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Dylan W. Schwilk, Department of Biological Despite fire being one of the oldest and most important ecological disturbance pro-
Sciences, Texas Tech University, 2901 Main St,

Lubbock, TX 79409, USA. cesses on Earth, many aspects of fire-vegetation feedbacks are poorly understood,

Email: dylan.schwilk@ttu.edu limiting their accurate representation in predictive models. Translating plant flamma-
o ‘ bility traits to fire behavior and fire effects on ecosystems has proven a challenge with

This article is part of the American Journal of . R . ! .

Botany special issue: “Understanding novel fire different disciplines approaching the problem at widely different scales. One approach

regimes using plant trait-based approaches.” has been a top-down assessment of ecosystem-level effects of vegetation structural

characteristics and plant physiology on fuel properties such as fuel moisture. This
approach has had some success, but is often forced to collapse species-specific variation
into a small number of functional types and, as a practical necessity, usually focuses on
highly plastic traits (e.g., moisture content) that can be modeled across an ecosystem
without the need to characterize species-specific characteristics. The other approach
grew out of trait-centric comparative ecology and focused on how traits might influence
individual plant flammability. However, the degree to which such lab-based flamma-
bility trials reflect real species-specific differences maintained during wildland fires has
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PLANT TRAITS AND FLAMMABILITY

been questioned. We review the history of these approaches, discuss where each has
succeeded, and identify areas of research aimed at closing the apparent gap in scale.

KEYWORDS

combustibility, consumability, fire behavior, fire regime, flammability, fuel architecture, fuel load, fuel
moisture, ignitibility, plant traits

Fire has been a key component of the Earth system for
hundreds of millions of years (Glasspool et al., 2004) and
may have been used by hominids as early as 1.5
million years ago (Brain and Sillent, 1988). In addition to
atmospheric oxygen and background ignitions, such as
lightning, wildland fuels (e.g., living plants and their asso-
ciated litter and debris) are a fundamental determinant of
fire occurrence and behavior. Although fire regimes have an
intrinsic range of natural variation, rapid changes in climate
and land use are leading to unprecedented extreme fire
events (French et al., 2015; Cunningham et al., 2024). In
many regions, fire seasons are lengthening and are associ-
ated with elevated risks of extreme fire behavior and
occurrence of fire events (Jolly et al., 2015). These effects are
not only amplifying fire activity in fire-prone landscapes;
some ecosystems where fire has historically been extremely
rare are also predicted to experience increased fire activity
(e.g., Aoteaora New Zealand, Melia et al., 2022; Arctic
tundra, French et al., 2015; Amazonia, Brando et al., 2020).
Furthermore, some ecosystems maintained by fire may have
less fire activity as the systems move below critical biomass
thresholds (Krawchuk and Moritz, 2011; McWethy
et al., 2013) or the community composition and subsequent
fuel abundance may change (e.g., “mesophication”,
Nowacki and Abrams, 2008). Highly flammable dead plant
matter, especially leaf litter and dry graminoid cover, shaped
by plant traits and phenology patterns, has been the tradi-
tional focus of fire hazard and fuel load assessments with
fuel models used to characterize ecosystems in terms of
plant functional groups and structure (Anderson, 1982).
Plant characteristics, especially the characteristics of live
plants, are important controls of landscape flammability
(Anderson, 1970), and fire behavior models have been
successfully grounded in the categorization of fuel types.
However, parametrization of plant flammability in terms of
traits important to ecological strategies remains challenging.
Consequently, critical uncertainties regarding how climate
change will impact plant community composition, and
hence the relative flammability of fuel assemblages, limit
our ability to predict future changes in fire regimes.

In an era of extreme fires, much attention has been paid
to the direct effects of climate change on fire weather and
fuel dryness (Ellis et al., 2022) with less consideration of the
abundance of different fuel types. Living and dead fuels link
fire science and plant ecology; therefore, plant traits provide
an important conceptual framework for fire ecology. They
provide a way to predict how individual plants and their
components will ignite, burn, and influence fire behavior,
broadly captured by the concept of plant “flammability”

(Table 1) (Cornelissen et al., 2017; Pausas et al., 2017). For
example, the quantitative description of traits such as leaf
mass per area, maximum moisture content, and concen-
tration of volatile organic compounds can inform our un-
derstanding of fine-scale fire dynamics (Murray et al., 2013;
Alam et al., 2020; Burton et al., 2021; Popovi¢ et al., 2021).
However, scaling from individual plants to stand-level
characteristics is challenging because the interplay between
plant traits and fire behavior is also shaped by environ-
mental conditions and interactions with pathogens, herbi-
vores, and non-fire disturbances (Younes et al., 2024). This
spatiotemporal context dependence limits the ability to
scale up assessments of flammability conducted on plant
components (Fernandes and Cruz, 2012; Pausas and
Moreira, 2012).

The multiscale nature of flammability (Figure 1) and the
tremendous multiscale trait diversity in plant communities
resulting from variation in species composition, individual
age and size, and phenotypic plasticity presents a challenge
when integrating functional ecology with fire science
(Grootemaat et al., 2017a; Ganteaume, 2018; Tumino
et al,, 2019). Different vegetation types in the same climate
experience different fire regimes (van Wilgen et al.,, 1990;
Odion et al., 2010; Archibald et al., 2018), indicating that
emergent properties of living plants can shape fire. Fur-
thermore, several biogeographical conundrums point to a
possible role for lineage-specific species traits as influencing
fire regimes (Rogers et al, 2015; Archibald et al, 2018;
Simpson et al, 2022). Scaling from plant traits to fire
behavior at landscape scales remains challenging, with fire
behavior models sometimes performing poorly when used
outside of the ecosystem(s) or climatic conditions for which
they were developed (Sullivan et al., 2009a, 2009b, 2009c¢).
Moreover, there is little overlap in traits considered between
the fuel modeling of fire scientists and the functional trait
measurements of ecologists.

There are two contrasting, but complementary ap-
proaches to understanding the role of plant traits in influ-
encing fire hazard and fire behavior. One approach focuses
on gross plant or fuel characteristics that are amenable to
landscape-scale remote sensing or modeling from vegetation
maps (Abdollahi and Yebra, 2023), what we call the top-
down approach. The second approach is assessing species-
specific flammability traits in laboratory trials, or the bottom-
up approach. A barrier to establishing general flammability
relationships is that individual studies usually focus on a
single fuel type such as surface fuels measured by fire spread
through artificial fuel beds, crown fuels measured on shoots
of woody plants, or graminoid fuels with flammability
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TABLE 1

Terms and definitions.

