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ABSTRACT

Background. Plant flammability is an important factor in fire behaviour and post-fire ecological
responses. There is consensus about the broad attributes (or axes) of flammability but little
consistency in their measurement. Aims. We sought to provide a pathway towards greater
consistency in flammability research by identifying a subset of preferred flammability metrics for
living plants. Methods. Flammability was measured at the branch scale using a range of metrics
for 140 plant specimens in an apparatus that simulates an approaching fire front. Key results.
We identified a subset of preferred metrics, which quantify the axes of flammability for living
plants, including time to ignition (ignitability), peak heat release rate (combustibility), flaming
duration (sustainability) and consumption (consumability). Flaming duration was strongly corre-
lated with heat release rate, so could be a proxy for combustibility. Flammability was higher for
species with greater surface area and biomass per branch. Conclusions. We identified a subset
of preferred metrics for quantifying the flammability of living plants. These metrics quantify the
key axes of flammability and are measurable using different experimental apparatus and across
multiple scales, making them suitable for widespread use. Implications. The inclusion of these
flammability metrics in future studies has the potential to enhance consistency and comparability
between studies.

Keywords: branch scale, consumability, combustion, fire behaviour, fire intensity, flammability,

fuel, ignition, quantifying flammability.

Introduction

Flammability is an important but ambiguous concept in the field of wildfire science.
Broadly, it describes how vegetation burns, from individual leaves to whole vegetation
communities (Gill and Zylstra 2005; Varner et al. 2015). Vegetation acts as fuel in a
wildfire; therefore, how it burns is a key determinant of fire behaviour (Murphy et al.
2013). A change in species composition or structure can escalate or diminish a fire,
depending on the traits of the species (Cardoso et al. 2018; Newberry et al. 2020; Viedma
et al. 2020). This has consequences for the fire regime and ecological response of species
to fire (Pausas et al. 2017). Therefore, it is important to understand how flammability
varies among plant species. For such knowledge to develop, consistency is needed in the
way flammability is measured.

There is general agreement in describing flammability using four broad attributes
(or axes): (1) ignitability; (2) combustibility; (3) sustainability; and (4) consumability
(Anderson 1970; Martin et al. 1993; White and Zipperer 2010; Varner et al. 2015; Pausas
et al. 2017; Murray et al. 2020). Each axis has implications for fire behaviour and
prompts certain ecological responses. These fire behaviour implications and ecological
responses should be at the forefront when deciding the most relevant flammability axes
for a specific purpose.

Ignitability measures the time required for vegetation to begin an exothermic reaction
after exposure to a heat source, signified by the initiation of smouldering/glowing
(smouldering hereafter) or flaming combustion (Anderson 1970). It is an important
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factor in fire behaviour because it determines the probabil-
ity that a fire will occur and influences the rate of spread of a
fire. Flames spread faster when adjacent fuel particles ignite
rapidly, provided the heat output is sufficient to ignite the
surrounding fuel (Gill and Zylstra 2005). Plants that are
more difficult to ignite are less likely to burn, allowing
them to persist in fire-prone landscapes (Pausas et al. 2017).

Combustibility is the rate of heat release as a fuel particle
burns (Martin et al. 1993). The combustibility of individual
fuel particles influences the intensity of a fire, that is, the rate
of heat release per unit area (Gill and Zylstra 2005; Keeley
2009). Fires with a high heat release rate — exhibiting rapid
consumption of large quantities of vegetation — pose the
greatest danger to people and are more difficult to suppress
(Alexander 2000; Harris et al. 2012). Heat release rate,
together with ignitability, also influence the flame spread
rate (Martin et al. 1993). Combustibility (aka fire intensity)
influences the level of damage to individual plants and
modes of regeneration post-fire. Individual plants may survive
a low-intensity fire, but in a higher-intensity fire some plants
or above-ground plant parts will die, and the way they
regenerate may reflect the fire intensity (Christensen et al.
1981; Pausas and Keeley 2014; McArthur and Cheney 2015).

Sustainability describes how long a fuel particle burns via
flaming or smouldering combustion. The terms ‘residence
time’ and ‘burn-out time’ are field scale measures of sustain-
ability (Cheney 1981; Gill and Zylstra 2005). In the laboratory,
sustainability can be measured by observing the duration of
flaming and smouldering, or duration of heat release (White
and Zipperer 2010). Fuel particles that burn for longer will
have a greater likelihood of preheating adjacent fuel to igni-
tion temperature and are therefore more likely to pass fire
onto adjacent fuel particles (Martin et al. 1993). Longer smoul-
dering combustion can produce more smoke, with potential
health impacts (Ottmar 2001). Ecologically, longer residence
times provide more opportunity for heat transfer into the bark,
seed pods and soil (Lawes et al. 2011; Alexander and Cruz
2012). Heat is sometimes needed to trigger regeneration from
the soil seed bank, but too much heating can cause biological
disruptions (Neary et al. 1999; Hanley and Lamont 2000).

Consumability denotes the proportion of fuel combusted
(Pausas et al. 2017). Other terms used to describe the same
concept include ‘burning efficiency’ and ‘combustion com-
pleteness’ (Balde et al. 2023). Consumability can be measured
directly by weighing plant specimens pre- and post- burning,
or it may be inferred from visual or remotely sensed measures
of fuel consumption such as fire severity (Keeley 2009). From
a fire behaviour perspective, consumability may be an indica-
tor of total heat release because the amount of fuel consumed
is an input into fire intensity calculations (Byram 1959).
Ecologically, species with higher rates of fuel consumption
tend to favour regeneration from fire-resistant seed (Pausas
et al. 2017). At landscape scales, consumption or burning
efficiency is an important determinant of carbon emissions
during a wildfire (Knorr et al. 2012).

Despite broad agreement about the importance of the
four flammability axes, there is little consistency in how
they are measured (Varner et al. 2015). This inconsistency
is caused by different experimental apparatus and scales of
measurement. For example, heat release rate is a fundamental
measure of combustibility (Babrauskas and Peacock 1992) but
not measurable with all apparatus and across all scales.
Instead, combustibility is estimated using mass loss rate at
the leaf scale (Krix and Murray 2018), maximum flame tem-
perature at the branch scale (Jaureguiberry et al. 2011) and
char height at the community scale (Tumino et al. 2019).
Rarely are comparisons made between different metrics for
the same flammability axis (but see Krix et al. 2019 for an
exception), so it is unclear if they are analogous. Even when
the same metrics are used, the experimental apparatus can
influence the magnitude of data values because each appa-
ratus provides a different burning environment. Ignitability
will vary depending on the heat output of the ignition
source (Martin et al. 1993), and combustibility will be
higher if the plant is exposed to an external heat source
for the full duration of the test (Krix et al. 2022).
Furthermore, the relative flammability of a plant species
can vary depending on the scale of measurement (e.g. leaf
vs branch scale) due to changes in the importance of differ-
ent vegetative traits that determine flammability (Schwilk
2015; Alam et al. 2020).

