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Multiple ways for enhancing flammability in Mediterranean woody
species: a trait-based approach
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Introduction

Many biomes on Earth exhibit flammable
vegetation due to climatic seasonality, the
accumulation of aboveground biomass,
and the presence of ignition sources, either
of natural or anthropogenic origin (Keeley
2002, Scarff & Westoby 2006, Marlon et al.
2008, Pausas & Keeley 2009, Michelaki et
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Enhanced flammability is a key driver of community assembly and a favored
characteristic in fire-dependent ecosystems. In this study, we examined the
variability of flammability traits among Mediterranean woody species. We mea-
sured eight flammability traits, including leaf traits, branching architecture,
and standing biomass traits, across 26 woody species in the understory of pine
forests in southwestern Anatolia, Turkey. Given that these species are part of
fire-dependent plant communities, where fire provides advantages for persis-
tence, we hypothesized that species would use various ways to increase their
flammability. All flammability traits exhibited substantial variation among
species. The flammability of the studied species varied depending on the spe-
cific trait considered, with no single species consistently exhibiting higher or
lower flammability across all traits. Moreover, many species employed distinct
strategies to enhance their flammability, such as differences in leaf structure,
branching patterns, and biomass characteristics. The interspecific variability in
flammability was also evident through a calculated flammability score based
on eight traits, providing a valuable framework for ranking species by their
flammability. Our findings suggest that the traits driving increased flammabil-
ity in Mediterranean woody plants are idiosyncratic at the species level.
Therefore, multiple traits must be considered to comprehensively study flam-
mability within a plant community. These results have practical implications
for the selection of “fire-resistant” plants in land management strategies
within the Mediterranean Basin.
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al. 2020, Oztiirk et al. 2024). In these fire-
prone ecosystems - landscapes frequently
experience fire, which is a critical factor in
shaping vegetation dynamics - several
plant traits have been shaped by fire re-
gimes over thousands or even millions of
years. Traits such as serotiny (Lamont et al.
2020), resprouting ability (Clarke et al.
2013), thick bark (Pausas 2015), and fire-
stimulated germination (Lamont et al.
2019) enable plants to survive or regener-
ate after fires. Another group of plant
traits, known as flammability traits, deter-
mines how easily a species ignites, sustains
combustion, and contributes to fire inten-
sity, making species more (or less) flam-
mable (Keeley et al. 2011). Flammability
traits significantly influence local fire re-
gimes and therefore have significant eco-
logical and socioeconomic consequences
(Pérez-Harguindeguy et al. 2013). Enhanced
flammability can provide species with an
advantage in fire-prone ecosystems, but
only if they also possess traits that support
post-fire survival or regeneration (Bond &
Midgley 1995). Moreover, since flammabil-
ity traits are under the selection pressure
of local or regional fire regimes, among-
population variability in flammability traits
can also be observed (Pausas et al. 2012,
2017). This is because flammable species of-
ten exhibit additional adaptations, such as
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post-fire germination or resprouting ability,
that enhance their recovery after fire
events (Pausas et al. 2012). As a result, fire
regimes play a critical role in shaping both
flammability traits and associated regener-
ation strategies in plant species.

Mutch (1970) was the first to propose
that the degree of flammability in plants is
influenced by the extent to which the plant
community is fire-dependent, suggesting
that characteristics enhancing flammability
are shaped by natural selection. However,
Snyder (1984) criticized this hypothesis, ar-
guing that increased flammability may re-
sult from the selection of traits serving
other functions, such as drought tolerance.
Troumbis & Trabaud (1989) questioned the
validity of Mutch’s hypothesis and outlined
specific criteria needed to support the se-
lection of flammability traits, including a
genetic basis and underlying mechanisms.
Bond & Midgley (1995) later proposed that
flammable vegetation arises when flam-
mable species gain a fitness advantage
over less flammable neighbors in post-fire
environments. A simulation model by
Schwilk & Kerr (2002) suggested that in-
creased flammability can evolve as an
adaptive strategy, even at the cost of sacri-
ficing parent plants. More recently, empiri-
cal evidence suggests that flammability is a
variable biological trait subject to natural
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selection (Saura-Mas et al. 2010, Engber &
Varner 2012, Pausas et al. 2012, Moreira et
al. 2014). These studies are major steps to-
ward understanding the evolution and eco-
logy of flammability in fire-prone ecosys-
tems (Pausas et al. 2017).