Term

Definition

How is it measured?

Bottom-up approach

Combustibility

Consumability

Fire behavior

Fire propagation

Fire regime

Flammability

Fuel architecture

Fuel load

Fuel moisture

Ignitibility

Plant traits

Sustainability

Top-down approach

Assessment of species-specific flammability traits

Component of flammability that accounts for the intensity of
burning

Component of flammability that accounts for how much of a
plant is burned by fire

How a fire reacts to the environment, including its spread,
intensity, and how it consumes fuel

Spread of fire across a landscape

General pattern of fire occurrence in an area

Ability of a material to burn that includes how easy it is to
ignite, the intensity at which it burns, the length of time it
burns, and the percentage of material consumed by fire

Size, shape, volumetric arrangement, and distribution of fuel
materials that burn during wildfires

Total combustable material per unit area

Amount of water content in plant material, affecting its
likelihood of igniting and burning

Component of flammability that accounts for ease with which
a plant begins to burn when exposed to an ignition source

Measurable characteristic (e.g., architectural, morphological,
phenological, physiological, chemical) to describe components
of flammability

Component of flammability that accounts for how long a plant
continues to burn after ignition, with or without an external
heat source

Treats plants as broad vegetation types or fuel types and

Laboratory trials

Measured variously as the highest temperature measured
during burning, flame height, flame spread rate, and mass
loss rate

Measured as the percentage of burnt biomass once combustion
has finished

In flammability trials: as individual components described
here; in wildfire: from direct observations, remote sensing, and
post-fire estimation of severity metrics

Measured as rate of spread in laboratory or field (see also
measures of post-fire heterogeneity and fire perimeters)

Defined by the patterns of fire frequency, fire intensity, fire
size, and type of fuel consumed

Measured in terms of combustability, consumability,
ignitibility and sustainability (see these measurements in the
glossary)

Measured in the field for the broad fuel assemblage as
compaction, bulk density, and ladder fuel presence; can also be
species-specific (e.g., degree to which airflow is impeded by
branches and leaves)

LiDAR/remote sensing, as well as field survey methods

Commonly quantified in small branches for live fuels, or from
litter samples

Measured as either the time to first burning from exposure or
the frequency of ignition events among a set of samples

Variously (e.g., Cornelissen et al., 2003)

Measured as the duration of combustion and can include
durations of incandescence, flaming, and smoldering

Remote sensing tools often used

focuses on those plant or fuel characteristics

measured at the whole-plant scale. Different plant traits
appear to affect different dimensions of flammability among
these fuel types (Schwilk, 2015). The top-down and bottom-
up approaches consider sharply contrasting spatial grains and
extents with limited overlap (but see exceptions, e.g., Prior
et al,, 2017), which has inhibited the development of cross-
scale integrated approaches to quantifying plant flammability.
Additionally, it is important to note that this dichotomization
breaks down under more extreme fire behavior and extreme
fuel drying, where fuel characteristics may cease to be
important because all biomass becomes available to burn
(Cruz et al, 2022). For instance, extreme fires can burn
tropical rainforests that are typically considered pyrophobic
communities.

The top-down assessment of fuels, often using remote
sensing or vegetation mapping, aims to assess ecosystem

level effects of plant characteristics on stand, community,
and landscape fuel properties (Figure 1). This approach is
well integrated with fire behavior models and forms the
basis of tools used by fire incident teams during active fires
(e.g., LANDFIRE, Rollins et al., 2017). These assessments
generally require collapsing species-specific variation into
functional types (Anderson, 1982; Scott and Burgan, 2005).
The fuel model approach has underpinned fire hazard and
behavior prediction particularly in the United States and
Europe (Cruz et al., 2025) where such fuel models com-
bining plant traits of dominant species and ecosystem level
vegetation structural characteristics are widely used. More
recently, there has been increasing interest in including
physiological traits in the assessment of flammability (Jolly
and Johnson, 2018) and in examining traits such as those
regulating plant water-use and carbon dynamics that can be
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FIGURE 1

Ilustration of methods used to assess fuel characteristics (moisture, architecture, chemistry, and mass) across a range of scales from

communities and landscapes to individual plant organs or excised parts (A-E). Remote sensing, field measurements, and laboratory work are each suitable
for assessing fuel characteristics at different but overlapping portions of this range, thereby creating opportunities to synthesize the “top-down” and

“bottom-up” approaches to understanding flammability.

modeled across an ecosystem (e.g., Drucker et al., 2023). In
ecosystems dominated by one or a few species, this
approach is essentially species-specific, as in chamise-
dominated California chaparral where the moisture content
of live fuel has been shown to predict fire hazard (Park
et al., 2022).

The bottom-up approach has involved laboratory ex-
periments and has been integrated into wildland fire science
for decades especially in the vast literature on measuring

and modeling fuels (e.g., Anderson, 1970; Rothermel, 1986).
However, such work was rarely explicitly linked with plant
morphological or physiological traits. A trait-based bottom-
up approach has the potential to link well-studied ecological
strategies of plants with fire and vegetation feedback pro-
cesses. However, it is uncertain how well individual-level
measures of plant flammability predict fire behavior in
wildland fires or how these effects vary with fire weather
conditions. The results of lab-based flammability trials of
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leaves, litter, and detached branches have demonstrated
extensive variation in multiple dimensions of flammability
(Varner et al,, 2015; Cui et al., 2020; Popovi¢ et al., 2021).
However, there is a gap between these flammability
parameters usually measured at the organ or partial plant
level and the emergent flammability of actual plant com-
munities. In litter fuels, plant traits can have both additive
and non-additive effects that extrapolate well to local fire
behavior (Schwilk and Caprio, 2011; de Magalhdes and
Schwilk, 2012; van Altena et al., 2012; Kane et al., 2021).
There remains debate about how trait variation influences
wildfire relative to climate, weather, and topography, espe-
cially for crown fire. Nevertheless, traits have been used
successively in fire behavior assessment (Cardoso
et al., 2018), modeling (Zylstra et al., 2016), and hazard
prediction (Balaguer-Romano et al., 2022). This scaling
challenge is not unique to fire ecology and is an example of
a broader debate in functional ecology regarding how well
plant traits predict ecosystem-level processes (van der Plas
et al., 2020; Gornish et al., 2023; Hagan et al., 2023).