Navigating a path towards more comparable flamma-
bility research is a challenge in view of these inconsisten-
cies in metrics, experimental apparatus and scales of
measurement. Ultimately, the choice of methodology
should be guided by the study’s purpose. However,
a greater understanding of the relationships between
flammability metrics could help inform the selection of
suitable metrics for a particular purpose and guide the
interpretation of results. Furthermore, some of the ambiguity
inherent within flammability studies could be overcome by
identifying a subset of preferred metrics that are always
included irrespective of experimental apparatus, scale or
research goals. The subset of metrics would need to encap-
sulate the broad axes of flammability and be measurable
using a range of experimental apparatuses and across differ-
ent scales. This would create consistency across studies and
make datasets more comparable and conducive to meta-
analyses.

Our aim was to provide a pathway towards greater
consistency in future flammability research by quantifying
relationships among eight flammability metrics using live
plant specimens at the branch scale. Specifically, we asked:

(1) What is the strength and direction of correlation among
the flammability metrics?

(2) Which flammability metrics should be included in
future flammability research?

(3) Which plant traits best predict the subset of preferred
flammability metrics at the branch scale?
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Methods

Table I. List of understorey plant species included in the study.

We quantified the flammability of 14 plant species (10 live
plant specimens per species = 140 individual plants) at the
branch scale using a custom-designed variable heat flux
apparatus (VHFlux), which simulates an approaching fire
front (Miller et al. 2023). Our focus was on the flammability
of live foliage, rather than litter beds. We measured eight
flammability metrics and explored relationships among
them. Then, we examined relationships between nine vege-
tation traits and the flammability metrics.

Species selection

We focused on understorey plant species because the flam-
mability of this strata is considered most important from a
fuel hazard perspective in Australian ecosystems (Hines et al.
2010; Gould et al. 2011). Plant samples were collected from
the Wombat State Forest, 100 km north-west of Melbourne,
Victoria, Australia (37°26’54.5”S, 144°12’15.3”E). Climate in
this region is temperate, with mean annual rainfall of
800-900mm and mean monthly temperatures ranging
from 7 (July) to 24°C (January/February) (Bennett et al.
2013). We used a subset of the sites from an earlier study
(Burton et al. 2023). Sites were within two forest types —
Shrubby Foothill Forest (three sites) and Heathy Dy Forest
(three sites) (Department of Environment Land Water and
Planning 2016). Both vegetation types are common within
the region, with Shrubby Foothill Forest occurring on mod-
erately fertile soils and Heathy Dry Forest occurring on
shallow, low fertility soils. Sites were dispersed across an
aridity gradient (Nyman et al. 2014) encompassing contrast-
ing topographic positions to capture differences in under-
storey species composition within each forest type. At each
site, we estimated the cover abundance of all understorey
species. From this, we chose understorey species whose
cover exceeded 15%, assuming the most abundant species
would have a dominant influence on the flammability of a
site. In total, there were 14 species, covering a variety of
growth forms (tall shrub to ground creeper) (Table 1).

Field sampling

We collected branch samples from 10 individual plants per
species in the field (as per Pérez-Harguindeguy et al. 2013).
Sampling occurred in January and February 2021, during the
summer fire season. Two branches per plant were collected —
one for the plant trait measurements and one for the flammabil-
ity tests with the VHFlux. If plants did not have multiple
branches, then each branch was collected from a different indi-
vidual plant (a total of 30 individual plants). For a subset of three
plants per species, an additional branch was collected to deter-
mine heat of combustion in the oxygen bomb calorimeter.

We aimed for all branch samples to be 40 cm long for the
flammability testing and trait measurements — measured
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Growth form Species name Common name

Tall shrub Acacia acinacea Gold dust wattle
Acacia dealbata Silver wattle
Acacia mucronata Narrow-leaved wattle
Acacia verticillata Prickly moses
Daviesia leptophylla Narrow-leaf bitter pea
Goodenia ovata Hop goodenia
Olearia argophylla Musk daisy bush
Small shrub Acrotriche serrulata Honey Pots
Monotoca scoparia Prickly broom-heath
Tree fern Dicksonia antarctica Soft tree fern

Ground fern Blechnum nudum Fishbone water fern

Polystichum proliferum Mother shield fern

Pteridium esculentum Bracken

Ground creeper Platylobium obtusangulum Common flat pea

from the terminating leaf or leaf-like structure back towards
the main stem. However, if the total plant length was smal-
ler than 40 cm, then the maximum possible stem length was
sampled. Each branch was stored in a cool box and trans-
ported to the laboratory within 2h of collection. The cut
stem of each branch was then placed in water for a mini-
mum of 6 h for rehydration prior to measurement (as per
Pérez-Harguindeguy et al. 2013). The 40 cm branch length
is the maximum that can be accommodated in the VHFlux
due to the size of the radiant heat panel. Branches were
smaller than those used in some other flammability appara-
tus (e.g. 70 cm in the plant barbeque (Jaureguiberry et al.
2011)) but still sufficiently large to capture the effect of
branch architecture on flammability.

Measurement of flammability

The flammability measurements occurred within 48h of
branch sample collection, after they had been fully
hydrated. Flammability was measured under a dynamic
heating regime and with a flaming piloted igniter using
the Variable Heat Flux (VHFlux) apparatus (Miller et al.
2023) (Fig. 1). The VHFlux consists of a radiative panel,
linear stage, gas pilot ignitor, PC control system, exhaust
system and shutter. The radiative panel contains 12 infrared
short-wave lamps producing radiative heat flux. The radia-
tive panel is installed on a linear stage, which allows the
panel to move forward and backwards, simulating variable
heat flux and emulating conditions that might be expected
from an approaching fire front. A pilot ignitor, made of a
copper pipe with radially drilled holes for flames to come
out, was used to ignite the branch. It is designed to represent
a surface fire front beneath the branch. The pilot ignitor was
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connected to a gas bottle with a flow regulator to produce a
flame height of 4 = 1 cm beneath the branch. The shutter
protects the sample from radiation prior to the flammability
test and is opened via remote control. The PC control system
allows the operator to set the conditions of the experiment.