Traits that increase plant flammability
contribute to the overall flammability of
plant communities and vegetation in fire-
prone ecosystems, shaping fire dynamics
at both community and ecosystem levels.
Understanding these traits is crucial for
identifying their distribution within plant
communities and gaining insights into the
ecology and evolution of fire-prone vegeta-
tion. Additionally, as flammability traits
vary among species, this knowledge can
guide forest managers in selecting less
flammable species for forest restoration
efforts (Neyis¢i 1996, Baeza & Santana
2015, Santana et al. 2018). While many stud-
ies have examined plant flammability at
the species level, our understanding of the
variability of flammability traits across spe-
cies remains limited, especially at broader
ecological scales, from plant communities
to biomes (Pausas et al. 2012, Cubino et al.
2018, Schertzer & Staver 2018, Stevens et
al. 2020).

There are many approaches to studying

flammability in plants. Conceptually, plant
flammability can be measured by estimat-
ing parameters such as first ignition time,
smoke temperature, heat release rate,
burning time, maximum temperature, and
burnt biomass of plant leaves or shoots
when exposed to a heat or ignition source
(Murray et al. 2013, Alam et al. 2020, Cui et
al. 2020, Murray et al. 2020, Michelaki et al.
2020, Giney et al. 2022). Alternatively,
flammability can be assessed by burning a
large section of plant material from several
species within the same community to
evaluate the vegetation-level flammability
(Krix & Murray 2018, Alam et al. 2020). An-
other approach involves estimating fuel
loading in plant individuals (Saura-Mas et
al. 2010) or examining specific plant traits
(Alam et al. 2020, Murray et al. 2020).
Several plant traits are associated with
flammability (Popovi¢ et al. 2021). Fuel
moisture content is a substantial compo-
nent of plant flammability (Trabaud 1976,
Plucinski & Anderson 2008, Ganteaume et
al. 2009, Murray et al. 2013) and is the most
frequently studied trait (Popovi¢ et al.
2021). Leaf traits, such as leaf dry matter
content and leaf thickness, are also strong-
ly linked to flammability (Pérez-Harguinde-
guy et al. 2013, Grootemaat et al. 2015).

Tab. 1- Plant species studied for flammability traits. GF is growth form, Resp indicates
resprouting ability (yes: resprouter; no: non-resprouter), and Code shows the species
acronyms used in the tables and graphs throughout the paper.

Species Family Code GF Resp
Arbutus andrachne L. Ericaceae Aan large shrub Yes
Arbutus unedo L. Ericaceae Aun  large shrub Yes
Asparagus aphyllus L. Asparagaceae Aap liana Yes
Astragalus sp. Fabaceae Ast subshrub  Unknown
Cistus creticus L. Cistaceae Cer shrub No
Cistus salviifolius L. Cistaceae Csa shrub No
Crataegus monogyna Jacq. Rosaceae Cmo large shrub Yes
Daphne gnidioides Jaub. & Spach Tymelaeaceae Dgn shrub Unknown
Euphorbia characias L. Euphorbiaceae Ech subshrub Yes
Genista acanthoclada DC. Fabaceae Gac shrub Yes
Hypericum empetrifolium Willd. Hypericaceae Hem subshrub Yes
Juniperus oxycedrus L. Cupressaceae Jox  large shrub Yes
Laurus nobilis L. Lauraceae Lno large shrub Yes
Myrtus communis L. Myrtaceae Mco large shrub Yes
Olea europaea L. Oleaceae Oeu tree Yes
Origanum onites L. Lamiaceae Oon subshrub Yes
Phlomis grandiflora H.S.Thomps. Lamiaceae Pgr shrub Unknown
Phlomis lycia D. Don Lamiaceae Ply shrub Yes
Phillyrea latifolia L. Oleaceae Pla large shrub Yes

Pistacia lentiscus L.
Pistacia terebinthus L.