In this review, we examine the efficacy of trait-based
bottom-up approaches and top-down landscape flamma-
bility assessment across four important fuel characteristics
(fuel moisture, fuel chemistry, fuel architecture, and fuel
load). We address two main questions: (1) How well do
traits measured at the organism-level match fuel char-
acteristics measured at broader scales? (2) How well do
species-specific traits predict fire behavior? Finally, we
identify approaches that can advance the field of plant
flammability from plant to landscape scales.

FLAMMABILITY IS
MULTIDIMENSIONAL

The dimensions of intrinsic plant flammability

Whole-plant flammability is a compound functional trait
(Jaureguiberry et al.,, 2011) and can be assessed using dif-
ferent variables of measurement (Pérez-Harguindeguy
et al., 2013), across a range of scales of organization from
plant tissues and excised parts to organs, shoots, and entire
individuals (White and Zipperer, 2010; Younes et al., 2024),
and for live, dry, or dead fuel (Melnik et al., 2021; Boving
et al., 2023). Common to these multiple dimensions, scales,
and fuel types is the measurement of intrinsic plant flam-
mability, a multivariate concept that represents the inherent
burning properties of plants as determined by their physi-
cochemical traits (Varner et al., 2015). Anderson (1970)
established three intrinsic flammability variables that are
widely used in fire ecology research: ignitibility, sustain-
ability, and combustibility (Table 1).

Ignitibility is the ease with which a plant begins to burn
when exposed to an ignition source (Gill and Moore, 1996),
most frequently measured as either the time to ignition
(Murray et al, 2013) or the frequency of ignition events
among a set of samples exposed to an ignition source

(Wyse et al., 2016). Sustainability is how long a plant burns
after ignition, with or without an external heat source
(White and Zipperer, 2010; Jaureguiberry et al., 2011).
Sustainability is most frequently measured as the duration
of combustion and can include durations of incandescence,
flaming, and smoldering (Ormeiio et al., 2020). Combusti-
bility refers to the intensity of burning, measured variously
as the highest temperature measured during burning (Alam
et al,, 2020), flame height (de Magalhées and Schwilk, 2012),
flame spread rate (Ganteaume et al., 2011b), and mass loss
rate (Simpson et al., 2016). Martin et al. (1993) considered
consumability as a fourth dimension of intrinsic plant
flammability, representing how much of a plant is con-
sumed by fire. Consumability is commonly measured as the
percentage of burnt biomass once combustion has finished
(Burger and Bond, 2015; Zanzarini et al., 2022).

Relationships among dimensions of
flammability

Comparative flammability studies have explored interspecific
relationships between the four intrinsic flammability
dimensions (i.e., ignitibility, sustainability, combustibility,
and consumability). A key goal of such investigations has
been to determine whether there are species for which all
four flammability variables are aligned (Murray et al., 2023).
In this context, some evidence exists for correlations between
intrinsic flammability variables. Previous work has shown
that leaf ignitibility and sustainability are negatively corre-
lated, such that species with leaves that take a long time to
ignite also possess leaves that burn for a long time (Krix
et al., 2019; but see Grootemaat et al., 2015). Cawson et al.
(2023) showed that shoot sustainability is positively corre-
lated with shoot combustibility. Further evidence that some
flammability variables are correlated is provided by studies
requiring the use of dimensionality reduction methods (e.g.,
principal component analysis) to consider collinearity among
ignitibility, sustainability, combustibility, and consumability
(Prior et al., 2017; Wyse et al.,, 2018).

Relationships among variables differ when measured on
different fuel types. Flammability studies of surface fuels (leaf
and twig litter) tend to show two relatively equal and orthog-
onal axes of variation, with one axis representing flame duration
and/or total heat released and another axis associated with
ignitability and spread rate (de Magalhdes and Schwilk, 2012;
Engber et al., 2012; Prior et al., 2018). In well-aerated fuels such
as grasses, on the other hand, flammability measures are often
more strongly correlated, suggesting a single major axis of
variation (Simpson et al., 2016; Gao and Schwilk, 2018; Padullés
Cubino et al,, 2018). In addition to differences across fuel types,
another possible explanation for differing results is differences
in how flammability is measured (Younes et al., 2024). There is
a need to develop globally consistent methodologies of assess-
ment and analysis of intrinsic plant flammability (Ocampo-
Zuleta et al., 2024) to enable robust conclusions about the
nature of inter-relationships among flammability variables.
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Relationships between plant flammability
variables and fire behavior descriptors

Theoretical frameworks suggest that each dimension of a
plant's intrinsic flammability corresponds to a specific
aspect of fire behavior and ecosystem processes (Table 1).
For example, Gill and Zylstra (2005) proposed that ignit-
ability, combustibility, and sustainability at the individual
plant level are linked to the rate of fire spread, flame length,
and fire residence time, respectively. Conversely, Pausas
et al. (2017) argued that the rate of fire spread is more
closely related to combustibility. The consumability axis is
theoretically aligned with fire severity at the ecosystem level
and often measured by the amount of above- and below-
ground organic matter consumed by fire (Gill and
Zylstra, 2005; Keeley, 2009). There are few empirical test
theoretical models of landscape flammability, with one
study from the Australian monsoon tropics supporting two
axes: total heat release and rate of spread (Prior et al., 2018).

Researchers have also attempted to connect these
dimensions of flammability with flammability metrics at dif-
ferent scales to better predict fire behavior. For instance,
Grootemaat et al. (2017b) investigated the relationship
between individual leaf flammability and fuel-bed flamma-
bility, finding that the time to ignition of individual leaves was
correlated with several flammability parameters in fuel beds,
including the rate of fire spread. Consequently, fire spread can
be understood as a sequence of ignition events, where the ease
of ignition of individual leaves accelerates the spread of fire
from one leaf to another (Grootemaat et al., 2017b).

Plant traits to fuel characteristics across scales

Given the multidimensionality of flammability, predicting
fire behavior at community and ecosystem scales based on
bottom-up  approaches is extraordinarily  difficult
(Loudermilk et al., 2022). To examine flammability across
scales, we consider four major categories of fuel character-
istics likely to be influenced by plant traits: fuel moisture,
fuel architecture, fuel chemistry, and fuel load (Table 1).
These are not independent; for example, architecture can
influence moisture dynamics and fuel load, and leaf chem-
istry interacts with leaf moisture. Each of these categories
also encompasses mixtures of live and dead fuel compo-
nents and how they interact with the fuel complex. Below
we discuss how different plant traits in each category impact
flammability across ecological scales and identify the chal-
lenges in bridging scales and their causes.