The VHFlux was equipped with an insulated clamp to
hold the plant specimen, a heat flux sensor, weighing plat-
form, ruler and camera. Insulation on the clamp was used to
ensure the conductive heat from the clamp did not influence
ignitability. The water-cooled heat flux sensor SBGO1-100
(Hukseflux Thermal Sensors B.V.) was connected to the PC
control system and used to monitor heat flux produced by
the samples during the experiment. The weighing platform
was connected to the PC control system and consisted of a
Sartorius balance (Sartorius AG) that was programmed to
record mass loss to 0.01 g at a 1 Hz frequency. A ruler was
placed behind the weighting platform as a reference for
flame length measurements. A digital SLR camera (Canon
EOS 600D) was connected to the PC control system, and the
software Camera-EOS Utility was used to film the experi-
ments. This camera was fixed on a tripod and was situated
approximately 2 m perpendicular to the sample stage.

The radiative panel was programmed to mimic the prop-
agation of a surface fire and its heat exposure (as observed by
Santoni et al. 2006; Morandini and Silvani 2010). It travelled
120 cm over a 2-min (120s) period with a 1cm/s rate of
spread, stopping 21 cm from the branch sample to achieve a
maximum radiative heat flux of 35kW/m?. It then remained
in this forward position for 2 min, before moving back to its
initial position for a further 2min. As the radiative panel
approaches, the plant sample is exposed to an increasing
level of radiant heat (akin to an approaching flame front)
(Fig. 2). Then, after 2 min at the maximum radiant heat flux,
the panel recedes and the radiant heat flux exposure declines.

™y

Exhaust
system

g )
S
Heat flux
sensor

Gas pilot
ignitor

(a) Full view of the VHFlux and (b) closer view of area where ignition takes place.

Heat flux (kW/m?)
3 8

—_
o
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0 100 200 300 400
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Fig. 2. Dynamic heat flux curve depicting the radiant energy
received by a branch sample during the flammability test.

Before the experiment commenced, the branch samples
were positioned so the minimum distance between the
branch and the radiative heat panel was 21 cm (at its most
forward position to achieve a maximum radiative heat flux
of 35 kW/m?). The branch was clamped from above by the
main stem, with the foliage hanging down. The height was
adjusted so that the lowest part of the branch specimen
could be directly impacted by the flames from the pilot
ignitor. This orientation allowed for a more consistent appli-
cation of flames to the foliage of each species irrespective of
its growth form; that is, if oriented with the main stem at
bottom, some species like P. esculentum would only have
their stems exposed to flame, whereas others like A. serru-
lata would have leaves and stems exposed. A limitation of
our approach was that the leaves were not always orientated
as they would occur in a natural setting. However, a
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Table 2. Description of the flammability metrics used to quantify each flammability attribute.
Flammability attribute Flammability metrics Abbrev. Definition and method
Ignitability: ease of ignition Time to flaming ignition, s time.ig Time taken for sample to ignite after start of radiative heat
exposure
Probability of ignition prob.ig Proportion of successful ignitions out of total attempts (10)
Combustibility: rate of burning Peak heat release rate, kj/s peak.hrr Maximum rate of heat release during flaming combustion
Median heat release rate, kj/s median.hrr Median rate of heat release during flaming combustion
Flame length, cm flame.len Maximum length of flames
Sustainability: duration of burning Flaming duration, s flam.dur Time from ignition to cessation of flaming. For branches with
intermittent flaming (where there were multiple ignitions and
extinctions), the duration of flaming for each instance was summed
Total heat release, kW total.hr Total heat release during flaming combustion, calculated from start
of first flaming to end of last flaming
Consumability: proportion of plant Consumption, g/g consume Proportion of fuel consumed during the flammability test, calculated

material consumed

from branch mass pre- and post-experiment.

‘natural’ orientation is difficult to define because it varies
throughout the plant and among species. The pilot ignitor
was positioned so that it would sit directly underneath the
sample when the radiative panel was at its most forward
position.

Once the plant sample was in position, the shutter was
closed, the radiative panel turned on to pre-heat for 2 min
and the pilot ignitor lit. The shutter was opened with the
commencement of the linear stage movement program.
Time to ignition and flaming duration were measured
using a stopwatch (and checked against camera footage
where required). Branch mass was recorded pre- and post-
experiment, and mass loss was recorded throughout the
experiment. Footage of each experiment was reviewed
to determine the maximum flame length. See Table 2 for
further details about each flammability metric.

In addition to the VHFlux, we used an IKA Cl oxygen
bomb calorimeter to determine the gross heat of combustion
of each plant species using the third set of branches col-
lected. These branches were also fully rehydrated (as per
Pérez-Harguindeguy et al. 2013) and only leaves were used
in the test. Three tests were performed per species.

Calculation of flammability metrics

Mass loss data were checked for errors (e.g. spikes, missing
values). Outliers and spikes were removed. Missing values
were identified, and mass was interpolated using a fitted
generalised additive model. Mass loss rate (g/s) was calcu-
lated for each time step (each second) by subtracting the
mass of the current time step from the previous. From these
data, peak mass loss was calculated (maximum value of
mass loss during experiment).

Peak heat release rate was determined by calculating the
heat release rate for each time step using the following
equations and then finding the maximum value.
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AI_Ic,net = AHc,gross — 2.449w (]_)
AHc,ch = XAHc,net; 2)
Q = mAHc,ch’ 3

where AH_ . is the net heat of combustion (KJ/g), AH gross
is the gross heat of combustion (KJ/g, obtained in oxygen
bomb calorimeter), 2.449 is the heat content of condensed
water (KJ/g), w is the plant moisture content (wet basis,
[wet mass — dry mass]/wet mass), AH, ., is the chemical
heat of combustion (KJ/g), x is the combustion efficiency
(value of 0.88 used, combustion efficiency for wildfires
(Urbanski 2013)), Q is the heat release rate (KJ/s or KW)
and m is mass loss rate (g/s).

Total heat release (kW) was calculated by summing the
heat release rate for the duration of flaming combustion.
Heat release rate was determined by calculating the median
value for heat release across all time steps during flaming
combustion.

Time to flaming ignition and flaming duration did not
require any further calculation. Probability of ignition was
determined by dividing the total number of successful igni-
tions by the number of ignition attempts.