Anacardiaceae Ple
Anacardiaceae Pte

large shrub Yes
large shrub Yes

Quercus cerris L. Fagaceae Qce tree Yes
Quercus coccifera L. Fagaceae Qco large shrub Yes
Spartium junceum L. Fabaceae Sju  large shrub Yes
Styrax officinalis L. Styracaceae Sof  large shrub Yes
Teucrium divaricatum Sieber ex Heldr.  Lamiaceae Tdi subshrub Yes
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Leaf curling is another important flamma-
bility parameter, as curled and larger
leaves reduce fuel bed bulk density by gen-
erating air spaces between fuel particles,
which increases flammability (Engber &
Varner 2012, Parsons et al. 2015). Branching
architecture, particularly branch density, is
a key trait associated with flammability
(Pérez-Harguindeguy et al. 2013), as dense
branching structures increase the exposed
surface area, resulting in more flammable
canopies (Bond & Midgley 1995). Similarly,
plant architecture, including the relative
proportions of coarse to fine and dead to
live standing fuel biomass, is a critical com-
ponent of flammability, influencing fire in-
tensity (Schwilk 2003, Saura-Mas et al.
2010, Tavsanoglu & Pausas 2018). Associa-
tions among flammability traits are also no-
table. For instance, the relationship be-
tween fuel moisture content and flamma-
bility can depend on leaf dry matter con-
tent (Shipley & Vu 2002, Pérez-Harguin-
deguy et al. 2013). While multiple traits
drive the flammability levels of plant indi-
viduals and species, most studies focus on
only a few traits (Schwilk 2003, Scarff &
Westoby 2006, Saura-Mas et al. 2010, Pau-
sas et al. 2012, Murray et al. 2013, Popovic
et al. 2021), and studies considering several
flammability traits simultaneously remain
relatively rare (Krix & Murray 2018, Alam et
al. 2020, Cui et al. 2020, Michelaki et al.
2020).

Mediterranean Basin ecosystems are
characterized by fire-prone vegetation
(Keeley et al. 2012) that exhibits diverse fire
adaptations, including traits that enhance
survival, regeneration, or reproduction fol-
lowing fire events. Examples of these adap-
tations include the serotinous cones of
low-altitude pines, the high resprouting
ability of shrubs, post-fire stimulation of
flowering in geophytes, thick bark in high-
altitude pines, and fire-stimulated germina-
tion triggered by heat or smoke in many
herbaceous and woody species (Keeley et
al. 2012, Tavsanoglu & Pausas 2018). Flam-
mability is another key fire adaptation as-
sociated with Mediterranean plants (Mi-
chelaki et al. 2020). In the Mediterranean
Basin, various aspects of plant flammability
have been extensively studied. Compara-
tive studies have frequently examined the
flammability levels of species within plant
communities (Neyisci 1996, Dimitrakopou-
los & Papaioannou 2001). Functional hy-
potheses exploring the relationship be-
tween flammability traits and other plant
traits have also been tested (Saura-Mas et
al. 2010, Baeza & Santana 2015, Pausas et
al. 2016, Michelaki et al. 2020). Further-
more, the role of fire regimes in shaping
flammability has been acknowledged in
Mediterranean ecosystems (Pausas et al.
2012).

Although recent studies have revealed
different aspects of plant flammability,
gaps remain in understanding the patterns
of variability in flammability traits across
many ecosystems. In this study, we aimed
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to characterize the interspecific variability
in flammability traits in Mediterranean
woody species, anticipating significant trait
variation among species. We employed a
trait-based approach to assess the flamma-
bility of species, focusing on fuel loading
and the characteristics of leaves and
branches. Given that the study species are
part of fire-dependent plant communities
where fire provides advantages for persis-
tence (Tavsanoglu & Pausas 2018), we hy-
pothesized that species adopt different
strategies to enhance flammability. Specifi-
cally, we expected the traits responsible
for increased flammability in Mediter-
ranean plants to be species-specific. To test
this hypothesis and clarify variability in
flammability traits among Mediterranean
species, we examined several leaf traits,
branching architecture, and fuel loading
properties in 26 woody plant species domi-
nating the understory of Mediterranean
pine forests in southwestern Turkey.

