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Summary

® Plant flammability is an important driver of wildfires, and flammability itself is
determined by several plant functional traits. While many plant traits are influenced
by climatic conditions, the mteraction between climatic conditions and plant
flammability has rarely been investigated.

® Here, we explored the relationships among climatic conditions, shoot-level
flammability components, and flammability-related functional traits for 186 plant
species from fire-prone and non-fire-prone habitats.

® For species originating from non-fire-prone habitats, those from warmer areas
tended to have lower shoot moisture content and larger leaves, and had higher shoot
flammability with higher ignitibility, combustibility, and sustainability. Plants in
wetter areas tended to have lower shoot flammability with lower combustibility
and sustainability due to higher shoot moisture contents. In fire-prone habitats,
shoot flammability was not significantly related to any climatic factor.

® Our study suggests that for species originating in non-fire-prone habitats, climatic
conditions have mfluenced plant flammability by shifting flammability-related
functional traits, including leaf size and shoot moisture content. Climate does not
predict shoot flammability in species from fire-prone habitats; here, fire regimes
may have an mmportant role m shaping plant flammability. Understanding these
nuances in the determinants of plant flammability is important in an increasingly
fire-prone world.

Keywords: functional traits, plant flammability, climatic conditions, evolution,

wildfire
Introduction

Plant traits reflect the outcome of evolutionary processes of plants interacting with
abiotic and biotic resources, conditions, and disturbances (Violle ef al, 2007). Many
plant traits, both response and effect traits, are related to environmental conditions,

although the relations are usually weak at the global scale (Moles et al., 2014; Diaz et
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al., 2016; Wright et al., 2017; Baird et al., 2021). For example, leaf size tends to be
smaller at higher latitudes, but larger at wetter or warmer sites (Peppe et al., 2011;
Wright ef al., 2017). Leaf nitrogen and phosphorus concentrations decrease toward the
equator generally as average temperature and growing season length increase (Reich &
Oleksyn, 2004). The associations between plant traits and environmental conditions can
provide insight into the evolution of plant traits, facilitate an understanding of how
plants respond to changing environmental conditions, and predict possible changes in
plant distributions under climate change (Schimper, 1904; Wright et al, 2004).
However, there is still much to be learned i identifying possible associations between
environmental factors and plant traits, especially over large spatial extents, even if the
associations between plant traits and environmental conditions have been emphasized
by plant ecologists for more than a century (Schimper, 1904; Wright et al., 2004;
Simova et al., 2018).

Orne trait that has been particularly poorly studied in relation to its interactions with
environmental conditions is plant flammability, which describes the capacity of
vegetation to ignite and sustain a flame (Pausas et al., 2017). Although many plant traits,
such as canopy structure, could affect wildfire behavior, plant flammability is an
mportant driver of wildfires in terrestrial ecosystems, despite its influence may vary
with fire mntensity (Schwilk & Caprio, 2011; Fernandes & Cruz, 2012; Prior et al., 2017,
Cruz et al, 2022). Plant flhlmmability can be decomposed mto four components:
ignitability (ease of plant ignition), combustibility (the speed or intensity at which a
plant burns), sustainability (the length of time a plant continues to burn once ignited)
and consumability (proportion of biomass combusted) (Anderson, 1970; Martin et al.,
1994). Many functional traits, including chemical, morphological and architectural
characteristics, and their interactions combine to affect plant flammability (Schwilk,
2015; Pausas et al, 2017; Alam et al., 2020). A better understanding of plant
flammability can inform prediction of wildfire behaviour in each plant community or
region and provide useful context for wildfire management. However, plant

flammability data are scarce compared to many other plant traits, and fllmmability

95017 SUOLULIOD SAIS1D) 3! dde au) Aq peuienob ale S3o1le YO ‘8sh J0 Sa|n. Joj Akelqi8ulUO AS|IM UO (SUORIPUOD-PUE-SLLLIS)L0 AS 1M ARIq 1 ]BU 1 |UO//:SANY) SUOIPUOD pue SWe | 84} 88S *[£202/c0/62] Uo Ariqiauliuo AoiMm *JO AlsieAIuN pueony Ag S068T Udu/TTTT 0T/10p/wod A3 m Alg jpuljuo yduy/sdny wolj pspeojumoq ‘el ‘2£T8697T



studies are often incomparable due to a lack of standard measurement protocols (White
& Zipperer, 2010). As aresult, the potential drivers of plant flammability, asan inherent
plant trait, remain uncertain, and the evolutionary mechanisms associated with plant
flammability are still debated (Snyder, 1984; Midgley, 2013; Bowman et al., 2014;
Pausas et al., 2017).

