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Shoot flammability patterns among plant species of the 
wildland–urban interface in the fire-prone Greater Blue 
Mountains World Heritage Area 
Brad R. MurrayA,*, Thomas HawthorneA, Timothy J. CurranB, Daniel W. KrixA, Molly I. WallaceA,  
Kieran YoungA, Megan L. MurrayA, Elisabeth MorleyA, Nicola Huber-SmithA and Jonathan K. WebbA  

ABSTRACT 

Background. Mitigation of wildfires at the wildland–urban interface (WUI) will be enhanced by 
understanding the flammability of plants growing in this zone. Aims. We aimed to: (1) compare 
shoot flammability among wildland native, and both urban native and urban exotic ornamental 
plants; (2) quantify relationships between shoot traits and flammability; and (3) establish flamma-
bility scores to distinguish low- from high-flammability species. Methods. Flammability and traits 
of field-collected shoots were measured and relationships quantified in 44 species from the Blue 
Mountains World Heritage Area, Australia. Key results. In our study area, urban exotic plants 
were less flammable than wildland and urban native plants. Slow-igniting shoots had high fuel 
moisture and bulk density; short-burning shoots had low bulk density and volume; shoots 
recording low maximum temperatures had high fuel moisture, low bulk density and volume; and 
shoots with low biomass consumed in flames had high fuel moisture and low volume. Our novel 
flammability scores distinguished low-flammability (e.g. Lophostemon confertus) from high-flammability 
native species (e.g. Callistemon citrinus). Conclusions and implications. Low-flammability plantings 
at the WUI should preferably use native species given potential ecological impacts of exotics. 
We suggest that future work should seek to identify broader suites of low-flammability native species.  

Keywords: combustibility, consumability, fuel, ignitibility, sustainability, trait, wildfire, 
wildland–urban interface. 

Introduction 

Wildfires are an important ecological disturbance in many environments around the 
world, creating a range of habitats and maintaining native biodiversity (He et al. 2019). 
However, wildfires that occur close to urban regions at the wildland–urban interface 
(WUI) pose serious risks to human communities (McWethy et al. 2019). The WUI is the 
frontline for human–wildfire interactions and typically consists of low-level urban devel-
opment nested within regions of natural or modified wildland vegetation (Radeloff et al. 
2005). Increasing wildfire activity in the coming decades (Bowman et al. 2017a) could 
lead to enormous social, economic and ecological costs concentrated at the WUI 
(Nolan et al. 2021; Wang et al. 2021). Given that the WUI is continually being augmented 
and expanding (Moritz et al. 2022), there is a pressing need to understand wildfire 
dynamics at the WUI and to develop effective ways to mitigate wildfire impacts 
(Gill and Stephens 2009). 

Plants provide fuel for wildfires, and there is considerable variation among species in 
the flammability of leaves (Murray et al. 2013), canopy shoots (Kraaij et al. 2022) and 
whole plants (Gao and Schwilk 2022). This variation plays an important role in dictating 
wildfire dynamics (Weise et al. 2005; Plucinski et al. 2010; Schwilk 2015; Fares et al. 
2017), and species flammability is now a fundamental component of models predicting 
wildfire behaviour (Zylstra et al. 2016; Prince et al. 2017; Tumino et al. 2019;  
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Burton et al. 2021; Popović et al. 2021; Zylstra and 
Liow 2021). In this context, determining the relative flam-
mability of three main plant groups – wildland native, urban 
native and urban exotic plants – at the WUI will enhance our 
understanding of wildfire dynamics in this zone. Wildland 
native species are those plants found in natural vegetation 
immediately adjacent to urban areas, whereas urban native 
and urban exotic species are ornamental plants growing in 
residential gardens. 

At present, there is a paucity of information about the 
flammability of plants at the WUI. Previous studies have 
focused predominantly on the flammability of fine fuels 
such as leaves (Ganteaume et al. 2013; Murray et al. 2013;  
Molina et al. 2017; Blackhall and Raffaele 2019; Krix et al. 
2019; Romero et al. 2019). This presents an intriguing 
challenge for understanding wildfire dynamics across WUI 
landscapes; recent work seems to indicate that leaf flamma-
bility may not adequately represent whole plant flammability 
(Alam et al. 2020). For many plant assemblages, assessing 
whole plant flammability is simply not feasible (Jaureguiberry 
et al. 2011). For instance, experimentally burning replicates 
of tall, isolated trees such as eucalypts is not a realistic option. 
Assessments of canopy shoot flammability, however, which 
encompass leaves and branches with intact plant architecture, 
provide an efficient and robust assessment of whole plant 
flammability (Wyse et al. 2016; Alam et al. 2020). Although 
shoot flammability patterns among species in non-WUI areas 
have provided important insights into wildfire dynamics in 
Argentina (Santacruz-García et al. 2019), South Africa 
(Burger and Bond 2015; Calitz et al. 2015; Kraaij et al. 
2022) and New Zealand (Wyse et al. 2016; Padullés Cubino 
et al. 2018; Cui et al. 2020a), interspecific variation in shoot 
flammability at the WUI has yet to be investigated and there is 
only one published study of shoot flammability for Australian 
plant assemblages, from tropical rainforests in Queensland 
(Potts et al. 2022). 