Methods

Study area and sampling design

The study was conducted in southwest-
ern Anatolia, a region characterized by
Mediterranean vegetation. The area expe-
riences a Mediterranean climate, with dry
summers and mild, wet winters, as classi-
fied by the Koppen system (Peel et al.
2007). Frequent crown fires, originating
from both natural and anthropogenic
sources, make this region one of the most
fire-prone areas in Turkey (Ozturk et al.
2024). The fire regime in the region is pri-

A trait-based approach for estimating flammability in Mediterranean woody species

marily shaped by its climatic conditions,
particularly summer drought, and the dom-
inance of highly flammable vegetation
types, including pine forests, maquis shrub-
lands, and scrublands. These fires play a
critical role in driving vegetation dynamics
and influencing the composition and struc-
ture of local plant communities.

We selected 24 study sites, each 1 ha in
size, within the study area to sample
woody species for their flammability traits
(Tab. S1 in Supplementary material). Al-
though several burned sites exist across
the region, all selected sites were mature
Turkish red pine (Pinus brutia Ten.) forests
that had remained unburned for at least 50
years. The study sites spanned elevations
from sea level to over 1000 m and were sit-
uated on limestone bedrock.

We selected the five most dominant un-
derstory species at each study site to sam-
ple for their flammability traits. The domi-
nant pine species (Pinus brutia) was ex-
cluded due to methodological limitations,
as its height and large biomass made it im-
practical to sample for whole-plant and
combustibility traits. For each of the five
species at each site, three individuals were
randomly selected for sampling. In sites
with low woody species richness, we sam-
pled fewer species, as it was not possible
to identify five dominant woody species. In
total, we measured and collected samples
from 363 individuals representing 26 plant
species across the study sites (Tab. 1, Tab.
S2 in Supplementary material). These spe-
cies belong to different taxonomic families
and growth forms, including trees, shrubs,

and lianas. Most of the sampled species are
capable of resprouting after crown fires,
while a few lack this ability (Tab. 1). Since
not all species were present at every site,
the number of individuals sampled per
species varied from 3 to 69 (Tab. S2).

Trait measurements

We performed trait measurements on in-
dividuals of the selected species both in
the field and in the laboratory. To capture
multiple components of plant flammability,
we measured four leaf traits (leaf dry mat-
ter content, leaf moisture content, leaf
thickness, and leaf curliness), one whole-
plant trait (branching architecture), and
three combustibility traits (dead to live fuel
ratio, coarse to fine fuel ratio, and dead
fine fuel proportion - Tab. 2). We followed
published protocols to sample, measure,
and estimate traits, drawing on a standard-
ized methodology paper (Pérez-Harguin-
deguy et al. 2013), plant trait database
studies (Tavsanoglu & Pausas 2018, Kattge
et al. 2020), and specific research articles
(Dimitrakopoulos & Papaioannou 2001, En-
gber & Varner 2012, Murray et al. 2013, Par-
sons et al. 2015, Grootemaat et al. 2017)
(Tab. 2).

We sampled ten mature, undamaged
leaves from each plant for leaf trait mea-
surements. For species with smaller leaves,
twigs containing more than ten leaves
were collected to retain leaf moisture con-
tent until measurements were conducted.
We placed these leaves in tea filter bags
along with a piece of moistened filter pa-
per. We later placed three filter bags from

Tab. 2 - Flammability traits used in the study, along with their units, definitions, measurement or estimation methods, and related
references. References for field or laboratory measurements specifically used in our study are underlined.