There is emerging evidence that fire has played an important role in the evolution of
plant flammability (Pausas et al., 2012; Cui et al., 2020b). Under certain fire regimes,
selection may drive species to become more or less flammable (He ef al., 2011; Pausas
etal,2012; Cui et al., 2020b). However, environmental conditions other than fire have
also likely affected plant flammability, probably by influencing flammability-related
functional traits (Mason et al., 2016; Krix & Murray, 2018; Cui et al., 2020a). For
example, Mason et al(2016) found that variation in traits, such as leaf dry matter
content and tannins content, was linked to variation in foliar flammability and suggested
that selective pressures other than fire have driven foliar flammability. Cui ef al.(2020a)
showed that shoot flammability across the genus Dracophyllum (Ericaceae) was
negatively related to leaf size, which may be influenced or selected for by climatic
conditions, such as temperature and moisture availability. Thus, plant flammability
could be a secondary outcome of selection for other functional traits, which increased
individual fitness and coincidentally changed the flammability, especially in non-fire-
prone habitats where selection pressure from certain fire regimes was absent (Gould &
Vrba, 1982; Snyder, 1984; Midgley, 2013; Resco de Dios, 2020). However, the
influence of environmental conditions on plant flammability is poorly understood and

has not been investigated across a wide range of taxa and environmental conditions.

Here, we investigated associations among shoot flammability components (ignitibility:
ignition frequency, sustainability: burning time, combustibility: maximum temperature,
and consumability: burnt biomass), climatic conditions (mean annual temperature
(MAT), mean annual precipitation (MAP) and Aridity Index (Al)), and flammability-

related functional traits (shoot moisture content (MC) and leaf area (LA)) for 186
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species of vascular plants from diverse habitats. We used shoot moisture content and
leaf area as traits driving flammability because they may both influence plant
flammability (Scarff & Westoby, 2006; de Magalhaes & Schwilk, 2012; Van Altena et
al., 2012; Zhao et al.,2016; Dehane et al., 2017; Bianchi et al.,2019). Previous research
has highlighted the complex relationships between climate, fire, and plant traits (Staver
et al., 2011). Archibald ef al. (2013) identified five ‘pyromes’, but these were not
predicted by climate or biome. Across Australia, Murphy et al. (2013) linked a
classification of fire activity to climate via latitudinal controls on monsoonal activity.
In short, the relationships between trait expression, climate, and fire regime comprise a
series of complex feedbacks that are difficult to disentangle (Bowman et al., 2015).
Here, we used three key climatic conditions: mean annual precipitation (MAP), mean
annual temperature (MAT), and the Aridity Index (AI) to describe the climatic
conditions that each species inhabits. We then ask: can we predict species’ flammability

from the biophysical environment?
M aterials and Methods

Shoot-level flammability data

We used shoot-level flammability data from 186 species (119 indigenous to New
Zealand and 67 exotic species introduced from other parts of the world, Table S1) from
our previous study (Cui et al., 2020b). Shoot-level flammability components for each
species, including ignition frequency (IF), maximum temperature (MT), burning time
(BT), and burnt biomass (BB), were measured by burning at least six 70 cm length
shoot samples (Cui et al., 2020b). Ignition frequency is the percentage of samples that
sustained fire after the blowtorch used to ignite them was turned off and represents
ignitibility. Maximum temperature is the maximum temperature of the burning sample
recorded on an infrared laser thermometer after the blowtorch was turned off and
represents combustibility. Burning time is how long the sample burns after turning off
the blowtorch and represents sustamability. Burnt biomass is the percentage of

combusted biomass after the flame goes out and represents consumability.
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Shoot moisture content

To calculate shoot moisture content, a subsample of twigs and leaves was taken from
each shoot sample before burning and weighed to determine theirr fresh mass (FM).
Thus, at least six samples were measured for shoot moisture content for each species.
These subsamples were oven-dried at 65°C for 48 h and weighed for dry mass (DM).
Moisture content (MC; %) of the subsamples was calculated as:

MC = (FM — DM) / DM x 100%

Leaf area

We did not directly measure leaf area. Instead, we extracted all available data on leaf
size for our species from several online resources, including New Zealand Plant
Conservation  Network  (https//www.nzpcn.org.nz/), = New Zealand Plants
(https//nzflora.landcareresearch.co.nz/), The Gymnosperm database
(https//www.conifers.org/), eFlora (http//www.efloras.org/). For each species, leaf
area was calculated by multiplying midpoints of the range of leaf length and leaf width.