We examined shoot flammability patterns among 44 
widespread and abundant plant species of the WUI in the 
Greater Blue Mountains World Heritage Area in New South 
Wales, Australia. The first aim of our study was to compare 
shoot flammability among wildland native, and urban native 
and exotic ornamental plants of residential gardens. Our sec-
ond aim was to quantify relationships between shoot traits 
and flammability. Here, we used phylogenetically informed 
analyses to relate four shoot traits (fuel moisture, bulk density, 
volume, branching) to four shoot flammability attributes 
(ignitibility, sustainability, combustibility, consumability). 
In addressing these first two aims, our work provides impor-
tant new plant flammability information that enhances our 
understanding of wildfire dynamics at the WUI. The third aim 
of our study was to establish a flammability scoring system to 
distinguish low- from high-flammability species. Our objective 
was to provide a scientifically robust method for the selection 
of low-flammability plant species for use in residential 
gardens designed to act as opportunistic green firebreaks. 

Garden firebreaks consisting of low-flammability plantings 
could help to slow or stop the spread of wildfires in urban 
regions (Mell et al. 2010; Curran et al. 2018; Gibbons et al. 
2018; Murray et al. 2018, 2020; Cui et al. 2019; Corbett 
2021). At the same time, our method can be used to inform 
the selective removal of high-flammability species in close 
proximity to houses in order to reduce WUI wildfire risks. 

Methods 

Study region 

The Greater Blue Mountains World Heritage Area is located 
approximately 54 km west of Sydney (New South Wales) in 
eastern Australia. The area possesses globally unique natural 
values and is heritage listed due to its ecologically signifi-
cant flora and fauna, natural habitats for the conservation of 
biodiversity and threatened species of outstanding value 
(Hammill and Tasker 2010). The Blue Mountains is a fire- 
prone environment on the urban fringe and at the wildland 
edge of Sydney, and as such, provides an ideal case study for 
examining patterns of plant flammability at the WUI 
(Supplementary Fig. S1). The region has experienced recent, 
major wildfire disasters in 1994, 2013 and during the Black 
Summer fires in 2019–2020. There are nearly 80 000 people 
currently living in the Blue Mountains in 27 towns and vil-
lages, with the region covering large parts of the traditional 
lands of the Dharug and Gundungurra Indigenous people. In 
2016, there were an estimated 32 827 private dwellings in the 
Blue Mountains (BMEE 2018). The area is characterised by a 
temperate climate with warm summers (mean maximum tem-
perature 29°C) and cool winters (mean minimum temperature 
16°C), and a mean annual rainfall of 1399.6 mm (BOM 2020). 

The study region spanned the lower-eastern section of the 
Blue Mountains from the town of Lapstone (33°46′26.4″N, 
150°38′13.2″E) to the mid-mountain town of Faulconbridge 
(33°41′10.8″S, 150°33′0.5″E). Wildland vegetation predom-
inantly found in the immediate vicinity of urban areas at the 
WUI comprises plant species of dry sclerophyll forests on 
Hawkesbury sandstone soils of the Greater Sydney region 
(Fairley and Moore 2010). This fire-prone vegetation, which 
experiences inter-fire intervals between 10 and 30 years 
(Hammill and Tasker 2010), is dominated by sclerophyllous 
species in families including Myrtaceae (e.g. Eucalyptus spp.), 
Proteaceae (e.g. Banksia spp.) and Fabaceae (e.g. Acacia spp. 
in the subfamily Mimosoideae, Pultenaea spp. in the sub-
family Faboideae). 

Study species and shoot collection 

We assessed shoot flammability in 44 woody shrub and tree 
species occurring in the Blue Mountains WUI, including 25 
wildland native species, and 19 urban native and exotic 
ornamental plants of residential gardens (Supplementary 
Table S1). Among the urban garden species, nine were 
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ornamental species native to Australia and 10 were orna-
mental species introduced to Australia since permanent 
European settlement. These study species were selected 
based on their floristic dominance with respect to their typical 
high local abundance as identified in a recent census spanning 
Lapstone to Faulconbridge (>25% projected canopy cover in 
100 m2 survey plots; Hawthorne 2021). In total, we sampled 
wildland native species from across 56 locations in dry scler-
ophyll vegetation adjacent to roads and in close proximity to 
urban housing so as to capture those wildland species at the 
immediate interface between wildland and urban areas, and 
urban garden species were sampled from across 54 residen-
tial gardens in the region (Hawthorne 2021). Typical planted 
gardens of homes in the Greater Sydney region, which 
includes the Blue Mountains, consist of a mix of native and 
exotic ornamental plant species interspersed with lawns 
(French et al. 2005). All sampling locations were separated 
by a minimum distance of 100 m. 

When sampling, we collected 70 cm long, sun-exposed 
terminal shoots from each of nine healthy, mature individuals 
per species following standardised procedures for collection 
and shoot replication described in Pérez-Harguindeguy et al. 
(2013), Wyse et al. (2016) and Alam et al. (2020). Sampling 
of plant shoots took place in autumn (March to May, 2020) in 
the Southern Hemisphere, and all shoots were collected at 
least 48 h after rain. To transport samples back to the labora-
tory, shoots were placed in large heavy-duty garbage bags, 
which were sealed shut to prevent sample moisture loss. The 
cut end of the shoot was wrapped in a small piece of cloth 
dampened with fresh water and fastened with an elastic band. 
On return to the laboratory, which was set to a temperature of 
20°C and relative humidity of 25–30%, all shoot samples were 
laid out without overlap on a bench to air dry for approxi-
mately 24 h. This dry-down procedure was used to match the 
ignition source to the moisture content of these samples 
(White and Zipperer 2010; Wyse et al. 2016, 2018). 

