.G. Perron, S. Basart, Z. Li, S. Sathyendranath, et al.
2021. Widespread Phytoplankton Blooms Triggered by 2019-2020
Australian Wildfires. Nature 597 (7876): 370-375. https://doi.org/10.
1038/541586-021-03805-8.

Tangney, R, R. Paroissien, T.D. Le Breton, A. Thomsen, CAT. Doyle, M. Ondik,
R.G. Miller, B.P. Miller, and M.KJ. Ooi. 2022. Success of Post-Fire Plant
Recovery Strategies Varies with Shifting Fire Seasonality. Commu-
nications Earth & Environment 3 (1): 1-9. https://doi.org/10.1038/
$43247-022-00453-2.

Tepley, AJ,, JR. Thompson, H.E. Epstein, and K.J. Anderson-Teixeira. 2017.
Vulnerability to Forest Loss through Altered Postfire Recovery Dynamics
in a Warming Climate in the Klamath Mountains. Global Change Biology
23 (10): 4117-4132. https://doi.org/10.1111/gcb.13704.

Trouvé, R, L. Oborne, and PJ. Baker. 2021. The effect of species, size, and fire
intensity on tree mortality within a catastrophic bushfire complex.
Ecological Applications 31 (6): €02383. https://doi.org/10.1002/eap.2383.

Van Wagtendonk, J. W. 2006. “Fire as a Physical Process” In Fire in California’s
Ecosystems, edited by Neil Sugihara, 0. University of California Press.
https://doi.org/10.1525/california/9780520246058.003.0003. Accessed
11 Oct 2023.

Van Wilgen, B.W,, N. Govender, G. G. Forsyth, and T. Kraaij. 2011. “Towards
Adaptive Fire Management for Biodiversity Conservation: Experience
in South African National Parks,"May. https://researchspace.csir.co.za/
dspace/handle/10204/5245. Accessed 11 Oct 2023.

Varner, JM,, 1ll, D.R. Gordon, F.E. Putz, and J.K. Hiers. 2005. Restoring Fire to
Long-Unburned Pinus Palustris Ecosystems: Novel Fire Effects and
Consequences for Long-Unburned Ecosystems. Restoration Ecology 13
(3): 536-544. https://doi.org/10.1111/j.1526-100X.2005.00067 .

Varner, JM,, TM. Shearman, J.M. Kane, EM. Banwell, E.S. Jules, and M.C. Stam-
baugh. 2022. Understanding flammability and bark thickness in the
genus pinus using a phylogenetic approach. Scientific Reports 12 (1):
7384. https://doi.org/10.1038/541598-022-11451-x.

Vitali, R, CM. Belcher, J.O. Kaplan, and A.J. Watson. 2022. Increased fire activity
under high atmospheric oxygen concentrations is compatible with the
presence of forests. Nature Communications 13 (1): 7285. https://doi.
0rg/10.1038/s41467-022-35081-z.

Wang, Y, H-H. Chen, R. Tang, D. He, Z. Lee, H. Xue, M. Wells, E. Boss, and F. Chai.
2022. Australian fire nourishes ocean phytoplankton bloom. Science of
the Total Environment 807 (February): 150775. https://doi.org/10.1016/).
scitotenv.2021.150775.

Watts, A.C,, and LN. Kobziar. 2013. Smoldering combustion and ground
fires: ecological effects and multi-scale significance. Fire Ecology 9 (1):
124-132. https://doi.org/10.4996/fireecology.0901124.

Watts, A.C,, and L.N. Kobziar. 2015. Hydrology and Fire Regulate Edge Influence
on Microclimate in Wetland Forest Patches. Freshwater Science 34 (4):
1383-1393. https://doi.org/10.1086/683534.

Watts, A.C, D.L. Watts, M.J. Cohen, J.B. Heffernan, D.L.. McLaughlin, J.B.

Martin, D.A. Kaplan, T.Z. Osborne, and L.N. Kobziar. 2014. Evidence of
Biogeomorphic Patterning in a Low-Relief Karst Landscape: KARST
LANDSCAPE PATTERN. Earth Surface Processes and Landforms 39 (15):
2027-2037. https://doi.org/10.1002/esp.3597.

van Wees, D,, G.R. van der Werf, J.T. Randerson, BM. Rogers, Y. Chen, S. Veraver-
beke, L. Giglio, and D.C. Morton. 2022. Global Biomass Burning Fuel
Consumption and Emissions at 500 m Spatial Resolution Based on the
Global Fire Emissions Database (GFED). Geoscientific Model Development
15 (22): 8411-8437. https://doi.org/10.5194/gmd-15-8411-2022.