For species with compound leaves, leaflet area was used for analysis.

Habitat conditions

We categorized the 186 species as originating from fire-prone or non-fire-prone habitats
depending on the description of habitat type of the biogeographical origin of each
species as derived from numerous sources (see methods and supplementary materials
from Cui et al., 2020b). Geographical records of each species were extracted from the
Global Biodiversity Information Facility (http//www.gbiforg) byusing the R package
rgbif version 3.7.2. Then, we used the R package CoordinateCleaner version 2.0-20
(Zizka et al., 2019) to remove erroneous or overly imprecise geographical coordinates
for each species, such as those in the ocean areas or in botanical gardens. For each
location, mean annual temperature (MAT) and mean annual precipitation (MAP) were
obtained from WorldClim version 2.1 (https//www.worldclim.org/) at 0.5-arc minute
resolution (Fick & Hijmans, 2017). Aridity Index (AI) for each location (the ratio of

mean annual precipitation to mean annual reference evapo-transpiration) was extracted
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from Global Aridity Index and Potential Evapo-Transpiration (ET0) Climate Database
v2 (0.5-arc minute resolution, Zomer et al., 2022). MAT, MAP and Al were analyzed
as they are among the most important environmental factors influencing plant traits
(Wright et al, 2017; Baird et al., 2021; Harris et al., 2022). Sexton et al. (2009)
hypothesized that if gene flow occurs among populations of a given species across its
native range, then the mean phenotypic trait values of this species will be related to
their mean climate variables. In addition, previous studies suggested that the
bioclimatic envelope of a species tends to remain unchanged over space and time
(Pearman et al., 2008; Wiens et al., 2010; Harris et al., 2022). Therefore, we used the
average values of climatic variables from all occurrence locations of each species to

represent the bioclimatic envelope of the species.

Data analysis

We focused on interspecific variations and ignored the mtraspecific variations in
flammability components, flammability-related functional traits and climatic
conditions in this study. To evaluate the phylogenetic signal of climatic conditions,
flammability components and fllmmability-related traits, a dated phylogeny with 186
species was obtamed from a phylogeny for vascular plants (GBOTB.extended.tre)
using R package V.phylomaker version 0.1.0 (Jin & Qian, 2019). We quantified the
phylogenetic signal using the ‘phylosignal’ function in the R package picante version
1.8.2 (Kembel et al, 2010). As we detected significant phylogenetic signals in
flammability components, climatic conditions and flammability-related traits (Table
S2), we used phylogenetic generalized least square (PGLS) models, which accounts for
phylogenetic autocorrelation in model residuals, to analyse the associations among
flammability components, climatic conditions, and flammability-related traits using the
R package Caper version 1.0.1. (Valverde-Barrantes et al., 2017; Orme et al., 2018;
Jardine et al., 2020). Principal component analysis (PCA) was performed to evaluate
the relationship of the climatic conditions, flammability components and flammability-
related traits for species from non-fire-prone habitats using the ‘princomp’ function in

R. To compare the climatic conditions between fire-prone and non-fire-prone habitats,
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the non-parametric Mann-Whitney U test was employed using the ‘wilcox.test’
function in R. Plots were drawn using Origin 8.0 software and the R package ggplot2
version 3.3.6 (Wickham, 2016). All statistical analyses were conducted in R 4.2.0 (R
Core Team 2022).

Results

Shoot flammability components were significantly related with shoot moisture

content and leaf size

Shoot moisture content of the species ranged from 8.8% (Ammophila arenaria) to 381.2%

(Hypochaeris radicata) (shoot moisture content was measured for 153 species); leaf
size varied from 1.13 mn? (Dacrycarpus dacrydioides) to 170,000 mn? (Phormium
tenax) (leaf area data were collected for 161 species) (Table S1). All shoot-level
flammability components were significantly negatively related to shoot moisture
content (Table 1), that is, species with higher shoot moisture content were less
flammable. Leaf area was significantly negatively related to burnt biomass (> = 0.06,

Table 1), indicating larger leaved species were consumed less by fire.