Measurement of shoot flammability attributes 

To measure shoot flammability, we constructed a portable 
device meeting the specifications described in Jaureguiberry 
et al. (2011) and modified by Wyse et al. (2016). We burned 
70 cm‐long plant shoots using this device, with shoots con-
taining multiple leaves, twigs and small branches to ensure 
the inclusion of key factors that influence the flammability of 
vegetation, including fuel arrangement, continuity and quan-
tity (Martin et al. 1994; Alam et al. 2020). We measured four 
flammability attributes following the conceptual frameworks 
of Anderson (1970), Martin et al. (1994) and Wyse et al. 
2016. For each individual shoot, we measured: (1) ignitibil-
ity as time taken for the shoot to begin flaming combustion 
(time to flame, TTF); (2) sustainability as length of time the 
shoot spent in flaming combustion (flame duration, FD); 
(3) combustibility as maximum heat of combustion of the 
shoot (flame temperature, FT); and (4) consumability as the 

proportion of original biomass of the shoot that was burnt 
during the experiment (biomass burnt, BB). Although flam-
mability testing of complete plants is helpful and can pro-
vide direct assessment of whole-plant flammability (Etlinger 
and Beall 2004; Madrigal et al. 2012; Almeida et al. 2022), it 
is not always feasible to burn replicates of whole plants, 
such as tall (>10 m) trees like eucalypts, in a safe environ-
ment. Assessments of shoot flammability provide an alter-
native approach and work well as surrogates of whole-plant 
flammability. For example, Wyse et al. (2016) and Alam 
et al. (2020) compared their rankings of species’ shoot 
flammability with rankings of those species derived from 
the expert opinion of fire managers (Fogarty 2001), and 
found a good correlation between the two rankings. The 
expert rankings were based on field observations by 59 
fire managers of the burning characteristics of species dur-
ing wildfires or prescribed burns across New Zealand (Alam 
et al. 2020). 

The LPG-powered flammability device provided heat 
when lit to radiate from below and through the shoot sam-
ple. Each shoot sample was placed horizontally in the device 
on a mesh grill set 20 cm above the flames, ensuring that 
overall shoot architecture was kept intact, with the grill 
temperature maintained at approximately 185°C. During a 
pre-heating phase of 2 min (Jaureguiberry et al. 2011), the 
shoot sample’s length, width and height were measured with 
a tape measure, while the shoot was on the mesh grill, to 
allow for calculation of sample volume. A blowtorch posi-
tioned on the side of the device was then used as an ignition 
source to apply direct flame to the shoot (Jaureguiberry 
et al. 2011; Wyse et al. 2016). The blowtorch was switched 
on for 10 s and during this time, observers determined at 
which point the shoot ignited (TTF). When the blowtorch 
was switched off at the end of the 10 s, the duration of time 
the shoot then spent flaming was recorded (FD). A handheld 
infrared laser thermometer (Digitech QM 7226) was used at 
a distance of 50 cm from the sample to measure the maxi-
mum temperature (FT) reached by the external flame plume 
(Jir-Ming and Jun-Hsien 1996; Calitz et al. 2015; Pérez- 
Harguindeguy et al. 2013; Wyse et al. 2016). The proportion 
of biomass consumed (BB) by combustion post ignition was 
visually estimated by at least two observers, following  
Burger and Bond (2015). 

Measurement of shoot traits 

We measured four shoot morphological traits, including fuel 
moisture content, bulk density, volume and degree of rami-
fication, to determine their relative roles in driving variation 
in shoot flammability. When field-collected shoots were 
brought to the laboratory, a 10 cm sub-sample was taken 
from each shoot for fuel moisture assessment. After a 24 h 
dry-down period matching that of the whole shoot, sub- 
samples were weighed to determine air-dried mass just 
prior to measurement of the flammability of whole shoots. 
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Sub-samples were then oven-dried at 60°C for 48 h, after 
which time they were reweighed. Fuel moisture was 
expressed as a percentage and calculated as the ratio of the 
difference between air-dried and oven-dried mass to air-dried 
dry mass ([air-dried mass − oven-dried mass]/air-dried 
mass). The volume of each shoot was estimated as an ellip-
tical cylinder and calculated as (π × shoot length × shoot 
width × 0.5 × shoot height × 0.5), using measurements of 
length, width and height taken during the pre-heating 
phase of shoot flammability measurements. Bulk density 
was calculated as the shoot air-dried mass (measured directly 
before burning) divided by the shoot volume. The degree of 
ramification of each shoot was calculated as the number 
of branches (or nodes) along the main stem line per metre 
of branch (Santacruz-García et al. 2019). To confirm that the 
dry-down procedure did not unduly affect flammability mea-
surements, we determined shoot fuel moisture at collection 
(just prior to the 24 h dry-down period) to compare with 
shoot fuel moisture just prior to burning in the flammability 
assessment. We tested the linear relationship between shoot 
fuel moisture at collection vs burning. If the coefficient of the 
relationship deviated from 1.0, that would provide evidence 
that one or more species were skewing the relationship as 
a function of dry-down differences between shoots with 
different morphologies. The relationship on testing had a 
coefficient of 1.02 (linear model), which did not differ 
significantly from a value of 1 (F1,43 = 2.71, P = 0.12). 