Trait full

Trait name Unit Definition of trait Measuring/Estimation References

LDMC Leaf dry mg g’ The ratio of the dry mass of the leaf to LDMC = Leaf dry weight / Pérez-Harguindeguy et al.
matter the corresponding water-saturated fresh  water-saturated leaf weight (2013), Kattge et al. (2020)
content mass

LMC Leaf moisture % Percentage of water in a leaf determined LMC= [(fresh weight-dry De Lillis et al. (2009)
content as a ratio of dry weight weight)/dry weight)]-100

LT Leaf mm The thickness of an individual leaf Digital slide caliper Engber & Varner (2012),
thickness Pérez-Harguindeguy et al.

LC Leaf curliness mm

The distance of a leaf on flat ground up

Millimeter ruler

to the highest curling point

BR Branching cm
architecture

The ratio of the length of the lateral
branches of the species to the

corresponding number of branches

DLF Dead to live Ratio

fuel ratio

CFF  Coarse to Ratio
fine fuel

ratio

Dead fine %
fuel amount

live and dead

DFF Standing fine

Dead to live fuel biomass ratio

Coarse (= 6 mm diameter) to fine fuel
(< 6 mm diam.) biomass ratio, including

BR = Length of the lateral
branches/number of branches

DL = (Dead fine fuel biomass [f.

(2013), Grootemaat et al.
(2017), Kattge et al. (2020)

Engber & Varner (2012),
Parsons et al. (2015),
Grootemaat et al. (2017)

Pérez-Harguindeguy et al.
(2013)

Saura-Mas et al. (2010)

b.] + Dead coarse f.b.) / (Live
fine f.b. + Live coarse f.b.)

material Dead fine f.b.)

(< 6 mm diam.) dead

dry season expressed in proportion of the
total aboveground biomass

CFF = (Live coarse f.b. + Dead
coarse f.b.) / (Live fine f.b. +

DFF = (Dead fine f.b. / Total
biomass attached to the plant during the biomass)-100

Saura-Mas et al. (2010),
Tavsanoglu & Pausas (2018)

Saura-Mas et al. (2010),
Tavsanoglu & Pausas (2018)
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individuals of each species at a study site
into air-inflated, sealed plastic bags. These
were stored in a cooler during fieldwork
and then in a refrigerator until measure-
ments were conducted.

Leaf curliness and leaf thickness measure-
ments were performed before measuring
leaf fresh mass. Leaf curliness (LC) was de-
termined by measuring the distance from
the leaf surface to its highest curling point
on a level surface using a millimeter ruler
(Engber & Varner 2012, Parsons et al. 2015,
Grootemaat et al. 2017 - Tab. 2). Average
curliness values of ten leaves from each in-
dividual were calculated. Leaf thickness
(Lt) was measured with a digital microme-
ter positioned at the center of the leaf,
avoiding leaf veins (Pérez-Harguindeguy et
al. 2013 - Tab. 2). We measured fresh
weights of leaves using a digital scale with-
in 24 h of sampling. The same leaves were
oven-dried at 70 °C for 72 h to determine
their dry weights (Pérez-Harguindeguy et
al. 2013). Leaf moisture content (LMC) was
calculated as the ratio of the difference be-
tween fresh and dry weights to the dry
weight (Murray et al. 2013), while leaf dry
matter content (LDMC) was calculated as
the ratio of dry mass to water-saturated
fresh mass (Pérez-Harguindeguy et al.
2013).

We examined two main branches per
plant in the field to determine branching
architecture (BR). For each main branch,
we counted the number of lateral branches
and measured the main branch length.
Then, we calculated branching architecture
as the number of lateral branches per unit
length of the main branch (Tab. 2).

To reveal the combustibility component
of plant flammability, we estimated stand-
ing fuel loading by measuring fine and
coarse, as well as live and dead, standing
plant material for each sampled individual.
We collected biomass samples from the

same individuals used for leaf sampling in
the field. Immediately after collection, we
sorted the living and dead plant material
into separate paper bags and stored the
samples in a dark, low-humidity box until
transport to the laboratory. In the labora-
tory, we further divided the material into
two fuel classes based on diameter: fine
(<6 mm) and coarse (>6 mm). All leaf mate-
rial was classified as fine fuel. This process
resulted in data for four standing fuel
classes for each individual: fine dead, fine
live, coarse dead, and coarse live. The clas-
sified plant material was then dried at 80 °C
for 48 h in a temperature-controlled oven
to determine the dry mass of each fuel
class (Pérez-Harguindeguy et al. 2013). Us-
ing these data, we calculated three com-
bustibility traits (Saura-Mas et al. 2010, Tav-
sanoglu & Pausas 2018 ): dead to live fuel
ratio (DLF), coarse to fine fuel ratio (CFF),
and dead fine fuel proportion (DFF - Tab.
2).