Measurement of plant traits

The traits of each plant species were measured within 48 h
of sample collection; Table 3 describes each trait. Trait
measurements were conducted on the full sample (all leaves
and stems), except for leaf area and specific leaf area, which
were determined for a single leaf per sample. The
Horton-Strahler ordering scheme (where the smallest
branch is defined as order one) was used to identify the
maximum branch order in each plant specimen (Fig. 3).
Oven dry weight was achieved by drying samples in an
oven at 105°C for 48 h and weighing twice, 24 h apart, to
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Table 3. Description of traits measured for each plant species.
Plant trait Abbrev. Description
Ledf traits
Specific leaf area, cm?/g sla One-sided surface area of a single fresh leaf per oven dry weight
Leaf area, cm? la One-sided surface area of a single fresh leaf
Branch traits
Bulk density, g/cm® bulkden Mass of dry branch divided by the bulk volume of the branch
Branch moisture content, % mc Percent of water in the branch divided by its oven dry weight
Maximum branch order order Maximum branch order per plant specimen using the Horton-Strahler
ordering scheme
Branch total surface area, cm? tsa Total surface area of the branch
Branch surface area to volume ratio, cm?/em?® sav Total surface area of the branch divided by the bulk volume of the branch
Packing ratio, em’/em? packing Volume of the branch divided the bulk volume of the branch
Branch biomass (dry weight), g biomass Oven dry weight of branch
, \ Data analysis
( \7'1 1 VW;D% Median values for the flammability metrics and plant traits
@1 &@A‘* » 1 were calculated for each species using the 10 replicate
- 1 2 branch specimens. These median data were used for all
1 subsequent analysis. We quantified the level of correlation
2 L between all flammability metrics. This enabled us to exam-
' ine relationships between the flammability attributes (ignit-
m»%; 2 3 ability, combustibiliy, sustainability and consumability), as
f 2 well as relationships between different metrics for the same

Fig. 3. Diagram depicting plant specimen. Numbers indicate branch
order based on the Horton—Strahler ordering scheme (Strahler
1957; Mileyko et al. 2012).

ensure they reached constant mass. The bulk volume of the
specimen was calculated by measuring the dimensions
(length, width, depth) of the smallest rectangular prism
that would encase each plant sample when clamped with
the main stem at the top (for consistency with flammability
experiments). A LI-COR LI-300C leaf area meter was used to
measure one-sided surface area for a single leaf to determine
leaf area and specific leaf area. All leaves and stems (less
than 4 mm in diameter) from each branch were then pro-
cessed in the leafarea meter to determine the one-sided
surface area of the branch. Branch total surface area was
calculated by multiplying the one-sided surface area of the
branch by two and then adding this to the surface area of
stems greater than 4 mm in diameter (measured using the
equation of a cylinder). Branch volume was calculated using
water displacement. Mean values of each trait were calcu-
lated for each species using the 10 replicate samples.

attribute (e.g. ignitability: time to flaming ignition vs prob-
ability of ignition). We used Spearman’s rank correlation
coefficient due to the non-normality of some metrics.

We applied a set of evaluation criteria to identify metrics
that may be suitable to use across multiple flammability
studies to promote greater consistency. We considered
each metric in terms of its:

(1) ability to differentiate between species based on flam-
mability measurements in this study;

(2) strength of correlation with the fundamental metric for
a particular flammability axis based on correlation
analyses outlined above;

(3) measurability with most experimental apparatuses; and

(4) measurability at different scales from leaf to vegetation
community.

The fundamental metrics were ‘time to ignition’ for ignitability
(Anderson 1970), 'peak heat release rate’ for combustibility
(Babrauskas and Peacock 1992) and ‘total heat release’ for
sustainability (Schwilk 2015). Consumption (proportion
consumed) was the only metric for consumability. The mea-
surability of the metrics using different experimental appara-
tuses and across different scales was assessed qualitatively
by considering the metrics used in previous studies with
contrasting methodologies (e.g. leaf held over a flame

1409


https://www.publish.csiro.au/wf

J. G. Cawson et al.

International Journal of Wildland Fire

(Clarke et al. 2014), muffle furnace (Gill and Moore 1996;
Murray et al. 2013), cone calorimeter, epiradiator (Ganteaume
et al. 2021), plant barbeque (Jaureguiberry et al. 2011).

Next, we sought to identify which plant traits best predict
the subset of flammability metrics at the branch scale. This
was done using multiple linear regression (GLMs) (Moore
and McCabe 1999). We examined the correlations between
each pair of plant traits using Spearman’s rank correlation
coefficient. For highly correlated pairs of traits (r > 0.9), we
retained the trait that was easier to measure in the laboratory
and field. We used all additive combinations of the remain-
ing predictor variables to fit the models. The number of
predictors in any model was limited to two to avoid over-
fitting the models given the small sample size (n = 14). We
used Akaike’s information criterion (AIC) to compare levels
of support for the models (Burnham and Anderson 2004).
Each model was assigned an Akaike weight (w), which is the
probability that the model is the best model. We present only
the highest-ranked models (within two AIC units of the best
model) in the results. The plant traits that best predict each
flammability metric are identified among these highest-
ranked models. We calculated R? as a measure of goodness
of fit for the highest-ranked models.

All data processing and statistical analyses were done in
the R statistical programming language (version 4.1.1). We
used the psych package to display the correlations (Reville
2023), the MuMlIn package (Barton 2022) to fit and rank
the GLMs and the visreg package to display the regression
models (Breheny and Burchett 2017).

Results

Relationships between key flammability metrics

The species varied substantially in their flammability (Fig. 4,
Table 4) with a combination of growth forms at either end of
the flammability spectrum (e.g. ferns with broad fronds vs
fine needled shrubs). D. antarctica, a tree fern that is typi-
cally found in wetter parts of the landscape, exhibited the
shortest time to ignition (120s) and a relatively high peak
heat release rate (3.86kJ/s). In contrast, A. serrulata, a
dense mounding shrub with small, needle-like leaves, had
a similar time to ignition (121 s) and the highest peak heat
release rate (4.22kJ/s). P. esculentum, a ground fern found
across a wide spectrum of eucalypt forests and woodlands,
also had a high peak heat release rate (1.72kJ/s) and high
total heat release (52 kW) as well as the highest consumption
(93%). Conversely, B. nudum, a ground fern found in wetter
parts of the landscape had one of the longest times to igni-
tion (1365), the lowest peak heat release rate (0.18 kJ/s),
but relatively high consumption (92%). P. obtusangulum, a
ground creeper found in dry eucalypt forests and heathy
woodlands, had the longest time to ignition (168s) and
one of the lowest peak heat release rates (0.68 kJ/s).
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Probability of ignition was highly skewed, with only
P. obtusangulum (pr(ignition) = 0.4), D. antarctica (pr(igni-
tion) = 0.9) and A. dealbata (pr(ignition) = 0.9) having
probabilities less than one (Fig. 5). This skewness made it
difficult to reliably assess the strength of the relationship
between probability of ignition and time to ignition; the
correlation coefficient for our data suggests little correlation
(r = —0.12). Given there was little species differentiation
for the probability of ignition, we selected time to ignition as
our preferred measure of ignitability (Table 5).