Data analysis 

We fitted a series of phylogenetic generalised least squares 
(PGLS) models using species’ mean values as replicates. 
To account for the unbalanced design among the plant 
status groups (i.e. different number of species in each 
group), marginal effects ANOVA was used throughout the 
analyses. First, to determine whether there were significant 
differences in each of the shoot flammability attributes 
among the three plant status groups (wildland native, 
urban native and urban exotic plants), we built separate 
PGLS models for each flammability attribute (as a response 
variable), with plant status as the sole explanatory variable. 
In these models, TTF was ln transformed, FD and FT square 
root transformed, and BB logit transformed. Second, we built 
separate PGLS models for each of the four shoot traits (fuel 
moisture, shoot volume, bulk density, degree of ramification) 
as response variables, with plant status as the sole explana-
tory variable to determine differences in each of the shoot 
traits among the plant status groups. Third, we built separate 
PGLS models for each flammability attribute (as a response 
variable), with the four shoot traits as continuous explanatory 
variables (bulk density was ln transformed and degree of 
ramification was ln transformed), to test relationships 
between the flammability attributes and the shoot traits. In 
these flammability–trait relationship models, plant status was 
added last as a categorical explanatory variable. Here, the 

emergence of a significant effect of plant status indicated that 
some unmeasured trait or traits that differed among wildland 
native, urban native and urban exotic plants contributed to 
variation in shoot flammability in addition to any effects of 
differences among the groups in the measured plant traits. In 
contrast, the emergence of a non-significant effect of plant 
status meant that after the PGLS model accounted for any 
variation in the flammability attribute due to the four mea-
sured shoot traits, none of the residual variation in the models 
was explained by differences in plant status. Importantly, a 
non-significant effect of plant status did not diminish any 
significant differences in the flammability attributes detected 
in the preceding PGLS analyses with just plant status as the 
sole explanatory variable. Rather, what these findings reveal is 
that any effect of plant status on flammability differences 
among plant groups (with plant status as the sole explanatory 
variable) can be accounted for by differences between natives 
and exotics in one or more of the four measured shoot traits. 

The phylogeny used in PGLS models (see Fig. S2) was 
pruned from the tree published in Smith and Brown (2018). 
To select the appropriate branch length transformation of 
the phylogenetic tree used in each model, four initial models 
were fitted including Brownian motion (no transformation) 
and kappa, delta and lambda transformations estimated by 
maximum likelihood. Model fit was then assessed using 
Akaike information criterion (AIC), and the model with 
lowest AIC was selected (Table S2). In all graphical presen-
tation of results, model parameter estimates were back 
transformed to the original response units. In any model 
where a significant effect emerged for plant status (i.e. a 
significant difference was detected among wildland native, 
urban native and urban exotic species), post hoc tests (with 
Tukey’s correction for multiple comparisons) were used to 
determine where significant pairwise differences lay 
between status groups (e.g. between wildland native and 
urban exotic plants). All post hoc tests are presented in 
Table S3. 

To establish a flammability scoring system to distinguish 
low- from high-flammability species, a principal component 
analysis (PCA) with oblique rotation (oblimin; Bernaards 
and Jennrich 2005) was conducted on the flammability 
attributes TTF, FD, FT (continuous; ln transformed) and 
BB (proportion; logit transformed), all scaled (by standard 
deviation) and centred (minus the mean). For the purposes 
of this analysis, values of TTF were made negative, so that 
faster TTF values (indicating quicker ignition) had a larger 
value relative to slower TTF values. Species’ scores for PC1 
and PC2 were then plotted on a bivariate graph of PC1 
against PC2. The circular mean angle from zero of the 
PCA loadings on the first two PCA axes was calculated for 
the four flammability attributes. This mean loading angle 
for the flammability attributes (scaled between 0 and 1) was 
overlaid on the plot of the species’ scores. The coordinates of 
the intersection of a perpendicular line drawn from of each 
of the species’ scores to the mean loading angle were then 
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calculated. Each set of intersection coordinates for a species 
was then transformed to a length along the line of the mean 
loading angle to give a relative flammability score for each 
species. Species were then assigned to either low-flammability, 
high-flammability or intermediate-flammability classes by 
dividing the flammability score distribution into terciles. We 
built a PGLS model to test flammability scores against plant 
status and used a G-test to assess the patterns of distribution of 
the plant groups among the flammability classes. 

All analyses were performed in R 4.2.1 (R Core Team 
2022) with ape (Paradis and Schliep 2019), caper (Orme 
et al. 2018), V.PhyloMaker (Jin and Qian 2019), emmeans 
(Lenth 2022), psych (Revelle 2022) and DescTools (Signorell 
et al. 2021) packages. 

Results 

Each of the four flammability attributes – TTF, FD, FT and 
BB – varied considerably among species (Fig. 1). We found 

that urban exotic plants had slower TTF than wildland 
native plants (F2,41 = 4.474, P = 0.017), whereas urban 
native plants did not differ in TTF from either urban exotic 
or wildland native plants (Fig. 2a). Urban exotic plants had 
shorter FD (F2,41 = 7.859, P = 0.001; Fig. 2b), lower FT 
(F2,41 = 6.471, P = 0.004; Fig. 2c) and lower BB 
(F2,41 = 7.882, P = 0.001; Fig. 2d) than both wildland and 
urban native plants. It is interesting to note that for each of the 
flammability attributes, although many species showed simi-
lar levels of variation about the mean, there was evidence for 
overlap among species, and some species demonstrated more 
variation (e.g. Citrus limon for TTF and Isopogon anemonifo-
lius for FD), and some species showed less variation 
(e.g. Bossiaea obcordata for TTF and Pittosporum undulatum 
for FD) (Fig. 1). In terms of shoot traits, we found that urban 
exotic plants had higher fuel moisture than both wildland and 
urban native plants (F2,41 = 8.239, P = 0.001; Fig. 3a). Urban 
exotic plants had higher bulk density than wildland native 
plants (F2,41 = 4.177, P = 0.022), whereas urban native 
plants did not differ in bulk density from either urban exotic 
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Bossiaea obcordata
Ceratopetalum gummiferum
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Corymbia gummifera
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Hakea dactyloides
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Fig. 1. The four shoot flammability attributes, time to flame (TTF), flame duration (FD), flame temperature (FT) and biomass 
burnt (BB) for wildland native, urban native and urban exotic plant species, showing the mean values for each species (black lines) 
with 95% confidence intervals (bars).    
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or wildland native plants (Fig. 3b). There were no significant 
differences among the three plant groups in shoot volume 
(F2,41 = 2.457, P = 0.10; Fig. 3c) or degree of ramification 
(F2,41 = 1.154, P = 0.33; Fig. 3d). 