Welch, JR, ES. Brondizio, S.S. Hetrick, and C.E.A. Coimbra. 2013. Indigenous
Burning as Conservation Practice: Neotropical Savanna Recovery amid

Page 28 of 28

Agribusiness Deforestation in Central Brazil. PLoS One 8 (12): e81226.
https://doi.org/10.1371/journal.pone.0081226.

Westerling, AL, A. Gershunov, T.J. Brown, D.R. Cayan, and M.D. Dettinger.
2003. Climate and Wildfire in the Western United States. Bulletin of the
American Meteorological Society 84 (5): 595-604. https://doi.org/10.
1175/BAMS-84-5-595.

Whelan, RJ. 1995. The Ecology of Fire. Cambridge University Press.

Whitlock, C,, P E. Higuera, D. B. McWethy, and C. E. Briles. 2010. “Palececologi-
cal Perspectives on Fire Ecology: Revisiting the Fire-Regime Concept!
The Open Ecology Journal 3 (1). https://benthamopen.com/ABSTRACT/
TOECOLJ-3-2-6. Accessed 12 Dec 2023.

Whitman, T, E. Whitman, J. Woolet, M.D. Flannigan, D.K. Thompson, and M.-A.
Parisien. 2019. Soil Bacterial and fungal response to wildfires in the
canadian boreal forest across a burn severity gradient. Soil Biology and
Biochemistry 138 (November): 107571. https://doi.org/10.1016/j.s0ilbio.
2019.107571.

Wiens, JA, N. Chr, B.Van. Stenseth, and Horne, and R. A. Ims. 1993. Ecological
Mechanisms and Landscape Ecology. Oikos 66 (3): 369-380. https://doi.
0rg/10.2307/3544931.

Wiggers, M.S., LK. Kirkman, R.S. Boyd, and J.K. Hiers. 2013. Fine-Scale Variation
in Surface Fire Environment and Legume Germination in the Longleaf
Pine Ecosystem. Forest Ecology and Management 310 (December):
54-63. https://doi.org/10.1016/j.foreco.2013.07.030.

Williams, RJ., G.D. Cook, AM. Gill, and PH.R. Moore. 1999. Fire Regime, Fire
Intensity and Tree Survival in a Tropical Savanna in Northern Australia.
Australian Journal of Ecology 24 (1): 50-59. https://doi.org/10.1046/].
1442-9993.1999.00946.x.

Wilson, C., S.K. Kampf, S. Ryan, T. Covino, L.H. MacDonald, and H. Gleason. 2021.
Connectivity of post-fire runoff and sediment from nested hillslopes
and watersheds. Hydrological Processes 35 (1): €13975. https://doi.org/
10.1002/hyp.13975.

Wondzell, S.M,, and J.G. King. 2003. Postfire Erosional Processes in the Pacific
Northwest and Rocky Mountain Regions. Forest Ecology and Manage-
ment, the Effect of Wildland Fire on Aquatic Ecosystems in the Western USA
178 (1): 75-87. https://doi.org/10.1016/50378-1127(03)00054-9.

Wood, SW.,, and D.M.J.S. Bowman. 2012. Alternative Stable States and the
Role of Fire-Vegetation-Soil Feedbacks in the Temperate Wilderness of
Southwest Tasmania. Landscape Ecology 27 (1): 13-28. https://doi.org/
10.1007/510980-011-9677-0.

Yibarbuk, D,, PJ. Whitehead, J. Russell-Smith, D. Jackson, C. Godjuwa, A. Fisher,
P. Cooke, D. Choquenot, and D.M.J.S. Bowman. 2001. Fire Ecology and
Aboriginal Land Management in Central Arnhem Land, Northern Aus-
tralia: A Tradition of Ecosystem Management. Journal of Biogeography
28 (3): 325-343. https://doi.org/10.1046/j.1365-2699.2001.00555 x.

Yu, P, O.B.Toon, C.G. Bardeen, Y. Zhu, KH. Rosenlof, RW. Portmann, T.D.
Thornberry, et al. 2019. Black Carbon Lofts Wildfire Smoke High into the
Stratosphere to Form a Persistent Plume. Science 365 (6453): 587-590.
https://doi.org/10.1126/science.aax1748.

Zeebe, RE., A. Ridgwell, and J.C. Zachos. 2016. Anthropogenic Carbon Release
Rate Unprecedented during the Past 66 Million Years. Nature Geoscience
9 (4):325-329. https://doi.org/10.1038/nge02681.