The studied traits are among the most
commonly used to assess plant flammabil-
ity (Pérez-Harguindeguy et al. 2013 - see
also references in Tab. 2) and exhibit vari-
able relationships with it. Specifically, flam-
mability increases with LDMC, LC, DLF, and
DFF, while it decreases with LMC, BR, LT,
and CFF (Schwilk 2003, Scarff & Westoby
2006, Saura-Mas et al. 2010, Pausas et al.
2012, Murray et al. 2013, Pérez-Harguinde-
guy et al. 2013).

Data analysis

We used descriptive statistics and box-
plots to examine the variability in flamma-
bility traits among species. Trait data were
tested for normality and homoscedasticity
using the Shapiro-Wilk test and histograms.
Data were log-transformed prior to all
analyses to better approximate normality
and ensure homogeneity of variances. We
performed all analyses in the R environ-

Tab. 3 - Descriptive statistics of among-species variability in flammability traits. Results
of one-way ANOVAs testing differences among species for each trait are also pro-
vided. n refers to the number of species considered for each trait. Species (codes as
listed in Tab. 1) with minimum and maximum values are indicated in parentheses.

Trait n Min Median Mean Max F P
Leaf dry matter 150.8 934.0
content (mg g) 22 ®ly) 576.7 557.4 (qco) 52.4 <0.0001
Leaf moisture 9.6 298.4
content (%) 22 (pte) 100.2 115.3 (ech) 22.6 <0.0001
. 1.080 38.5
Branching (cm) 26 (ast) 7.345 9.206 (ech) 39.5 <0.0001
Leaf curliness (mm) 22 0.16 052 060 272 606 <0.0001
(pla) (aan)
Leaf thickness mm) 22 014 027 031 92 54 <0.0001
(jox) (ply)
Dead to live fuel 26 0 0.09 023 423 4.6 <0.0001
ratio (sju) (aap)
Coarse to fine fuel 0 16.0
ratio 26 (aap,ast, tdi) 1.67 2.02 (dgn) 34.2 <0.0001
Dead fine fuel 26 0 561 914 990 404 <0.0001
amount (%) (sju) (oon)
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ment (https://www.r-project.org)).

For each trait, we performed a one-way
analysis of variance (ANOVA) to identify
differences among species, followed by
Tukey’s HSD test for multiple comparisons.
Based on significant differences identified
through post-hoc tests (P < 0.05), we as-
signed each species to one of the following
flammability level groups for each trait:
high, moderate-high, moderate, moderate-
low, and low. Threshold values for each
flammability level group for each trait were
determined using this assignment proce-
dure. However, in a few cases where sam-
ple sizes were too small to detect signifi-
cant differences, exceptions to this rule
were made during the grouping process.
To visualize flammability levels, we used
different colors to represent the groups in
trait variability graphs. This approach al-
lowed us to identify specific groups of rela-
tive flammability levels by considering the
relationship of each trait with flammability
(i.e., some traits had a positive relationship,
while others had a negative one). Addition-
ally, we used one-way ANOVA to analyze
among-species differences in the propor-
tion of fuel fractions of standing biomass
for each trait. We used a percent stacked
bar chart to display the proportion of fuel
fractions for each species.