Peak heat release rate was highly correlated with median
heat release rate (r = 0.77), suggesting these metrics could
be used interchangeably. Flame length was not strongly
correlated with either (r = 0.42-0.45, respectively), suggest-
ing it may not be a reliable proxy for heat release rate and,
therefore, combustibility. We retained peak heat release rate
as our preferred measure of combustibility, despite its limi-
tations in terms of measurability (Table 5).

The two measures of sustainability — total heat release
and flaming duration — were highly correlated (r = 0.96).
We retained flaming duration as our preferred measure of
sustainability because it is simpler to measure across a range
of experimental apparatus and scales. Importantly, flaming
duration was also moderately correlated with the heat
release rate metrics (r = 0.58-0.82), suggesting it may
also serve as an indicator of combustibility.

No selection process was required for consumability
because there was only one metric: consumption (i.e. the
proportion consumed). Consumption was not strongly
correlated with any other flammability metrics.

Relationships between the traits of living plants

There was considerable variability among species for all
vegetation traits (Table 6). Branch total surface area ranged
from 236 (P. obtusangulum) to 2117 cm? (O. argophylla).
Maximum branch order ranged from one for the ferns
(e.g. D. antarctica and B. nudum) to six for small shrubs
(M. scoparia and A. serrulata). Branch moisture content
ranged from 88% for A. acinacea to 336% for G. ovata.
There was a strong negative correlation between leaf area
and maximum branch order (r = —0.82) (Fig. 6). At oppo-
site ends of this spectrum were prostate shrubs with small
leaves and tight branching versus ground ferns with large
fronds and no branching. Specific leaf area and branch mois-
ture content were strongly positively correlated (r = 0.82); a
combination of ferns and broad-leaved shrubs exhibited both
high specific leaf area and high leaf moisture content. There
was a strong negative correlation between branch surface
area to volume ratio and total branch biomass (r = —0.84);
species with the highest branch biomass tended to have
smaller leaves with a higher surface area to volume ratio.
For the subsequent modelling we selected maximum
branch order over leaf area, branch moisture content over
specific leaf area and branch biomass over branch surface
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Fig. 4. Boxplots depicting values for the fundamental’ flammability metrics for each species. (a) Time to ignition
as a measure of ignitability. (b) Peak heat release rate as a measure of combustibility. (c) Total heat release as a
measure of sustainability. (d) Consumption as a measure of consumability. Species are ordered from least to most
flammable for each metric based on their median values.

area to volume ratio. In each instance we selected the
variable that is easier to measure.

Linking flammability metrics to the traits of living
plants at the branch scale

The model-selection process identified a subset of plant traits
that strongly predicted flammability (Fig. 7a-d, Table 7).
Branch total surface area (R? = 0.18) was the sole predictor

of time to ignition in the highest-ranked model, with time to
ignition decreasing with increasing branch surface area. Branch
biomass was the strongest predictor of the peak heat release
rate (R? = 0.53), with heat release rate increasing with increas-
ing branch biomass. Branch biomass also strongly predicted
flaming duration (R? = 0.70), featuring in all the highest-
ranked models. Bulk density and packing ratio were also impor-
tant to flaming duration, both having a negative influence.
Maximum branch order strongly predicted consumption
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Table 4. Median values for flammability metrics by species. Interquartile range in brackets.

Heat of combust® time.ig (s) prob.ig median.hrr peak.hrr flame.len total.hr flam.dur (s) Consume
(MJ/Kg) (dis) (idis) (cm) (kW) (glg)

Acacia acinacea 10.7 (0.17) 135 (14) 1.0 0.46 (0.29) 0.96 (0.43) 25 (13) 25.88 (23.96) 22 (31) 0.70 (0.11)
Acacia dealbata 7.28 (0.21) 127 (12) 0.9 1.02 (0.91) 2.10 (1.59) 29 (8) 42.94 (41.42) 25 (38) 0.83 (0.22)
Acacia mucronata 8.48 (0.36) 123 (3) 1.0 1.00 (0.40) 2.40 (0.99) 49 (25) 70.67 (56.52) 412 (10) 0.63 (0.15)
Acrotriche serrulata 11.44 (0.06) 121 (2) 1.0 0.79 (0.98) 4.22 (3.28) 28 (17) 74.36 (15.10) 27 (9) 0.69 (0.15)
Acacia verticillata 7.56 (0.55) 124 (14) 1.0 0.37 (0.20) 1.28 (1.39) 48 (38) 71.03 (69.48) 43 (1) 0.60 (0.15)
Blechnum nudum 2.95 (1.01) 136 (19) 1.0 0.09 (0.13) 0.18 (0.41) 43 (21) 1.44 (0.99) 503) 0.92 (0.03)
Dicksonia antarctica 6.72 (0.16) 120 (3) 0.9 1.17 (0.61) 3.86 (1.98) 47 (9) 27.52 (8.24) 17 (5) 0.84 (0.13)
Daviesia leptophylla 9.91 (0.24) 137 (14) 1.0 0.40 (0.21) 0.75 (0.18) 18 (29) 21.96 (6.72) 14 (17) 0.53 (0.22)
Goodenia ovata 4.39 (0.62) 124 (6) 1.0 0.14 (0.07) 0.26 (0.06) 37 (32) 6.48 (4.80) 9(9) 0.75 (0.10)
Monotoca scoparia 11.12 (0.09) 125 (4) 1.0 0.57 (0.21) 1.64 (3.69) 43 (26) 88.93 (58.04) 44 (28) 0.56 (0.18)
Olearia argophylla 7.10 (0.12) 126 (6) 1.0 0.53 (0.39) 1.56 (1.56) 44 (26) 44.62 (27.02) 34 (14) 0.66 (0.16)
Pteridium esculentum 7.94 (0.10) 131 (5) 1.0 1.38 (1.31) 4.01 (2.18) 52 (9) 79.03 (49.23) 57 (25) 0.93 (0.03)
Platylobium 9.91 (0.15) 168 (86) 0.4 0.09 (0.09) 0.68 (0.03) 10 (9) 6.85 (6.96) 6 (4) 0.67 (0.12)
obtusangulum
Polystichum proliferum 5.46 (0.56) 123 (3) 1.0 0.64 (0.13) 1.72 (0.20) 42 (15) 17.63 (17.34) 10 (3) 0.92 (0.08)

AHeat of combustion was measured for fully hydrated leaves in an oxygen bomb calorimeter (n=3 per species). Values are means with standard deviation in brackets.
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(R? = 0.47); the proportion of biomass that was consumed
decreased within increasing branch order. Other predictors
of consumption were bulk density, packing ratio and total
biomass, all of which had a positive influence on consumption.