Climatic conditions affected shoot flammability in non-fire-prone habitats, but not
in fire-prone habitats

Climatic conditions varied greatly across the 186 species. Citrus limon (Rutaceae)
habitats had the highest MAT (20.31 °C) and Luzula pumila (Juncaceae) had the lowest
MAT (5.05 °C). The highest MAP was observed in Dracophyllum densum (Ericaceae)
habitats (3325.61 mm), and the lowest MAP was for Pinus ponderosa (Pinaceae)
habitats (532.80 mm). The Aridity Index of the 186 species habitats ranged from 0.32
(Pinus ponderosa, Pinaceae) to 3.31 (Dracophyllum densum, Ericaceae). According to
the biome classification based on MAT and MAP (Whittaker, 1970), the habitats of the
186 species include woodland/grassland/shrubland, temperate forest, tropical seasonal

forest and temperate ramforest (Fig. 1).

Fifty-nine species were categorized as origmating from fire-prone habitats, while 127

species came from non-fire-prone habitats (Table S1). There were significant
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differences in climate between fire-prone and non-fire-prone habitats, with the latter
being warmer, wetter, and humider (Table 2). In non-fire-prone habitats, shoot
flammability was significantly correlated with climatic conditions (Fig. 2; Table 3).
Ignition frequency (7 = 0.05), maximum temperature (° = 0.07) and burning time (+°
= 0.07) increased with the increase of MAT; the Aridity Index was negatively related
to maximum temperature (° =0.02) and burning time (#° =0.03). In fire-prone habitats,

shoot flammability was not significantly correlated with any climatic condition.

Climatic conditions affect shoot flammability by influencing flammability-related

functional traits in non-fire-prone habitats

Across species originating from non-fire-prone habitats, shoot moisture content was
negatively related to MAT (¥ = 0.06), while positively related to MAP (+° = 0.06) and
Al (#° = 0.05). In contrast, leaf area was positively related to MAT (+° = 0.24), but
negatively related to MAP (#° = 0.05) and Al (+° = 0.07). Thus, for species from non-
fire-prone habitats, plants in warmer areas are lkely to have lower shoot moisture
content and larger leaves, thus potentially having higher ignition frequency, burning
time and maximum temperature (Fig. 3; Table 3). In wetter areas, plants tended to have
higher shoot moisture content and smaller leaves, thus, having lower burning time and
maximum temperature (Fig. 3; Table 3).

Discussion

Climate conditions are important controls of how plant traits are expressed (Bussotti et
al., 2015; Bjorkman et al., 2018; de Oliveira et al., 2020). For example, changes in
temperature have multiple effects on leaf nutrient content (Reich & Oleksyn, 2004),
specific leaf area (Rosbakh ef al., 2015) and wood density (Swenson & Enquist, 2007),
thereby affecting plant production capacity and adaptive strategies (Moles et al., 2014).
Precipitation influences many plant traits, such as leaf thickness, leaf size, and leaf
moisture content (de Oliveira et al., 2020; Baird et al., 2021). The variability of traits
with climatic conditions will likely cause variations i plant flammability, as plant

flammability is determmned by many functional traits (Schwik, 2015; Pausas et al.,
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2017; Alam et al, 2020). However, how climatic conditions affect mterspecific
variations in plant flammability has hardly been reported, especially across wide
taxonomic and environmental ranges. We found that the environmental factors that
affected shoot flammability varied between fire-prone and non-fire-prone habitats. In
non-fire-prone habitats, plants in warmer areas tend to have lower shoot moisture
content and larger leaf size, as well as higher shoot flammability with higher ignitibility,
combustibility, and sustainability. In wetter areas, plants have higher moisture content
and lower shoot flammability with lower combustibility and sustamnability. The
moisture content of plants is one of the key determinants of flammability and higher
moisture content usually results in a decrease in all flammability variables (Popovi¢ et
al., 2021). Plants occurring in warmer and drier areas of non-fire-prone habitats have
higher shoot flammability due to theirr lower shoot moisture content. Leaf size is
negatively related to burnt biomass; that is, the percentage of burnt biomass is less in
larger-leaved species. Plants occurring in warmer areas have lower shoot moisture
content and larger leaves. As a result, no significant variation in burnt biomass was
detected in our study. In summary, plant flammability is predicted by MAT and Al, but

only for those species originating in non-fire-prone environments.