Fuel moisture across scales

Fuel moisture content, whether of dead or live fuels, has
long been recognized to affect time to ignition
(Rothermel, 1972). Water acts as a heat sink; thus, a high
moisture content requires more energy to evaporate water

before ignition can occur, and the amount of water in the
fuel impacts the effective heat of combustion, and the rate
and form of heat released (Smith et al., 2013; Campos-Ruiz
et al, 2022). The relationship between fuel moisture and
flammability has been extensively studied in the laboratory,
and there is strong evidence that this association is negative
(Bowman et al., 2014; Popovi¢ et al., 2021). Fuel moisture
content is negatively correlated with ignitibility at a range of
fuel scales, including leaf (Murray et al., 2013; Grootemaat
et al., 2015; Simpson et al., 2016; Krix et al., 2019; Younes
et al, 2024), litter (Plucinski and Anderson, 2008;
Blauw et al, 2015; Burton et al., 2023), shoot (Wyse
et al,, 2018; Murray et al., 2023), and the whole plant (shrubs,
Weise et al., 2005; grasses, Simpson et al., 2016; forbs and
shrubs, Zanzarini et al, 2022). However, the relationships
between moisture content and sustainability (negative, posi-
tive, and neutral) and consumability (negative and neutral)
are ambiguous (Popovi¢ et al., 2021; Younes et al., 2024).
Associations with fuel moisture content are the best studied
of all trait-flammability relationships, and the effect of
moisture content may outweigh that of other traits, such as
phytochemistry (Alessio et al., 2008). Moisture thresholds can
delineate flammable and nonflammable vegetation. Thresh-
olds for dead fuels (moisture of extinction values) depend
upon fuel type and wind speed (Matthews, 2013), but often
range from 15% to 40% (Scott and Burgan. 2005; Smith
et al., 2013). Recent research has also identified thresholds for
live fuels (Sultana, 2022; Boving et al., 2023).

Fuel moisture in dead and excised fuels

Dead fuel moisture is a strong driver of litter flammability
(Varner et al.,, 2015; Kreye et al., 2018; de Magalhdes and
Schwilk, 2021). Dead fuel moisture can vary from 1% to
saturated and accordingly can create fuels with low energy
thresholds for ignition to levels that extinguish spreading
fire and is driven by relative humidity, solar radiation, wind,
and microclimate conditions, as well as by plant traits that
influence surface area to volume ratios, litter packing, and
bulk density (Rothermel, 1986; Kreye et al., 2018, 2023).

Dead fuel moisture is represented explicitly in U.S. fire
behavior models. In these models, the moisture in dead fuel
depends on precipitation and variable drying conditions
driven by wind, temperature, humidity, and insolation
(Rothermel, 1986; Viney, 1991; Nelson, 2000). Species-
specific characteristics are included only through the fuel-
type specifications. However, in systems where leaf litter
drives surface fire, interspecific differences can result in
differing litter flammability where part of the species effect
is realized through different moisture absorption/adsorption
dynamics and drying rates (Talhelm and Smith, 2018; de
Magalhdes and Schwilk, 2021; Kane et al, 2021; Kreye
et al., 2018, 2023). Additionally, canopy cover and soil
moisture influence the litter microenvironment, affecting
drying rates and flammability (Kreye et al., 2020; Zhao
et al.,, 2022).
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Fuel moisture in living plants

Moisture of live fuels is much more complex to understand
than moisture in dead fuels and depends on plant physi-
ology; plants can transport water and nutrients across their
tissues on short time scales (Nolan et al., 2022). Live fuel
moisture content (LFMC) is the ratio of water mass (g) to
dry mass (g) in fresh biomass and is commonly quantified
in small branches. It is tightly correlated with other mea-
sures of plant water content such as leaf relative water
content (proportion of water content relative to saturated
condition) and can vary with plant water potential (Boving
et al,, 2023; Mahmud et al., 2025, in this issue). In laboratory
studies, the relationship between LFMC and time to ignition
has been described as a linear relationship or a threshold
relationship (Xanthopoulos and Wakimoto, 1993; Terrah
et al., 2020). Such discrepancies potentially result from the
heat flux applied or the mode of heat transfer (i.e., con-
vective versus radiative) because radiant heating will take
substantially longer than convection heating to ignite small
fuel pieces (Cohen and Finney, 2023), and radiant heaters
can produce both types of heat flux depending on sample
positioning. Despite laboratory studies demonstrating a
negative relationship between LFMC and flammability, the
importance of LFMC in field studies is debated (Alexander
and Cruz, 2013; Rossa and Fernandes, 2018). There are
multiple, not mutually exclusive, potential reasons for the
discrepancy between laboratory and field studies:
(1) the challenges of isolating the effect of LEMC from other
variables (e.g., wind speed, solar radiation, topographic
slope, dead fuel moisture) in the field; (2) the higher heat
fluxes in wildfires than in laboratory studies may mask any
effect of LFMC on time to ignition (Alexander and
Cruz, 2013); (3) the relatively low variation in LFMC
observed in field studies may be insufficient to induce an
effect on time to ignition (Pimont et al., 2019); (4) the
moister conditions of vegetation in field experiments, which
are often conducted under mild conditions for safety rea-
sons (Fernandes and Cruz, 2012; Alexander and Cruz, 2013;
Rossa and Fernandes, 2018; Pimont et al., 2019); (5) dif-
ferences in vegetation structure that may affect the relative
importance of LFMC; and (6) errors in estimates of LFMC
in the field (Pimont et al., 2019). Further field-based studies
are required to examine the relative importance on LFMC
on fire behavior.