Discussion

Our analyses of multiple flammability metrics identified a
subset of preferred metrics that may be suitable to use across

multiple studies to promote greater consistency when quan-
tifying the flammability of living plants. Together, the pre-
ferred metrics quantify the key flammability attributes: time
to ignition for ignitability; peak heat release rate for
combustibility; flaming duration for sustainability; and con-
sumption for consumability. They can be measured using
different experimental apparatus and at multiple scales.
Heat release rate is not as easily measured with all appara-
tus, but our results suggest flaming duration could be used
as a proxy for heat release rate if needed. Branch total
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Table 5.
to promote greater comparability among studies.

Evaluation of flammability metrics against key criteria to identify a subset of metrics to incorporate into future flammability research

Flammability
attribute

Flammability
metrics

Evaluation criteria

Provides Strongly correlates Measurable with Measurable at
differentiation with the most experimental different scales
among species fundamental metric apparatuses

Ignitability time.ig” Y NAE Y
prob.ig N N Y Y
Combustibility peak.hrr’* Y NAB N yP
median.hrr Y Y N YP
flame.len Y N Y Y
Sustainability total.hr® Y NAE N Y
flam.dur Y Y© Y Y
Consumability consume” Y NAB Y Y

The recommended subset of metrics are highlighted in grey.
AMetric considered the most fundamental measure of a flammability axis.
BNA; not applicable for metrics considered to be the most fundamental.

CFlaming duration strongly correlated with median heat release rate and peak heat release rate.

PRequires fuel consumption measurements as a function of time.

surface area, maximum branch order and branch biomass
were the strongest predictors of the flammability metrics,
suggesting they could be used to predict flammability in the
absence of direct measures.

Relationship between flammability metrics for
live plant specimens

Our correlation analysis of a range of flammability metrics
found that the difficult-to-measure, but more fundamental
combustibility metrics (e.g. median heat release rate and
peak heat release rate) were only moderately correlated
with flame length (r = 0.42-0.45), a metric that can be
measured using a range of experimental apparatus and
across spatial scales (leaf to vegetation community). This
led us to conclude that although flame length is easier to
measure, it was not suitable as a preferred metric to repre-
sent combustibility. Instead, we retained peak heat release
rate in our analysis as the preferred metric for combustibil-
ity, despite being more difficult to measure with some
experimental apparatus. Flame length (or char height) is
often used as an indicator of fire intensity at field scales
(Fraser et al. 2016; Tumino et al. 2019; Newberry et al.
2020) and may be an effective surrogate at this scale,
where it is easier to estimate the average flame length. At
the plant scale, we observed that flame length was highly
variable throughout the combustion process. We considered
estimations of maximum flame length to be less subjective
than estimations of average flame length; however, an aver-
age may have provided a better indication of the heat
release rate throughout the combustion period.

Flaming duration is typically used as a measure of sus-
tainability. It was highly correlated with total heat release
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(r = 0.96), but is likely to be simpler to measure across
scales and with different experimental apparatuses.
Therefore, we selected flaming duration as our preferred
metric for sustainability. Flaming duration and total heat
release were both relatively strongly correlated with the
combustibility metrics (median heat release rate and peak
heat release rate). This aligns with the findings of several
studies that report positive correlations between flaming
duration and measures of combustibility at the leaf
(Blackhall and Raffaele 2019; Krix et al. 2019), branch
(Jaureguiberry et al. 2011; Wyse et al. 2016; Alam et al.
2020) and plot scales (Fraser et al. 2016; Prior et al. 2018).
This result suggests combustibility and sustainability may
not need to be depicted separately and instead, a single
measure such as flaming duration may suffice for both.

Consumption (proportion consumed), the only measure
of consumability in our study, was not correlated with any
of the other flammability metrics. Consumption is some-
times considered an indicator of total heat release (Pausas
et al. 2017) but in our dataset, differences in biomass and
gross heat of combustion between the species meant there
was no correlation. This result highlights the importance of
either standardising the amount of biomass prior to burning
or measuring mass loss if consumability data are to be used
to make inferences about heat release. That said, the
proportion consumed is still likely to be a useful flammability
metric for understanding the ecological response to fire of
some species.

We chose ‘time to ignition’ as our preferred measure of
ignitability. This was necessary for our dataset because there
was little species differentiation for the other ignitability
metric, the ‘probability of ignition,” because most species
eventually ignited. The weak negative correlation between
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Table 6. Median values for vegetation traits by species. Interquartile range in brackets.