Zhang, Y., H. Forrister, J. Liu, J. Dibb, B. Anderson, J.P. Schwarz, A.E. Perring, et al.
2017. Top-of-Atmosphere Radiative Forcing Affected by Brown Carbon
in the Upper Troposphere. Nature Geoscience 10 (7): 486-489. https://
doi.org/10.1038/nge02960.

Zhou, X, K. Josey, L. Kamareddine, M.C. Caine, T. Liu, LJ. Mickley, M. Cooper,
and F. Dominici. 2021. Excess of COVID-19 Cases and Deaths Due to
Fine Particulate Matter Exposure during the 2020 Wildfires in the United
States. Science Advances 7 (33): eabi8789. https://doi.org/10.1126/
sciadv.abi8789.

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


https://doi.org/10.1146/annurev-earth-040809-152402
https://doi.org/10.1146/annurev-earth-040809-152402
https://doi.org/10.1016/j.ecolmodel.2009.07.030
https://doi.org/10.1016/j.ecolmodel.2009.07.030
https://doi.org/10.1371/journal.pone.0033954
https://doi.org/10.1371/journal.pone.0033954
https://doi.org/10.1038/s41586-021-03805-8
https://doi.org/10.1038/s41586-021-03805-8
https://doi.org/10.1038/s43247-022-00453-2
https://doi.org/10.1038/s43247-022-00453-2
https://doi.org/10.1111/gcb.13704
https://doi.org/10.1002/eap.2383
https://doi.org/10.1525/california/9780520246058.003.0003
https://researchspace.csir.co.za/dspace/handle/10204/5245
https://researchspace.csir.co.za/dspace/handle/10204/5245
https://doi.org/10.1111/j.1526-100X.2005.00067.x
https://doi.org/10.1038/s41598-022-11451-x
https://doi.org/10.1038/s41467-022-35081-z
https://doi.org/10.1038/s41467-022-35081-z
https://doi.org/10.1016/j.scitotenv.2021.150775
https://doi.org/10.1016/j.scitotenv.2021.150775
https://doi.org/10.4996/fireecology.0901124
https://doi.org/10.1086/683534
https://doi.org/10.1002/esp.3597
https://doi.org/10.5194/gmd-15-8411-2022
https://doi.org/10.1371/journal.pone.0081226
https://doi.org/10.1175/BAMS-84-5-595
https://doi.org/10.1175/BAMS-84-5-595
https://benthamopen.com/ABSTRACT/TOECOLJ-3-2-6
https://benthamopen.com/ABSTRACT/TOECOLJ-3-2-6
https://doi.org/10.1016/j.soilbio.2019.107571
https://doi.org/10.1016/j.soilbio.2019.107571
https://doi.org/10.2307/3544931
https://doi.org/10.2307/3544931
https://doi.org/10.1016/j.foreco.2013.07.030
https://doi.org/10.1046/j.1442-9993.1999.00946.x
https://doi.org/10.1046/j.1442-9993.1999.00946.x
https://doi.org/10.1002/hyp.13975
https://doi.org/10.1002/hyp.13975
https://doi.org/10.1016/S0378-1127(03)00054-9
https://doi.org/10.1007/s10980-011-9677-0
https://doi.org/10.1007/s10980-011-9677-0
https://doi.org/10.1046/j.1365-2699.2001.00555.x
https://doi.org/10.1126/science.aax1748
https://doi.org/10.1038/ngeo2681
https://doi.org/10.1038/ngeo2960
https://doi.org/10.1038/ngeo2960
https://doi.org/10.1126/sciadv.abi8789
https://doi.org/10.1126/sciadv.abi8789

	Principles of fire ecology
	Abstract 
	Resumen 
	Introduction
	Principle #1: fire is key to understanding the evolution and distribution of life on earth at all temporal and spatial scales of observation
	Interactions among fire, the atmosphere, and the evolution of major land plant groups
	Fire and global vegetation distribution
	Fire adaptive traits

	Principle #2: fire integrates biotic and abiotic, above- and below-ground components and processes
	Abiotic-biotic integration
	Above-below ground integration
	Energy flow

	Principle #3: recurring fires result in dynamic feedbacks which serve to organize ecosystem structure, composition, and function
	The fire regime
	Alternative stable states and feedbacks

	Principle #4: fire behavior and effects derive from a continuum of deterministic to stochastic process elements at all spatial and temporal scales
	Principle #5: human ideas, institutions, and impacts are key drivers of historical, contemporary, and future fire
	Early human use of fire
	The dawn of “bad” fire
	Recognition of “good” fire
	Confounding factors
	Toward a paradigm shift

	Conclusion
	Acknowledgements
	References