Our quantification of relationships between shoot flam-
mability attributes and shoot traits revealed several signifi-
cant relationships (Fig. 4, Table 1). Slower TTF was related 
to increases in fuel moisture (F1,37 = 24.603, P < 0.001;  
Fig. 4a) and bulk density (F1,37 = 5.361, P = 0.026;  
Fig. 4b), but not to shoot volume (F1,37 = 2.419, P = 0.13;  
Fig. 4c) or degree of ramification (F1,37 = 0.183, P = 0.67;  
Fig. 4d). Shorter FD was related to decreases in bulk density 
(F1,37 = 11.587 P = 0.002; Fig. 4f) and shoot volume 

(F1,37 = 21.736, P < 0.001; Fig. 4g), but not to degree of 
ramification (F1,37 = 1.265, P = 0.27; Fig. 4h). There was a 
marginally non-significant relationship between FD and fuel 
moisture (F1,37 = 3.899, P = 0.06), with a trend for shorter 
FD associated with increases in fuel moisture (Fig. 4e). 
Although lower FT was marginally related to increases in 
fuel moisture (F1,37 = 4.307, P = 0.045; Fig. 4i), it was more 
strongly related to decreases in bulk density (F1,37 = 6.354, 
P = 0.016; Fig. 4j) and shoot volume (F1,37 = 15.568, 
P < 0.001; Fig. 4k); FT was not related to degree of ramifi-
cation (F1,37 = 0.320, P = 0.57; Fig. 4l). Lower BB was 
related to increases in fuel moisture (F1,37 = 8.894, 
P = 0.005; Fig. 4m) and marginally to decreases in shoot 
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Fig. 2. Differences in the flammability attributes (a) time to flame (TTF), (b) flame duration (FD), (c) flame 
temperature (FT) and (d) biomass burnt (BB) among the three plant groups. The mean (black line) with standard 
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volume (F1,37 = 4.240, P = 0.047; Fig. 4o), but not to bulk 
density (F1,37 = 1.829, P = 0.18; Fig. 4n) or degree of rami-
fication (F1,37 = 0.952, P = 0.34; Fig. 4p). 

Plant status was a non-significant term in the flammability– 
trait PGLS models for TTF (F2,37 = 0.439, P = 0.65), FT 
(F2,37 = 1.07, P = 0.35) and BB (F2,37 = 1.512, P = 0.23). 
This demonstrated that the observed significant effects of 
plant status in the preceding models of flammability attributes 
as a function of plant status only were due to differences 
among plant groups in the measured shoot traits. For TTF, 
FT and BB, this is mostly attributable to significantly higher 
fuel moisture in exotic plants (Fig. 3a). In contrast, for FD, the 
status term was significant (F2,37 = 4.372, P = 0.02), with 

post hoc tests showing that urban exotic plants had lower 
FD than wildland native plants (t-ratio = 2.405, P = 0.021), 
whereas FD was similar between wildland and urban native 
plants (t-ratio = 1.553, P = 0.13) and urban native plants and 
urban exotic plants (t-ratio = 1.500, P = 0.14). 

The PCA showed that the three flammability attributes 
FD, FT and BB loaded strongly on PC1 (0.60 variance 
explained), whereas TTF loaded more heavily on PC2 
(0.34 variance explained) (Fig. 5a, Table 2). The mean 
angle calculated from the PCA loadings of the four flamma-
bility attributes was 61°, with the high-flammability class of 
species falling in the top right of the PCA and the low- 
flammability class of species in the bottom left (Fig. 5b). 
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All urban exotic species fell in the low-flammability class, 
with the exception of Murraya paniculata and Jacaranda 
mimosifolia, which fell in the high-flammability class. Both 
wildland and urban native species were relatively evenly 
distributed across the intermediate-flammability and high- 
flammability classes (Fig. 6a). Across all species (Fig. 6a), 
the least flammable was Magnolia grandiflora and the most 
flammable was Callistemon citrinus. For wildland native 
plants, the least flammable species was Pittosporum undula-
tum and the most flammable species was Corymbia gummi-
fera. For urban native plants, the least flammable species 
was Melaleuca quinquenervia and the most flammable spe-
cies was C. citrinus. For urban exotic plants, the least flam-
mable species was M. grandiflora and the most flammable 
was J. mimosifolia. Relative flammability scores were lower 
for urban exotic plants (F2,41 = 11.534, P < 0.001), 
relative to wildland and urban native plants, which did 
not differ significantly from each other (Fig. 6b), with a 
disproportionately higher number of urban exotic species 

falling in the low-flammability class (χ2 = 14.780, d.f. = 4, 
P = 0.005; Fig. 6c). 