This ongoing debate leads to differences in how LEMC is
included in fire behavior models across different systems. For
example, in Australia, fire behavior models for short stature or
highly horizontally connected vegetation, such as grasslands
and shrublands, require inputs of LEMC or proxies for LEMC,
such as plant curing (Cruz et al, 2015). In contrast, fire
behavior models for taller eucalypt forests do not consider
LFMC (Cruz et al,, 2015). Live fuel moisture is not explicitly
included in U.S. fire behavior models based on the Rothermel
(1972) fire behavior equations (reviewed by Sullivan,
2009a, 2009b, 2009¢); however, LEMC is implicitly included in
such models through dead to live fuel biomass ratios or as

constants in fuel type categories (known as fuel models;
Finney, 1998). It has been proposed that failures of the
Rothermel (1972) equations to predict fire spread in shrub fuels
may arise from how moisture effects are parameterized (Weise
et al, 2016; Garcia et al., 2020). Despite the inconsistent con-
sideration of LEMC in models, there is growing evidence that
low LFMC is associated with wildfire extent (Chuvieco
et al., 2009; Dennison et al, 2008, 2009; Nolan et al., 2016;
Arganaraz et al., 2018; Luo et al,, 2019; Park et al., 2022; Rao
et al.,, 2022) and increased receptivity of landscapes to lightning
ignitions (Rao et al., 2023; Wickramasinghe et al., 2024).
There are multiple challenges to estimating LEMC across
broad spatial scales. Top-down approaches may not charac-
terize fine-scale spatial patterns in LFMC. Perhaps most
importantly, LFMC is temporally dynamic. Remote sensing
methods are used to assess hazard (e.g., Fuelcast, https://www.
fuelcast.net/); however, such methods typically produce poor
forecasts of temporal changes in fuel moisture (but see Miller
et al., 2023). Ongoing efforts to link top-down with bottom-up
approaches that use correlated plant traits to predict leaf
flammability traits, including LFMC (Nolan et al, 2018;
Balaguer-Romano et al., 2022). Hydraulic traits such as leaf
saturated moisture content and leaf capacitance have also been
used to predict fuel moisture and flammability (Scarft
et al., 2021; Nolan et al., 2022). Recent studies have also re-
ported that leaf water potential is a strong predictor of flam-
mability (Sultana, 2022; Boving et al., 2023); however, the de-
gree of sensitivity to water potential can vary across species
and may depend not just on water content but on the rate of
water loss during preheating (Mahmud et al., 2025, this issue).

Fuel architecture across scales

Fuel architecture refers to the size, shape, volumetric
arrangement, and distribution of fuel materials that burn
during wildfires (Table 1). Although fuel architecture is often
quantified based on the volumetric arrangement of assem-
blages of different live and dead fuel components, with metrics
such as compaction, bulk density, ladder fuel presence, among
others (Kreye et al.,, 2014), some studies have addressed the
architecture of individual plants (White and Zipperer, 2010).
Fuel architecture influences flammability by affecting variables
such as ignition, combustion, heat transfer, wind patterns, and
the airflow across fuel scales (Papié and Trabaud, 1990; Zylstra
et al,, 2016). Architecture also influences the flammability of
smaller fuel particles that are routinely examined in the lab-
oratory (e.g., leaves, litter, shoots; Alam et al., 2025) and larger
fuels and mixtures of fuels in the field such as surface fuels
(e.g., grasses, leaves, litter), ladder fuels (e.g., shrubs, small
trees), and canopy fuels (e.g., tree crown).

Fuel architecture of live plants

Fuel architecture is an important determinant of flamma-
bility at larger fuel scales such as the shoot and whole plant.
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For shoots, the physical arrangement of leaves in the
branches likely plays a more important role in influencing
flammability than leaf size and shape (Alam et al., 2020).
However, some work has found that architectural traits are
less important in determining flammability than leaf traits
such as leaf dry matter content and leaf thickness (Alam
et al., 2025). Key architectural traits at the shoot level
include branch ramification, leaf and twig fraction mass,
and fuel bulk density, with species with more fine branches,
higher leaf fraction mass, and higher bulk density being
more flammable (Santacruz-Garcia et al, 2019; Alam
et al,, 2025). At the whole-plant level, especially for trees and
shrubs, the spatial arrangement and density of leaves and
branches on the stem, the vertical and horizontal distribu-
tion of the fine fuels, and the retention of dead fuels in the
crown or around the base of the plant determine flamma-
bility (Mitsopoulos and Dimitrakopoulos, 2007). For ex-
ample, manipulative field experiments demonstrated that
the canopy architecture of dead fuel retention in the shrub
Adenostoma fasciculatum is more important than total fuel
load in enhancing fire intensity (Schwilk, 2003). A tree
crown structure with closely connected leaves and branches
is more likely to carry a fire than a crown with sparse
branches due to more efficient heat transfer in the former
(Saura-Mas et al., 2010; Schwilk, 2015). Also, plants with
continuous vertical fuel from the ground to the crown
(ladder fuels) are more likely to propagate a surface fire into
the tree crown, producing crown fires, which are more
intense (Graham et al., 2004; Menning and Stephens, 2007;
Mitsopoulos and Dimitrakopoulos, 2007). Likewise, dense
lateral branching in the crown and well-connected aerial
branching between adjacent trees help spread and sustain a
fire more than those with gaps in fuel continuity (Graham
et al., 2004; Menning and Stephens, 2007; Mitsopoulos and
Dimitrakopoulos, 2007). Fire ecologists have often assumed
that architectural differences across herbaceous species are
less important than are differences in biomass to fire
behavior, supported by studies of grassland fuels, indicating
that flammability strongly depends on fuel load (Simpson
et al., 2016; Padullés Cubino et al., 2018). However, there
are some indications of other architectural effects on flam-
mability in grasses related to the positioning of biomass
(Gao and Schwilk, 2018, 2022).

Fuel architecture in dead and litter fuels

Extrapolating flammability across scales is challenging
(Fernandes and Cruz, 2012). A striking example of the
decoupling between the flammability of individual fuel
elements and their corresponding fuel beds is seen in
small, thin shrub leaves. These leaves ignite easily as
individual plant parts or when attached to a shoot, but
when organized as litter, produce low heat release rates
due to poor ventilation (Scarff and Westoby, 2006).
Emergent properties of leaf-litter fuel beds, such as
packing ratio and bulk density, influence airflow and can

override the effects of individual leaf flammability
(Grootemaat et al., 2017b). A litter layer with larger leaves
and other materials facilitates ventilation and ensures
more oxygen availability, resulting in fires that burn more
rapidly, whereas small leaves tend to produce a compacted
litter structure that can restrict airflow and so burn slowly
or rarely (de Magalhdes and Schwilk, 2012; Van Altena
et al, 2012; Ganteaume, 2018). Consequently, litter
flammability is aeration-limited, while canopy flamma-
bility, where fuels are usually well ventilated, is not
(Schwilk, 2015; Varner et al., 2015).