Species name Specific leaf Leaf Bulk density Moisture Max Total Surface area Packing ratio Biomass (g)
area (cm?/g) area (cm?) (glem®) content (%) branch surface to vol (cm®/cm?®)
order area (cm?) (cm?cm?®)
Acacia acinacea 32.7 (13.2) 0.23 (0.06) 0.00045 (0.00048) 88 (19) 2 (1) 368.6 (194.8) 66.7 (56.9) 0.0005 (0.0009) 4.2 (1.7)
Acacia dealbata 87.6 (24.7) 2.50 (0.83) 0.00066 (0.00048) 132 (23) 2(1) 1889.8 (883.3) 64.3 (15.6) 0.0018 (0.0006) 12.5 (5.6)
Acacia mucronata 62.4 (10.8) 2.57 (0.37) 0.00031 (0.00012) 137 (50) 4 (1) 1182.6 (788.3) 65.0 (37.1) 0.0006 (0.0004) 9.0 (7.7)
Acrotriche serrulata 114.4 (44.9) 0.03 (0.02) 0.00131 (0.00090) 105 (20) 6 (1) 754.3 (178.7) 50.3 (14.1) 0.0023 (0.0012) 8.3 (4.6)
Acacia verticillata 76.9 (49.7) 0.03 (0.004) 0.00023 (0.00006) 163 (21) 5() 1109.0 (849.4) 454 (18.8) 0.0006 (0.0002) 9.7 (6.5)
Blechnum nudum 155.4 (14.1) 321.7 (30.1) 0.00069 (0.00056) 246 (47) I (0) 643.4 (60.2) 204.3 (40.2) 0.0011 (0.0007) 2.1 (04)
Dicksonia antarctica 105.2 (23.2) 609.7 (109.1) 0.00042 (0.00020) 148 (43) I (0) 1219.4 (218.3) 76.0 (25.1) 0.0010 (0.0010) 4.9 (1.8)
Daviesia leptophylla 56.1 (10.9) 0.94 (0.50) 0.00055 (0.00027) 11 @31 3(2) 654.9 (334.7) 167.4 (133.5) 0.0005 (0.0004) 54 (23)
Goodenia ovata 209.6 (48.4) 15.97 (7.7) 0.00024 (0.00008) 336 (74) I (1) 709.1 (340.6) 112.0 (18.6) 0.0009 (0.0003) 1.5 (0.5)
Monotoca scoparia 50.6 (4.9) 0.13 (0.03) 0.00051 (0.00027) 103 (19) 6 (3) 1240.3 (382.4) 31.7 (8.5) 0.0012 (0.0006) 16.7 (7.6)
Olearia argophylla 121.2 (21.7) 35.8 (10.8) 0.00030 (0.00013) 206 (42) 3(2) 2116.8 (559.9) 65.5 (12.1) 0.0012 (0.0002) 8.1 (2.0
Pteridium esculentum 53.8 (28.8) 562.1 (176.1) 0.00023 (0.00024) 141 (62) I () 1124.2 (244.3) 42.0 (6.4) 0.0006 (0.0002) 12.6 (4.1)
Platylobium obtusangulum 109.4 (12.3) 4.09 (0.26) 0.00041 (0.00014) 203 (47) I (0) 235.6 (30.6) 72.8 (9.7) 0.0017 (0.0008) 0.9 (0.1)
Polystichum proliferum 118.1 (6.7) 337.4 (39.9) 0.00110 (0.00051) 191 (12) I (0) 674.8 (79.7) 78.7 (44.6) 0.0033 (0.0024) 2.9 (0.6)
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Fig. 6. Correlation matrix depicting the Spearman’s rank correlation coefficients (r) between the plant traits. Number of asterisks
indicates the significance of the correlation (no asterisk = non-significant). Linear regression shown in red, with 95% confidence

interval in grey.

time to ignition and the probability of ignition suggests that
plant species requiring longer to ignite had less chance of
igniting at all. The lack of species differentiation for the
probability of ignition could be due to the heat flux of the
radiant panel (akin to a low intensity fire) and pilot ignitor,
which was sufficient to ignite almost all plant specimens
(Miller et al. 2023). Ignitability depends on the heat source
applied to the fuel particle and the properties of the fuel
(Anderson 1970). Time to ignition appears to be the more
responsive measure of ignitability, making it a more effec-
tive measure of ignitability across a range of experimental
conditions, where different heat sources may be applied.
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Additionally, time to ignition is a widely used measure of
ignitability in laboratory-based flammability studies and can
be measured using a range of experimental apparatuses
(Popovié et al. 2021). Time to ignition has also been used
at field scales to quantify plant scale flammability (Fraser
et al. 2016).

Time to ignition was negatively correlated with the com-
bustibility and sustainability variables in our study, suggest-
ing plants that are more ignitable (i.e. less time to ignite)
have higher heat release rates. These results align with other
studies. Fraser et al. (2016) found at field scales that the
more ignitable vegetation generates larger flames
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Table 7. Highest-ranked multiple linear regression models predicting the key flammability metrics as a function of vegetation traits.
Flammability axis Equation R? (adj) logLik AlCc AAICc Weight
Time to ignition 141.1 -0.01 x branch tsa 0.18 =-52.51 113.4 0.00 0.22
Time to ignition 137.1 = 1.06 X branch biomass 0.10 -53.23 114.8 1.40 0.11
Peak heat release rate 0.81 +0.43 x branch biomass 0.53 =-27.47 63.34 0.00 0.44
Flaming duration 4.32 + 2.94 x branch biomass 0.70 -49.4 107.1 0.00 0.35
Flaming duration I1.74 +2.85 % branch biomass — 12751 % bulk density 0.79 -47.5 107.4 0.32 0.30
Flaming duration I11.21 +2.81 x branch biomass = 4792 x packing ratio 0.78 -47.8 108.1 1.01 0.21
Consumption 0.87 - 0.05 x max branch order 0.47 13.5 -18.7 0.00 0.30
Consumption 0.80 = 0.06 x max branch order + 141.74 % bulk density 0.55 15.4 -183 0.40 0.24
Consumption 0.80 = 0.05 X max branch order + 53.27 % packing ratio 0.54 15.1 -17.7 1.00 0.18
Consumption 0.84 = 0.07 x max branch order + 0.0 X branch biomass 0.52 14.9 -17.3 1.40 0.15

Bold indicates highest-ranked model for a particular flammability axis.

(combustibility) and burns for longer (sustainability). Wyse
et al. (2018) reported a positive correlation between ignit-
ability (speed of ignition) and combustibility (maximum
temperature).

Key plant traits to predict the flammability of
living plants

Branch total surface area was an important predictor of
ignitability. Other studies identify leaf area as an important
trait for vegetation flammability (Murray et al. 2013; Krix
et al. 2019), but ours is the first to measure surface area at

the branch scale. Branch total surface area constituted the
surface area of all the leaves and stems within a plant
specimen. Species with high branch total surface area some-
times had large leaves (or fronds), or they had numerous
tiny leaves. In some instances, the stem itself may have
contributed substantially to the total surface area (e.g.
A. verticillata). As branch total surface area increased,
there was more surface area exposed to radiant heating.
This would have led to a higher rate of surface heating,
higher concentration of pyrolysis gases surrounding the spec-
imen and more efficient moisture loss, contributing to faster
ignition. In contrast, plant specimens with less total surface
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area (e.g. sparse, small leaves) might have experienced a
higher level of convective cooling, which offsets radiation
heating and maintains a lower temperature at the leaf sur-
face, leading to longer times to ignition (Finney et al. 2013).