Discussion 

Patterns of flammability among plants of 
the WUI 

Our results reveal important shoot flammability differences 
between native and exotic plant species of the WUI in the 
Greater Blue Mountains World Heritage Area. For all four of 
the shoot flammability attributes that we measured (TTF, 
FD, FT, BB), we found that urban exotic plants of residential 
gardens were less flammable than native plants in surround-
ing wildland vegetation. Our finding for lower shoot flam-
mability in urban exotic plants is likely explained by the 
comparatively higher fuel moisture content we identified in 
shoots of exotic species (Fig. 3). Indeed, inspection of the 
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interspecific relationships between shoot fuel moisture and 
each of the four flammability attributes shows that exotic 
species occupy the higher moisture–lower flammability areas 
of the graphs (Fig. 4). Few other studies have compared shoot 
flammability between native and exotic plants (Wyse et al. 
2016, 2018; Msweli et al. 2020; Potts et al. 2022). Although 
not explicitly setting out to compare native vs exotic flamma-
bility, Wyse et al. (2016) found no consistent native–exotic 
differences in their New Zealand study species; however, the 
most flammable species of the 60 they tested was the invasive 
exotic Gorse (Ulex europaeus). Subsequent testing of 194 
species in New Zealand found native grasses and exotic species 
(Pinus ponderosa) had among the highest shoot flammability 
(Cui et al. 2020b). Potts et al. (2022) found invasive shrubs 
had relatively low flammability compared with other groups 
combining growth form (trees, shrubs, vines) and successional 
status (canopy, understorey, pioneer) in Australian tropical 

rainforests. In contrast, Msweli et al. (2020) found that shoot 
flammability was generally highest in invasive exotic plants. 
Our findings, considered together with this previous work, 
suggest that it is highly likely that differences in shoot 
flammability between native and exotic plant species will 
be regionally context dependent and reliant on underlying 
native–exotic differences in traits that determine the flam-
mability of species. For our study system of dry sclerophyll 
vegetation in eastern Australia, the fundamentally higher 

Table 1. Results of separate PGLS models for each of the four 
flammability attributes (response variables) as a function of the four 
shoot traits and plant status (explanatory variables).       

Flammability 
attribute 

Explanatory 
variables 

d.f. F P   

Time to flame Fuel moisture  1  24.603  <0.001 

Bulk density  1  5.361  0.026 

Volume  1  2.419  0.130 

Ramification  1  0.183  0.670 

Plant status  2  0.439  0.650 

Residuals  37   

Flame duration Fuel moisture  1  3.899  0.060 

Bulk density  1  11.587  0.002 

Volume  1  21.736  <0.001 

Ramification  1  1.265  0.270 

Plant status  2  4.372  0.020 

Residuals  37   

Flame temperature Fuel moisture  1  4.307  0.045 

Bulk density  1  6.354  0.016 

Volume  1  15.568  <0.001 

Ramification  1  0.320  0.570 

Plant status  2  1.070  0.350 

Residuals  37   

Biomass burnt Fuel moisture  1  8.894  0.005 

Bulk density  1  1.829  0.180 

Volume  1  4.240  0.047 

Ramification  1  0.952  0.340 

Plant status  2  1.512  0.230 

Residuals  37     
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fuel moisture content in shoots of exotic species leads to their 
overall lower flammability than native plants. In other eco-
systems, where these sorts of shoot traits do not differ 
between native and exotic species, we would not expect to 
see native–exotic differences in shoot flammability. 

Plants in urban gardens in the Blue Mountains region are 
typically well watered by residents, particularly when com-
pared with wildland plants in surrounding dry sclerophyll 
vegetation. Might this difference in watering conditions 
have had an effect on observed native–exotic differences 
in plant flammability? We suggest that this is unlikely 
to play a major role for three of the flammability attributes 
(FD, FT, BB), because if this had been in effect, we would 
have expected to see urban native garden plants demonstrate 
lower flammability than wildland native species, which was 
not the case. However, our findings suggest that we might 
have observed a small effect of well watered gardens for TTF. 
Here, urban native species did not differ significantly from 
either urban exotic plants or wildland native plants. In gen-
eral, however, it appears more likely that the intrinsic prop-
erties of the different plant groups, most notably shoot water 
content in exotics, play a predominant role in generating 
observed native/exotic differences. Our results might be seen 
as lending support to the notion that plant species of 
fire-prone communities have evolved characteristics that 
increase their propensity to burn (Mutch 1970; Bond and 
Midgley 1995), particularly considering the comparatively 
high flammability demonstrated by wildland native species. 
Any support for this hypothesis on the basis of our findings 
must be viewed cautiously, however, because traits confer-
ring high flammability might simply be exaptations (Snyder 
1984; Bowman et al. 2014; Krix and Murray 2018). 

Trait relationships with shoot flammability 

The quantitative modelling we performed in an explicitly 
phylogenetic context identified some important relationships 
between shoot traits and shoot flammability. We found that 
higher fuel moisture content in shoots was linked to low 
flammability exhibited primarily by increases in TTF and 
decreases in BB. Higher moisture content was also somewhat 
related to decreases in FD and FT, with the former marginally 

non-significant (P = 0.06) and the latter marginally signifi-
cant (P = 0.045). In general, our findings are consistent with 
previous studies of shoot flammability (Wyse et al. 2018;  
Cui et al. 2020a; Msweli et al. 2020). Our results support 
the notion of a functional role for water content in lengthen-
ing TTF because more time is required for sufficient energy 
input to remove more water before flaming can commence. 
High shoot fuel moisture continues to provide a dampening 
effect on flame initiation and spread, which ultimately limits 
BB and to some extent FD and FT, with fuel moisture relation-
ships with FD and FT being viewed cautiously. 

We also found that lower shoot bulk density was related 
to decreases in TTF, FD and FT. Previous research on shoot 
flammability has found no significant relationship between 
bulk density and shoot flammability (Padullés Cubino et al. 
2018; Wyse et al. 2018). The results of our study suggest that 
increases in bulk density lead to decreasing shoot flamma-
bility with respect to TTF, yet at the same time lead to an 
increase in shoot flammability with respect to FD and FT. 
A larger shoot mass within a given area provides for less 
aeration for flames, delaying ignition (Dickinson and 
Kirkpatrick 1985). However, once the shoot starts to burn, 
flames can spread more easily to other close parts of the 
shoot, with the greater mass available to burn leading to 
longer and hotter fires. It is unclear at this stage why the 
effect of higher shoot bulk density did not extend to increas-
ing the amount of shoot consumed in flames. 