Although leaf-level flammability measurements do not
predict flammability of surface fuels composed of leaf lit-
ter, ground fuels do provide an example where extra-
polating from fine to coarser scales has succeeded: Surface
fire behavior in one temperate forest was predicted by the
abundance-weighted leaf traits known to influence fuel
aeration (Schwilk and Caprio, 2011). At the extreme of
oxygen limitation, fuels in organic soils and peat bogs can
be extensively consumed during smoldering combustion
(Turetsky et al., 2015, Walker et al., 2019, Prior
et al., 2024). In addition to natural fuel beds, forest man-
agement practices can lead to large areas of masticated
(i.e., chipped or shredded) material as a part of fuel-
thinning operations, a practice that has increased over time
particularly in the wildland-urban interface (Reed
et al, 2020). The size, shape, and chemistry of these
masticated materials, as well as material depth, can affect
how tightly they pack and how long they retain moisture
and therefore flammability and fire spread rates. Fuel-bed
characteristics in this case depend upon species composi-
tion and the machinery used to create masticated material
(Kreye et al., 2014).

Elevated dead fine fuels, such as fibrous and ribbon
barks, are a unique, albeit important, type of wildfire fuel.
Some species, particularly many eucalypts, have a compar-
atively high biomass of this fuel type that is often specifically
measured in hazard assessments (Pickering et al., 2023).
These fuels are important in generating embers and fire
brands that can spread wildfires over long (>30km) dis-
tances through a process known as spotting (Tarifa, 1965;
Manzello et al., 2007) and can depend on both plant traits
that facilitate brand formation (Pickett et al., 2005; Penman
et al., 2017) and the receptivity of the fuel bed to ignition by
lofted brands (Ganteaume et al., 201la). Spotting is
included in simulated fire spread models such as FARSITE
(Fire Area Simulator; Finney, 1998, 2004), but such models
often fail to predict fire perimeters accurately under con-
ditions favorable to spotting (Zigner et al., 2020). Further
work on factors influencing the likelihood that a spot fire
will lead to an ignition and subsequent fire spread is needed
from both top-down and bottom-up perspectives. Spatial
vegetation flammability data sets need to be developed to
enable utility, municipal, and land management planners to
target, remove, or reduce certain vegetation types or debris
identified to have a higher probability of promoting spot-
fire ignitions.
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Fuel chemistry across scales

Plant tissues contain numerous chemical elements and
compounds, many of which have been linked to plant
flammability across fuel scales. The most important of these
is water (see section Fuel moisture across scales), although
plant water content is traditionally (as it is herein) con-
sidered separately from plant chemistry (Younes
et al.,, 2024). Some of the earliest research into plant traits
associated with flammability focused on chemistry such as
mineral ash content (Broido and Nelson, 1964; Mutch and
Philpot, 1970; Philpot, 1970). Phytochemicals that affect
flammability fall into three main groups: essential elements
(e.g, C, N, K, P, Ca, Ma, S; Salisbury and Ross, 1992);
primary metabolites that are essential for growth, develop-
ment, and reproduction (e.g., carbohydrates, amino acids,
fatty acids, and vitamins; Schlaeppi et al., 2021), and sec-
ondary metabolites that have no direct role in primary
functions but are useful in other ways such as plant defense
against herbivores (Neilson et al., 2013). While the term
“secondary metabolites” is widely used in the literature, and
we have retained it here for consistency with previous work,
we prefer the term “specialized metabolites” because they
are derived from primary metabolism to fulfill specific
functions, essentially adaptations that enhance survival.
“Specialized” avoids the connotations of “secondary” as
being less important.

The relationship between certain essential elements and
flammability has received some attention. For instance,
there is evidence for a negative relationship between P and
leaf and litter flammability (Scarff and Westoby, 2008;
Grootemaat et al., 2015), although this relationship is not
universal across fuel scales (Mason et al., 2016; Grootemaat
et al., 2017b; Alam et al, 2020), and P may influence
flammability less than traits such as moisture content and
leaf morphology (Turner, 1994; Scarft et al., 2012). Nitrogen
is another essential element that has been linked to flam-
mability, although again results have been mixed across fuel
scales (Mason et al., 2016; Grootemaat et al., 2015, 2017b;
Gowda et al., 2022). Other essential elements such as K, Ca,
and Mg have rarely been investigated in relation to their
impact on flammability (Popovi¢ et al, 2021; Rahman
et al., 2023), although Budha-Magar et al. (2024) reported
negative relationships between shoot flammability and
various leaf nutrients (Mg, K, S, Ca, but not P). While es-
sential elements may be correlated with flammability, these
relationships are often weaker than those between flam-
mability and other traits (e.g., leaf moisture content, twig
dry matter content, and retained dead material; Budha-
Magar et al., 2024).

Primary metabolites, such as carbohydrates and fatty
acids, may be positively correlated with different flamma-
bility traits at the leaf, litter, and bark scales (Mason
et al,, 2016; Grootemaat et al., 2017b), likely due to their low
relative molecular mass and high volatility (Page
et al., 2012). Nonstructural carbohydrates such as sugars
and starches enhanced the sustainability of living needles of

Pinus banksiana, and foliar chemistry had a greater influ-
ence on flammability than moisture content (Campos-Ruiz
et al, 2022). Further research into primary metabolite—
flammability relationships should prove fruitful.

Secondary metabolites are the most extensively studied
group of chemicals in relation to their influence on flam-
mability across fuel scales and include volatile organic
compounds such as phenolics and terpenes, lignins, and
tannins (Owens et al., 1998; Pausas et al., 2016; Ormefio
et al., 2020; Ganteaume et al., 2021; Guerrero et al., 2024).
Of these chemical groups, terpenes have received the most
attention at the leaf and litter scales for trees (Popovi¢
et al., 2021) and are considered in more detail below. The
relationships between secondary metabolites and flamma-
bility are complex and can be idiosyncratic, depending on
the type of fuel examined, the level at which chemical
compounds are studied (e.g., at broad group, subgroup, or
molecular levels), and the diversity of compounds ex-
amined. As with other chemical traits, the effect of sec-
ondary compounds on flammability may be less important
than that of water content (Alessio et al., 2008).