For species originating from fire-prone habitats, we found no significant relationship
between climatic conditions and shoot flammability. In fire-prone habitats it has been
argued that fire regime plays an important role in shaping plant flammability (Gagnon
et al., 2010; Calitz et al., 2015). For example, Pausas et al (2012) showed that
individuals of the Mediterranean shrub species Ulex parviflorus (Fabaceae) from sites
with a history of frequent fire were more flammable than those growing in sites without
recurrent fire (but see Fernandes & Cruz, 2012). We infer that fire regimes likely shaped
shoot flammability in fire-prone habitats and disrupted pre-existing relationships
between climatic conditions and plant flammability observed i species from regions
where fire is absent or infrequent. We recommend further exploration of this topic via

targeted sampling of species across the five pyromes of Archibald et al. (2013) to isolate
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differences associated with fire activity or fire regime, or across biomes, to better

elucidate climatic differences ( as per Calitz et al., 2015).

The evolution of plant flammability has attracted considerable interest since Mutch
(1970) first hypothesized that plant communities in fire-prone habitats may evolve to
become more flammable. Despite many studies having been conducted during the last
half-century, the evolutionary mechanism underpmnning plant flammability remains
debated (Snyder, 1984; Midgley, 2013; Bowman et al., 2014; Pausas et al., 2017). Fire
may be an important factor that has affected plant flammability in fire-prone habitats
(Pausas et al., 2012; Cui et al., 2020b); however, plant flammability could also be an
incidental by-product of selection on other functional traits in response to
environmental conditions, such as cold and drought, especially in non-fire-prone
habitats (Snyder, 1984; Midgley, 2013; Cui ef al., 2020a). Our study suggested that the
determinants of shoot flammability varied across fire-prone and non-fire-prone habitats.
In non-fire-prone habitats, climatic conditions affected shoot flammability via
mnfluencing flammability-related traits, such as moisture content; while mn fire-prone
habitats, climate did not mfluence shoot fllmmability; fire regimes may be of greater
importance. Our study provides a crucial first step in understanding the determinants of
plant flammability, which is important for fire management i a warmer world. Here,
we used shoot-level flammability because the shoot scale preserves much of the
architecture of the plant and has been strongly correlated with expert opmions based on
observation of plant flammability in the field (Wyse ef al., 2016; Alam et al., 2020). In
this study, we considered a limited set of climatic factors (albeit those known to delimit
biomes) and flammability-related functional traits. More environmental factors, such
as soil conditions (Gibson et al., 2015) and additional flammability-related functional
traits, such as leaf thickness and leaf dry matter content (Alam et al., 2020), should be
explored both within (Cui ef al., 2022) and between species to identify the determinants

of plant flammability.
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In conclusion, we infer that climatic conditions affect shoot flammability by influencing
flammability-related functional traits in non-fire-prone habitats. This supports the idea
that plant flammability could be an emergent property of variation in flammability-
related functional traits (Cui et al, 2020a). Our large-scale mvestigation of the
relationship between plant flammability, functional traits, and climatic conditions
provided new msights into the determmants of plant flammability, which is important

for wildfire management in an increasingly fire-prone world.
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Additional Supporting Information may be found online in the Supporting Information
section at the end of the article.

Table S1 Data and relevant information of the 186 species used i this study.

Table S2 Phylogenetic signals of climatic conditions and functional traits. P-values
give the significance of Pagel’s A.
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Table 1. Pairwise relationships between flammability components and flammability-

related functional traits of all species.

MC! (%) LA2 (cm?)

Slope P Slope P

IF (%) -0.965*** 0275 -0.049 0.006
MT (°C) -0.372%**  (.348 -0.008 0.001
BT (s) -0.963***  0.306 -0.006 0.000

BB (%)  -0.849*** (0265 -0.152***  0.062

1 153 species haveshoot moisture content data.

2 161 species haveleaf areadata.