To our knowledge, no previous studies have analysed the 
relationship between shoot volume and flammability, but our 
analyses showed that higher shoot volume was significantly 
related to increases in FD, FT and BB (albeit marginally, 
P = 0.047), but not to TTF. All else being equal, small- or 
large-volume shoots have the same likelihood of ignition, 
which suggests aeration required to reach flaming combus-
tion is independent of shoot size (but not bulk density; see 
above). Once alight, however, the overall higher volume of 
shoot that can burn leads to longer and hotter fires with more 
of the shoot consumed in flames. In contrast to previous work 
(Santacruz-García et al. 2019), we found no significant cor-
relations between degree of ramification and any of the 
flammability attributes. It is difficult to capture the architec-
tural complexity of plant canopies using one such simple 
metric, and in future it may be worth including measures 
that includes not only the number of branches, but also 
biomass in different size classes (Burger and Bond 2015) or 
the density of leaves on a shoot (Calitz et al. 2015), which 
also contribute to the complex structure of a canopy. 

Intriguingly, the PGLS analyses of trait–flammability 
relationships revealed that plant status was a significant 
explanatory variable only in the model for FD, with wild-
land native plants exhibiting longer FD than urban exotic 
plants. This would suggest that some unmeasured trait that 
differs between wildland native and urban exotic plants 
contributed to variation in shoot flammability – in addition 
to any effects of the plant traits that we included in our 

Table 2. PCA loadings (oblimin rotated) for the flammability 
attributes TTF (time to flame), FD (flame duration), FT (flame 
temperature) and BB (biomass burnt).      

PC1 PC2   

TTF  −0.01  0.992 

FD  0.894  0.141 

FT  1.024  −0.175 

BB  0.674  0.471 

Values for TTF loaded more heavily on PC2 (0.34 variance explained), and FD, 
FT and BB loaded strongly on PC1 (0.60 variance explained). Larger values on 
either axis indicate higher flammability.  
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study. We suggest that a candidate trait is the presence of 
volatile organic compounds (VOCs) such as terpenoids, par-
ticularly in species within the family Myrtaceae, a family 
well known for its VOCs (Whiffin and Ladiges 1992; Keszei 
et al. 2008). Previous work has identified links between 
flammability and VOCs (Pausas et al. 2016; Romero and 
Ganteaume 2021). Indeed, Della Rocca et al. (2017) sug-
gested that terpenoids should be included in physical mod-
els of the prediction and propagation of wildfire in 
mediterranean vegetation given their strong influence on 
plant flammability. To further unpack patterns of flamma-
bility among species at the WUI, particularly in fire-prone 
regions like eastern Australia where the evolution of the 
flora has been heavily influenced by wildfires, future studies 
exploring the contribution of VOCs to shoot flammability 
will be valuable. 

Identifying low- and high-flammability plant 
species 

Wildfire impacts on lives and homes is a serious concern for 
residents living at the WUI in fire-prone areas is (Gill and 
Stephens 2009). Robust, evidence-based information on the 
relative flammability of plant species at the WUI (White and 
Zipperer 2010) is required to guide the selection of low- 
flammability plant species for opportunistic firebreaks in 
residential gardens (Mell et al. 2010; Curran et al. 2018;  
Murray et al. 2018). Green firebreaks have been used exten-
sively in China to help slow or stop the spread of wildfires 
(Cui et al. 2019). There is a growing body of scientific 
research from different regions of the world exploring and 
discussing the use of green firebreaks for wildfire manage-
ment (Santamarta-Cerezal et al. 2012; Bowman et al. 2017b;  
Souza and Vale 2019; Batista et al. 2021; Chifa 2021; Khan 
and Moinuddin 2021). A key premise of the use of green 
firebreaks is the understanding that all plants are likely to 
burn under extreme wildfire conditions, but under less intense 
wildfire conditions the presence of low-flammability plants, 
which do not ignite quickly and only burn for short durations 
at low temperatures, can provide a level of protection for 
residents, their homes and vital infrastructure. Although 
many organisations provide lists recommending apparent 
low-flammability species for home gardens, such lists can 
be problematic because: their method of collation is often 
unclear; they can be contradictory; most times they lack 
reference to scientific research; and they can provide a 
false sense of security by implying that species-specific flam-
mability is known (White and Zipperer 2010; Corbett 2021). 
Our third aim in this study was to overcome the problems 
associated with recommendation lists by establishing a 
robust flammability scoring system to distinguish low- from 
high-flammability species to guide the selection of low- 
flammability plant species for use in residential green fire-
breaks at the WUI. At the same time, our method was devised 
to help guide the selective removal of high-flammability 

species in close proximity to houses in order to reduce wildfire 
risks at the WUI. 

In this context, although the overall lower intrinsic flam-
mability of urban exotic plants suggests that these species 
would be suitable candidates for low-flammability residen-
tial gardens, we prefer to support the use of native plant 
species in urban plantings, over a generalisation that exotic 
plant species are most suitable, for three reasons. First, two 
of the exotic species in this study, jacaranda (J. mimosifolia) 
and orange jasmine (M. paniculata), displayed properties of 
high-flammability species (e.g. jacaranda ignited within 2 s, 
and both species burnt on average for more than 20 s at a 
peak of 500°C and had much higher shoot biomass con-
sumed in flames). Our results would suggest that jacaranda, 
especially, would not be a good species for reducing fire 
risks in urban areas. Second, although the moist foliage of 
exotic species might display low-flammability properties, 
their dried leaves can be highly flammable when compared 
with coexisting native species (Murray et al. 2013). Third, 
exotic plant species that are invasive or have the potential to 
become invasive (e.g. ‘sleeper weeds’) should be ruled out of 
consideration for low-flammability gardens given their enor-
mous ecological and economic impacts (IPBES 2019). Indeed, 
exotic plant invasion can potentially increase flammability 
causing successional changes of vegetation from less flamma-
ble forest to more flammable shrubland or forest–shrub land-
scape mosaics (Perry et al. 2015). Furthermore, there is a 
wealth of evidence demonstrating a range of detrimental 
ecological impacts that exotic species can have on native 
biodiversity (Davies 2011; Vilà et al. 2011; Jauni and 
Ramula 2015; Nguyen et al. 2016; Fletcher et al. 2019). All 
of these issues considered together warn against a reliance on 
exotic plant species in the design and implementation of green 
firebreaks. 