Terpenes are unsaturated hydrocarbons composed of
isoprene units (Cs) and are known to be flammable due to
their high heating value and low flash point (Ormefio
et al., 2020). While terpene content is by far the most fre-
quently studied chemical trait on both live leaves and litter
for trees, its relationship with flammability is inconsistent
across studies (Popovi¢ et al., 2021). For instance, for
combustibility, eight of 10 studies reported a positive rela-
tionship with leaf terpene content, and one study each re-
ported a neutral and a negative relationship. For ignitibility
and leaf terpenes, five studies reported positive relation-
ships, three reported neutral, and one positive, while for
sustainability five of six studies reported a negative rela-
tionship, with the other a positive relationship (Popovi¢
et al., 2021). While general patterns between terpene con-
tent and flammability may be lacking, there is evidence to
suggest that terpenes drive flammability in particular species
and groups. For instance, in Rosmarinus officinalis, high
terpene content increased ignitability, and genetic differ-
ences between individuals hinted that such differences in
flammability were heritable (Pausas et al., 2016). Further-
more, in the genus Pinus, in which flammability (He
et al., 2012; Varner et al, 2022) and terpenes (Miti¢
et al., 2017) have been shown to be phylogenetically con-
served and terpenes drive differences in the flammability of
leaf litter (Ormeno et al, 2020), differences in terpene
content have been suggested to be behind unexplained
variations in litter flammability (Varner et al., 2022).

There is a paucity of research on the effect of chemistry
on fire at community and landscape scales, although the
widely used Rothermel fire spread equations include a min-
eral content damping coefficient, which can be set to vary
across fuel types (Rothermel, 1972). Fuel chemistry likely
influences flammability at landscape scales through interac-
tions between soil chemistry and plant traits and herbivory-
induced defenses. Plants from low-fertility ecosystems tend to
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have traits (e.g., small sclerophyllous leaves, high leaf dry
matter content) that make them more flammable (Ojeda
et al., 2010; Gibson et al., 2015; Paula et al., 2024). In Aus-
tralian mallee ecosystems with a Mediterranean-type climate,
soil fertility had a strong influence on the probability of fire
estimated based on fire interval data, although this relation-
ship was dependent on vegetation type, and the effect of
rainfall was stronger (Gibson et al., 2015). In a continental-
wide examination of fire activity in Australia, there was a
negative relationship between soil P and both area burned
and fire radiative power, after controlling for climate (Prior
et al.,, 2017). Unexpectedly, there was a weak positive rela-
tionship between soil P and flame rate of spread in grass and
litter fuels, which was attributed to the influence of soil P on
flammability being less than that of leaf moisture content
(Scarff et al,, 2012; Prior et al, 2017). In a global study of
drivers of fire activity in Mediterranean-type climate regions,
low-fertility soils (lower pH and higher concentration of
exchangeable aluminum) were positively associated with
higher fire activity, although other measures of soil fertility
(P, N, CN) were not related to fire activity (Paula
et al., 2024). Intriguingly, these relationships between low soil
fertility and higher fire activity may be maintained via posi-
tive feedbacks mediated by high-flammability plant species:
Low soil fertility selects species with traits (small leaves, high
leaf dry matter content) that promote high flammability, and
these species burn readily, resulting in frequent fires that
deplete soil nutrient pools, favoring species with traits asso-
ciated with high flammability (Wood and Bowman, 2012;
Hinojosa et al., 2021; Paula et al., 2024). While more work is
needed to disentangle how soil chemistry influences flam-
mability, these studies show the value of incorporating soil
fertility in models predicting future fire regimes.

Fuel load across scales

Fuel load, the total combustible material, is usually defined as
mass/area and is often estimated through top-down approaches.
Interactions between fuel load and fuel structure across multiple
scales make it difficult to isolate the effects of each driver. At the
finest scales, fuel load is determined by the density of plant
biomass. Leaf dry matter content (LDMC) is related to the
amount of carbon in a leaf available for combustion and is
calculated as the ratio of dry mass to water-saturated fresh mass
(Pérez-Harguindeguy et al., 2013), so is related to live fuel
moisture content. At the individual leaf level, higher LDMC has
shown a negative relationship with different flammability axes.
For instance, Rahman et al. (2023) reported that leaves with
higher LDMC required higher ignition temperatures. Similarly,
Mason et al. (2016) reported a negative correlation between the
rate of temperature increase and LDMC, indicating that higher
LDMC is associated with lower combustibility. In contrast, at
the shoot level, higher LDMC is associated with increased
flammability, demonstrating a decoupling of flammability
between leaf and shoot levels (Alam et al., 2020). Alam et al.
(2020) and Potts et al. (2022) further demonstrated that LDMC

significantly influenced shoot flammability measures connected
to all axes of flammability (ignition percentage, burnt biomass,
burn time, and maximum temperature) across growth forms
and families. Ortiz et al. (2023) corroborated these findings,
showing that LDMC positively influenced burn time and
maximum temperature. Importantly in the context of isolating
fuel load versus fuel structural effects, Alam et al. (2025) dem-
onstrated that LDMC was a better predictor of shoot flamma-
bility than various architectural traits. Finally, at the global scale,
patterns in LDMC have been linked to fire activity, especially
among plants with postfire regeneration abilities (resprouting or
reseeding), that have higher LDMC (Dai et al., 2025).

As the scale of analysis expands to include not only
shoot characteristics but also individual crowns, fuel density
is another important predictor of flammability. At fine
scales, fuel load is often measured as mass per unit volume,
and at the broadest scales, as mass per unit area. As fuel
density increases, fire spread rate tends to decrease while
burning time increases (Grootemaat et al., 2017a; Prior
et al,, 2017). However, an important point of distinction
regarding fuel-bed density (or litter-bed density) is that it
may have starkly different influences on flammability/fire
behavior in canopies versus litter (see section Fuel archi-
tecture across scales). Furthermore, herbivores and fire
interact (Bond, 2005), and the flammability of vegetation on
nutrient-poor soils may in part result from relatively lower
herbivory pressure (Archibald and Hempson, 2016).

A central element of predicting fire behavior at broad
scales is how to characterize the crown size of individual
trees and shrubs. In fire behavior models, crown size is often
represented by canopy bulk density and canopy height
(height from canopy base to top of canopy). Both are seen as
essential predictors of wildland fire behavior (Affleck
et al., 2012), with greater canopy sizes leading to increased
fire intensity in the presence of vertical fuel continuity
(Agee, 1996). Keyser and Smith (2010) demonstrated that
these metrics of canopy size were insufficient without
including the context of vertical structure; even after ac-
counting for vertical structure, the relationship between fuel
load and fire behavior is complex and dynamic across stand
to landscape scales. Vegetation cover affects fuel loads,
thereby reducing fire spread rate, heat release, and area
burned as the distance between the crowns of neighboring
individuals increases. However, horizontal variability in fuel
load can lead to increased spread rate, heat release, and area
burned (Atchley et al., 2021). Light detecting and ranging
(LiDAR) technology facilitates efficient assessment of fuel
architecture with great precision across broad scales (e.g.,
Price and Gordon, 2016), and methods such as structure
from motion imaging may continue to make this possible at
lower cost (Reilly et al., 2024).