To calculate the “flammability score”,
representing the overall flammability of
each species, we first assigned species to
flammability level groups (low: 1, moder-
ate-low: 2, moderate: 3, moderate-high: 4,
and high: 5) for each trait based on thresh-
olds derived from ANOVA and Tukey HSD
tests (see Tab. S4 in Supplementary mate-
rial). These thresholds were determined by
dividing the trait ranges into meaningful in-
tervals that reflected observed ecological
variation. For highly correlated traits (e.g.,
DLF and DFF; r > 0.70 - Fig. S1), their contri-
butions were averaged to avoid overrepre-
sentation in the flammability score. The
flammability level scores across traits were
summed to calculate the overall flammabil-
ity score, with equal weight assigned to
each trait. This integrative approach en-
abled us to compare the relative flammabil-
ity of species while minimizing biases aris-
ing from redundant trait information.

Results

All flammability traits showed substantial
variation among the studied species (P <
0.0001 - Tab. 3; Figs. S2-S9, Tab. S3 in Sup-
plementary material). The range of leaf
trait values varied considerably across spe-
cies, with a sixfold difference observed for
leaf dry matter content and a 31-fold differ-
ence for leaf moisture content. Branching
architecture was among the most variable
traits, exhibiting approximately a 36-fold
difference between minimum and maxi-
mum values. Fuel loading traits also dis-
played pronounced variability among spe-
cies, ranging from zero (i.e., lacking dead,
coarse, or dead fine fuels) to 4.2 and 16.0
for DLF and CFF, respectively, and a 60.0%

iForest 18: 301-308


https://www.r-project.org/

value for DFF (Tab. 3, Fig. 1).

Species exhibited varying levels of flam-
mability across different traits, with no sin-
gle species consistently showing higher or
lower flammability across all traits. Conse-
quently, many species ranked at the low
end of the flammability continuum for one
trait while appearing at the highly flam-
mable end for another (Fig. 2, Figs. S2-S9 in
Supplementary material). For example,
Phillyrea latifolia exhibited highly flam-
mable characteristics for leaf dry matter
content and leaf moisture content (Fig. 2,
Figs. S2-S3) but had lower flammability
based on its leaf curliness (Fig. 2, Fig. S5).
Moreover, in some species, multiple traits
contributed significantly to their overall
flammability. For instance, Quercus cocci-
fera displayed high or moderate-high flam-
mable characteristics in three leaf traits
and branching architecture, while Arbutus
andrachne ranked at the more flammable
end of the trait continuum for four leaf
traits (Fig. 2, Fig. S2-S6). Similarly, Aspara-
gus aphyllus and Astragalus sp. demon-
strated very high flammability in all four
traits measured.

In contrast, some species (Laurus nobilis,
Styrax officinalis, Spartium junceum, and
Phlomis spp.) were at the less flammable
end of trait continua for several traits (Figs.
S2-Sg9 in Supplementary material). Even
though these species had relatively lower
overall flammability scores (Fig. 2), they ex-
hibited flammable characteristics in a few
specific traits. For instance, the flammabil-
ity of L. nobilis was higher due to its leaf
moisture content, while the leaf thickness
and curliness of S. officinalis contributed to
its flammability. Similarly, both Phlomis ly-
cia and P. grandiflora exhibited higher
flammability when leaf curliness was con-
sidered alone. Additionally, a few other
traits uniquely contributed to the flamma-
bility of each of these species.

These results indicated that all but a few
of the studied species exhibited a flam-
mable character for at least one trait in-
cluded in the study. Since traits contribut-
ing to higher flammability were species-
specific, the ranking of species by flamma-
bility value varied significantly across traits
(Figs. S2-S9 in Supplementary material).
Consequently, interspecific variation in
flammability persisted when considering
the overall flammability score (FS) derived
from the eight measured flammability
traits (Fig. 2). In this sense, species could
be ranked by their overall flammability,
with Asparagus aphyllus, Astragalus sp., and
Genista acanthoclada achieving the highest
flammability scores (FS = 5.00, 5.00, and
4.00, respectively), while Spartium jun-
ceum presented the lowest score (FS =
1.67). Other notable species include Quer-
cus coccifera (FS = 3.50) and Arbutus an-
drachne (FS = 3.57), which had relatively
high scores, and Laurus nobilis (FS = 2.14),
which had a lower score. The flammability
score of other species ranged from 3.43 to
2.71 (Fig. 2).
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1.