We found that two of the urban native species fell in the 
low-flammability class, suggesting their possible use in 
green firebreaks. Broad-leaved paperbark (Melaleuca quin-
quenervia) and brush box (Lophostemon confertus) both had 
relatively short flame durations of less than 10 s, with their 
short sustainability matched with flame temperatures gen-
erally below 500°C (Fig. 1). These two species also took 
moderately long times to ignite, averaging around 4–5 s 
before commencing flaming combustion. Brush box might 
be a candidate low-flammability native species for residen-
tial garden firebreaks, but broad-leaved paperbark should 
not be considered for such a purpose. This species is gener-
ally considered highly flammable at the whole plant level, 
due to its dry, shaggy outer layers of papery bark, which 
readily provide a ladder fuel that can quickly carry fire into 
the canopy, destroying leaves and branches (Munger 2005). 
In addition, wildfire embers can easily get caught in the 
roughly organised bark (Webster 2000). This provides a 
good example of the need to look at other plant character-
istics, not just shoot-level flammability, when designing low- 
flammability gardens (Gill and Zylstra 2005; Schwilk 2015). 
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Indeed, previous work has shown that that the accumulation 
of dead branches in the canopy of plants and lots of leaf litter 
under the plant further increases their flammable properties 
(Schwilk 2003). Several of the wildland native species also fell 
in the low-flammability class, including Pittosporum undula-
tum, Banksia ericifolia, Petrophile pulchella, Grevillea phyli-
coides and Acacia linifolia. These are all attractive native 
plants, worthy of further investigation as potential species 
for low-flammability urban plantings. In terms of high- 
flammability urban native species that should be avoided, 
crimson bottlebrush (C. citrinus) ignited within 2 s, sustained 
flaming combustion for 30 s on average and burned at 
temperatures around 600°C (Fig. 1). Other urban native 
species with comparably high flammability included Banks’ 
grevillea (Grevillea banksii) and blueberry ash (Elaeocarpus 
reticulatus) (Fig. 6a). These native species should not be 
planted near houses if the desired outcome is to create low- 
flammability residential gardens. 

Conclusion 

Overall, our findings suggest that native plants currently 
found at the Blue Mountains WUI, whether they are in wild-
land vegetation or ornamentals in home gardens, could 
exacerbate the risks of ignition to houses, which has impor-
tant ramifications for the establishment of low-flammability 
residential gardens as opportunistic firebreaks within the 
WUI in the region. Native plant selection for opportunistic 
garden firebreaks needs to be performed carefully to avoid 
the high-flammability native plants. Our flammability scor-
ing has demonstrated its utility for this purpose by distin-
guishing low-flammability native species such as brush box 
(L. confertus) from high-flammability species such as crim-
son bottlebrush (C. citrinus). Our study represents an initial 
screening of the flammability of a wide range of species in 
the WUI of the Greater Sydney region. We recommend that 
subsequent studies should focus on seasonal changes in the 
flammability of WUI species, especially those identified as 
being low in flammability in this study. 

Building on our findings, future work might focus its atten-
tion on identifying a broader suite of low-flammability native 
plant species for urban gardens, to remove any reliance on 
exotic plants (given their potential for detrimental ecological 
effects) as the most suitable species with fire-retardant prop-
erties. To this end, our functional trait analysis could be used 
to direct searches to species with shoots with high fuel mois-
ture content because this is a trait found relatively consistently 
in our low-flammability species, particularly with respect to 
increasing time to ignition. If the desired outcome is to have 
garden plants that do not maintain flaming combustion for 
long periods, and at comparatively low temperatures, selec-
tion targets should be those species with low bulk density and 
volume. The issue of how long a plant burns is an important 
one, because although all plants will ignite given hot enough 

fire fronts, recent work has shown that species maintain 
idiosyncratic burn durations of their leaves as radiant heat 
increases (Krix et al. 2022). That is, species with leaves that 
burn for a long time will do so at both low and high values of 
radiant heat. In addition, future work might seek to determine 
from a broader suite of shoot and plant traits the most impor-
tant traits underpinning flammability to build predictive mod-
els (e.g. see Krix and Murray 2022 for leaf-level models). Such 
predictive models will mean that specialised flammability 
assessment equipment need not be used to measure flamma-
bility directly, but rather, simple-to-measure shoot traits can 
be used to determine the flammability of a large number of 
species for many regions of the world. 

Finally, urban garden design involves more than just 
selecting plants that are low in flammability. It is important 
to recognise that features such as the biodiversity-promoting 
value of native plant species is an issue that needs to be 
considered, along with the ability of plant species to cope 
with climate change and be aesthetically pleasing in home 
gardens. To this end, broad selection frameworks (Alam 
2020, Murray 2018) can be used to take into account the 
range of selective factors that come into play for people and 
their gardens. 

Supplementary material 

Supplementary material is available online. 
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