Within a fuel of similar architecture such as grass fuels,
biomass strongly influences fire behavior, and grassland fire
occurrence often depends on previous-season growth con-
ditions that influence fire season fuel loads. For example,
invasive Bromus tectorum in the Great Basin of the western
United States, which has altered fire regimes, exhibits
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multiyear effects of past precipitation on current season fire
extent (Pilliod et al., 2017). Biomass and net primary pro-
ductivity have often been used as proxies for fuel density to
predict landscape flammability (Bradstock et al., 2010;
Pausas et al., 2017). Both these metrics can be estimated
across very broad extents through remote sensing or
modeling. Distinctions between separate categories of bio-
mass can be important to retain even at the broadest scales;
for example, Newberry et al. (2020) found grass biomass to
be the primary driver of landscape flammability across
savanna—forest transition zones in Brazil, although Cardoso
et al. (2018) found grass species flammability to be more
important than biomass in such ecosystem boundaries in
Gabon.

Interactions across fuel characteristics and
non-additive effects

When considering the scaling of flammability from the leaf
to organism to community scale, it is important to consider
how interactions between adjacent fuel components influ-
ence whether fire will propagate from one fuel element to
another (Finney et al., 2012). If the first fuel element ignites,
the probability of the adjacent elements also igniting will
depend on intrinsic properties such as fuel moisture and
chemical composition. Additionally, this probability is in-
fluenced by extrinsic properties, both inherently non-
static—such as the distance between elements, which affects
the degree of pre-heating and airflow (e.g., wind, air en-
trainment) that can supply oxygen or cool the elements
through convection (Sullivan, 2009a)—and static, such as
topography (Finney et al., 2012). Under non-extreme fire
conditions, even in the presence of significant pre-heating,
element to element propagation generally occurs after direct
flame contact, with factors such as slope and wind
increasing this degree of flame contact (Finney et al., 2012).
Under extreme fire conditions (i.e., forest fire danger
index > 50), fire propagation and spread becomes inde-
pendent of fuel conditions (Cruz et al., 2022), and there is
evidence from a range of vegetation types (forests, shrub-
lands) that the relevance of species-level fuel characteristics
on fire behavior in the field decreases directly as a function
of the forest fire danger index (Bessie and Johnson, 1995;
Cruz et al., 2022). However, further work to determine
thresholds where trait-based differences in fuels are relevant
is warranted, especially in light of models that highlight the
importance of convection for fire propagation (Cohen and
Finney, 2023).

Non-additive effects challenge the extrapolation of
individual plant flammability to the flammability of mixed-
species communities. These effects, which arise from
emergent physicochemical properties in fuel mixtures, lead
to outcomes that cannot be accurately predicted by simply
considering the flammability of individual species. When
plants of differing flammability burn together, they can
exhibit one of two effects: an additive effect, where the

flammability of the mixture reflects the average of the
individual species; or a non-additive effect, where the most
or least flammable species may dominate, resulting in a net
flammability higher or lower than expected (de Magalhaes
and Schwilk, 2012; van Altena et al., 2012; Della Rocca
et al., 2018). This phenomenon of non-additivity has been
documented in several studies assessing the flammability of
surface fuel beds (de Magalhdes and Schwilk, 2012; van
Altena et al,, 2012; Varner et al.,, 2017; Bowman et al., 2018;
Della Rocca et al.,, 2018) and shoots (Wyse et al., 2018, Wei
et al., 2025). Non-additive effects are most common for fire
spread and duration, which likely reflects flames propagat-
ing via the most flammable components of a fuel bed (van
Altena et al,, 2012). These non-additive effects indicate that
it is challenging to predict the flammability of a plant
community solely based on aggregating the flammability of
its individual species, although attempts have been made to
do this using community-weighted means of flammability
(Padullés Cubino et al., 2018). Given the complexity intro-
duced by non-additive effects, there is a pressing need to
better understand how these interactions occur when mix-
tures of species are burned, particularly using leaves, shoots
or whole individuals.

CONCLUSIONS

Although some tissue and organismal scale plant traits
influence flammability and hence fire behavior, their effect
size remains unresolved as is how their influences vary
among different vegetation types and change with fire
weather. Live fuel moisture is one fuel characteristic where
scaling from leaf to landscapes has been most successfully
established, with work from both approaches linking trait
investigations with remotely sensed data (e.g., Scarff
et al.,, 2021; Griebel et al., 2023). There is evidence that some
plant traits (e.g., leaf traits that control leaf litter flamma-
bility, Schwilk and Caprio, 2011) influence patterns of local
fire severity such that they drive fire behavior at landscape
scales. For other fuel characteristics such as architecture,
there is potential to link trait measurements with newly
available three-dimensional remotely sensed information,
although the mechanistic connections need better study.
There has been progress in assessing which leaf-level
traits matter for shoot-level flammability, but there are still
gaps in extrapolating from shoot to individual up to the
community and landscape scales despite the use of broader
scale methods such as wind tunnels (e.g., Marino et al., 2014).
This paucity of studies linking lab-based measurements of
flammability and plant traits with wildland fire has reinforced
a conceptual disconnection between top-down and bottom-
up approaches. Research that directly addresses the criticisms
of trait-centric approaches (e.g., that flammability measured
at low heat fluxes does not inform stand level fire, Fernandes
and Cruz, 2012) is also sorely needed. Bridging this con-
ceptual gap demands carefully designed multiscale studies
that use comparable measures of different dimensions of
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flammability and consistently used terminologies to describe
traits and plant and community architecture. Of prime
importance are experimental tests of flammability at the
species level that predict fire behavior at the stand and
community levels. Putting aside the mechanistic under-
standing of how plant traits influence fire, evaluating whether
abundance-weighted averages of species-level shoot or indi-
vidual level measurements of flammability can predict fire
behavior is a key contribution. Finally, a critical applied
research question is identifying how different traits affect fire
weather thresholds (e.g., fire weather indices) when variation
in fuel characteristics is overwhelmed by climatic factors in
determining fire behavior (Cruz et al., 2022).

While in this review we have highlighted many areas
where there are empirical and theoretical discrepancies
between top-down and bottom-up approaches to predicting
flammability, we remain hopeful that these can be over-
come. Indeed, having researchers using both approaches
working together will help mitigate the increasing impacts
of changing fire regimes on human society (Bowman
et al., 2020) and global biodiversity (Kelly et al., 2020).
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