The strong relationship between branch biomass and all
the flammability metrics aligns with the broader fire litera-
ture, where the amount of biomass is known to be a funda-
mental determinant of fire in many vegetation communities
(Meyn et al. 2007; Bradstock et al. 2010). When there is
more biomass, there is more energy available, leading to
more intense burning. Branch biomass was highly correlated
with branch total surface area, and for both metrics the
correlation with leaf size was weak. Species with high
branch biomass constituted a range of growth forms from
ferns to small shrubs. They had either a small number of
large leaves or many small leaves. In either case, the hori-
zontal and vertical continuity of biomass helped facilitate
flame propagation throughout the specimen. Amount of
biomass or fuel load is a key predictor within several fire
behaviour models (McArthur 1967; Sneeuwjagt and Peet
1985; Cheney et al. 1998). It is often experimentally or
statistically controlled in laboratory-based flammability
studies (Popovié¢ et al. 2021). However, when biomass is
considered, it often emerges as a key predictor of sustain-
ability (Grootemaat et al. 2015; Simpson et al. 2016; Wyse
et al. 2018) and combustibility (Etlinger and Beall 2004;
Simpson et al. 2016).

Maximum branch order was another important predictor
of flammability in our study, emerging as a key predictor of
consumption in combination with either branch biomass,
packing ratio or bulk density. Maximum branch order
appeared to have a negative effect on consumability. This
may reflect the strong negative association between maxi-
mum branch order and leaf size. Larger leaves produce
larger flames, culminating in a higher heat release rate
and more complete consumption. In contrast, smaller leaves
produce smaller flames, which may be too small to bridge
the gap between adjacent leaves for sparsely packed fuel.
However, when the leaves on a branch are more tightly
packed (i.e. high branch biomass, high bulk density or
packing ratio), the flames spread more easily between the
leaves resulting in more complete consumption.

Moisture was not a strong predictor of flammability
despite large differences in the median moisture content
between the species (from 88 to 336%). Moisture content
is widely recognised as a key driver of the flammability of
dead plant material (Varner et al. 2015) and fire behaviour
(McArthur 1967; Rothermel 1972). In contrast, its influence
on the flammability of living plants is poorly understood
(Finney et al. 2013; McAllister and Weise 2017). The heat
flux of the radiant heat panel and pilot ignitor in the VHFlux
apparatus, which was designed to simulate a forest fire,
likely caused the plant specimen to lose moisture quickly.
This may have been further exacerbated by a higher specific
leaf area for species with higher moisture contents
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(r = 0.82), causing these species to lose moisture more
efficiently (Poorter et al. 2009). Numerous studies that
focus on the relationship between live foliage moisture
and flammability conclude that moisture is important
(Popovié¢ et al. 2021). However, our results indicate that
when multiple traits are considered, the importance of mois-
ture may be surpassed by other traits. Similarly, others have
identified a range of traits that perform better than moisture
when multiple predictors of flammability are evaluated (e.g.
the proportions of dead and fine fuel (Burger and Bond
2015), terpene content (Ganteaume et al. 2021), leaf area
and specific leaf area (Krix and Murray 2018; Krix et al
2019), leaf biomass (Grootemaat et al. 2015), bulk density,
hydrocarbons and specific leaf area (Tumino et al. 2019)).

Implications for measuring and predicting the
flammability of living plants

We sought to lay a foundation for more consistency among
future flammability studies by comparing multiple flamma-
bility metrics for living plants at the branch scale. We iden-
tified a subset of four preferred metrics that quantify the key
axes of flammability and are also measurable using different
experimental apparatus and at multiple scales. Incorporating
these metrics into future flammability studies could provide
a common thread of consistency, enabling a broader under-
standing of plant flammability. However, our study was
limited to a single experimental apparatus and scale of mea-
surement. Therefore, we recommend further research to fully
evaluate the range of flammability metrics across different
experimental apparatus and scales of measurement.

Research that examines relationships between numerous
plant traits and flammability (rather than focusing on very
small numbers of traits) helps to identify the best plant traits
for predicting flammability. An ability to predict the relative
flammability of species using simple traits could be used to
guide the selection of plant species for low flammability
gardens and green fire breaks on the wildland-urban interface
(White and Zipperer 2010; Murray et al. 2020). These species
selections are often informed by flammability research at the
leaf scale (Gill and Moore 1996; Dimitrakopoulos and
Papaioannou 2001). Yet, leaf scale measurements of flamma-
bility are not always relevant to flammability at larger scales
because plant architecture is not considered. Our measure-
ments at the branch scale enable some of the structural attri-
butes of the plant to be accounted for, as well as the leaf traits.
Indeed, our models identify strong links between some branch
scale traits and flammability, which may not have been appar-
ent in a leaf scale study. For example, we found that some
species with small leaves were highly flammable when there
were many leaves on a branch, resulting in high biomass or
branch total surface area.

To understand how a plant influences the flammability of
a vegetation community, its contribution to the structure of
the vegetation community will be important, in addition to
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its abundance and flammability as an individual plant (Pérez-
Harguindeguy et al. 2013). P. obtusangulum is a good exam-
ple of a plant whose branch scale flammability is relatively
low but whose contribution to the flammability of a vegeta-
tion community may be higher. This species is a creeper, so it
can increase the horizontal and vertical continuity of a vege-
tation community when it grows abundantly, potentially
enhancing the flammability of the vegetation community
despite its relatively low flammability. Another example is
D. antarctica, a tree fern with relatively high branch scale
flammability. Despite being flammable when exposed to an
ignition source, D. antarctica may have a dampening effect on
the flammability of a vegetation community because the large
fronds create shade and therefore contribute to a moister
microclimate. This highlights the need to consider the struc-
tural contribution of a plant within a vegetation community to
fully understand its contribution to landscape flammability
(Loudermilk et al. 2022). Our research provides flammability
metrics that can be used across multiple scales to start under-
standing these relationships.

Conclusions

Our results provide a pathway towards more consistency in
plant flammability research by identifying a subset of flam-
mability metrics for live plant specimens that: quantify the
key axes of flammability; are measurable using a range of
experimental apparatuses; and are measurable at different
scales. Future studies incorporating these flammability
metrics will generate data that are more comparable,
enabling a broader understanding of plant flammability.
We used these flammability metrics to explore relationships
between flammability and plant traits. Branch total surface
area, maximum branch order and branch biomass were the
strongest predictors of the flammability, suggesting they
could be used to predict flammability in the absence of
direct flammability measurements.
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