Slope and 7° values were taken from the phylogenetic least-squares (PGLS) model. IF,
ignition frequency; MT, maximum temperature; BT, burning time; BB, burnt
biomass; MC, shoot moisture content; LA, leaf area. *P < (.05, **P < 0.01, ***P <
0.001.
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Table 2. Variation in climatic conditions between fire-prone and non-fire-prone habitats.

Climatic conditions Fire-prone (n=59) Non-fire-prone (n=127) P value
Mean annual temperature (°C) 9.96 +3.24 11.06 +2.97 *
Mean annual precipitation (mm) 1297 + 667 1770 + 614 ook
Aridity Index 1.23 £0.69 1.67 £0.65 koo

Statistical differences were analyzed using Mann-Whitney U test. Data are presented

as the mean values + standard deviation. *P < (.05, **P <0.01, ***P <(0.001.
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Table 3 Pairwise relationships between flammability components, climatic conditions, and flammability-related functional traits of species from
fire-prone and non-fire-prone habitats.

IF (%) MT (°C) BT (s) BB (%) MC (%) LA (cn?)
Slope P Slope ” Slope P Slope ” Slope P Slope P
MAT (°C) 0.559 0.002 0.288 0.013 0.814 0.010 0.177 0.002 -0.379 0.019 1.662* 0.081
. MAP (mm)  0.208 0.005 0.222 0.019 0.714 0.023 0.415 0.004 -0.047 0.001 -1.422* 0.105
Fire- Al -0.013 0.000 0.027 0.006 0.097 0.009 0.039 0.002 -0.004 0.000 -0.447%*  0.156
prone MC' (%) -1.137*%**  0.382 -0.459*%** 0429 -1.077*%**  0.254 -0.973***  0.319
LA? (cn?) -0.109 0.012 -0.014 0.003 -0.010 0.000 -0.128 0.027
MAT (°C) 1.290** 0.051 0.460** 0.067 1.195%* 0.071 0.133 0.001 -0.694%*  0.062 3.733%**  (0.235
Non- MAP (mm) -0.370 0.001 -0.181 0.097 -0.536 0.022 -0.178 0.003 0.501** 0.057 -1.341* 0.051
fire- Al -0.117 0.006 -0.055* 0.024 -0.141* 0.025 -0.036 0.002 0.114* 0.045 -0.395%*  0.069
prone MC? (%) -0.975%**  0.271 -0.336%** 0.340 -0.908***  0.390 -0.902***  0.321
LA* (cn?) -0.057 0.007 0.005 0.001 0.027 0.002 -0.156**  0.069
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1 53 species have shoot moisture content data.
2 52 species have leaf area data.
3 100 species haveshoot moisture content data.

4109 species haveleaf areadata.

Slope and 7° values were taken from the phylogenetic least-squares (PGLS) model. IF, ignition frequency; MT, maximum temperature; BT, burning
time; BB, burnt biomass; MC, shoot moisture content; LA, leaf area; MAT, mean annual temperature; MAP, mean annual precipitation; Al Aridity
Index. *P <0.05, **P <0.01, ***P <0.001.
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Figure captions

Figure 1 The climatic conditions (MAT, MAP and Al) ofthe 186 species. Biomes were
classified by using MAT and MAP following Whittaker (1970). Higher values n Al
represent more humid conditions. Red sphere/pont indicates species from fire prone

habitats, and blue sphere/point indicates species from non-fire-prone habitats.

Figure 2 The relationships between flammability components and climatic conditions.
Blue pomnts indicate species from non-fire-prone habitats, red points indicate species
from fire-prone habitats. Blue lines indicate the line of best fit for species from non-
fire-prone habitats, red lines indicate the line of best fit for species from fire-prone
habitats, the shaded area indicate the range of the 95% confidence intervals, 72 and P-
values were calculated by the phylogenetic least-squares (PGLS) model. Higher values

n Al represent more humid conditions.

Figure 3 Principal components analysis (PCA) of flammability components, climatic
conditions and flammability-related traits across species from non-fire-prone habitats.
Red vectors indicate flammability components: ignition frequency, maximum
temperature, burning time and burnt biomass; yellow vectors indicate habitat climatic
conditions; green vectors indicate flammability-related traits. Higher value in Al

represents more humid conditions.
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