Discussion

Our study demonstrated that the traits
contributing to increased flammability in
Mediterranean woody plants are idiosyn-
cratic at the species level. Traits such as
complex branching structure, retention of
standing dead material, and curved, dense,
or thin leaves, which enhance plant flam-
mability, were found in various combina-
tions across the studied species. These
findings confirm our hypothesis that the
Mediterranean woody species analyzed in
the study area possess diverse traits con-
tributing to higher flammability.

Our results revealed that several species
exhibited very high flammability across
multiple traits. Most of these species
(Quercus coccifera, Arbutus spp., Cistus

salviifolius, Phillyrea latifolia, and Genista
acanthoclada, among others) are character-
istic components of Mediterranean shrub-
lands and also occur in the understory of
low-altitude pine forests (Tufekcioglu &
Tavsanoglu 2022). Conversely, many spe-
cies with relatively lower flammability
scores (e.g., Phlomis grandiflora, Phlomis ly-
cia, Styrax officinalis, and Laurus nobilis)
could be considered more flammable when
specific traits are evaluated in isolation. For
instance, considering the negative relation-
ship between leaf thickness and flammabil-
ity (Montgomery & Cheo 1971, Grootemaat
et al. 2017, Cubino et al. 2018), S. officindlis,
C. monogyna, and P. terebinthus exhibited
highly flammable characteristics due to
their thinner leaves. Similarly, leaf curliness
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contributed to the overall flammability of
P. lycia, P. grandiflora, and S. officinalis, even
though these species had relatively lower
flammability scores. L. nobilis, which had
the lowest flammability score among spe-
cies for which all eight traits were mea-
sured, could be mistakenly classified as
flammable if only leaf moisture content
were considered. We observed these in-
consistencies across all the species exam-
ined, as each species could be considered
highly flammable for certain traits but not
for others. This finding suggests that Me-
diterranean plants in fire-dependent com-
munities exhibit species-specific strategies
for flammability, supporting the idea of al-
ternative flammability syndromes that pro-
vide equivalent fitness under frequent fire
regimes (Michelaki et al. 2020). Given the
intra- and interspecific variability in flam-
mability traits observed in our study and
across different ecosystems (Murray et al.
2013, Santacruz-Garcia et al. 2019, Michelaki
et al. 2020), defining such flammability syn-
dromes could improve our understanding
of fire-related dynamics at regional or glob-
al scales. Jaureguiberry & Dfaz (2023) re-
cently proposed that plant flammability
may represent the third dimension of plant
fire syndromes, alongside classical re-
sprouting and seeding. This hypothesis is
based on evidence that plant species in
Mediterranean-type ecosystems are more
flammable than those in many other eco-
systems. Our results partially support this
argument, as all species in our study, ex-
cept Spartium junceum and Laurus nobilis,
exhibited at least one highly flammable
trait. Consequently, considering flammabil-
ity as a component of plant fire syndromes
may enhance our understanding of the
drivers of trait variation in the plants from
fire-prone ecosystems.

The species-specific nature of flammabil-
ity traits makes species selection a critical
stage in studies addressing flammability-re-
lated questions, especially when the num-
ber of species included is limited. In such
cases, biased estimation of overall flamma-
bility can lead to erroneous interpretations
of community-level patterns in flammabil-
ity traits and vegetation flammability. Com-
paring and sorting plant species by flam-
mability can be effectively achieved by in-
corporating multiple components of plant
flammability (Stevens et al. 2020, Giiney et
al. 2022). The interspecific variability in
flammability was evident in our study
through the calculated flammability scores
based on eight traits. Our findings on the
flammability of woody species in south-
western Anatolia, derived from plant func-
tional traits, do align with a recent study in
a nearby region that grouped species
based on leaf flammability using laboratory
burnings (Glney et al. 2022). Specifically,
for species common to both Giiney et al.
(2022) and our study, Arbutus andrachne,
Phillyrea latifolia, and Quercus coccifera
were more flammable than Cistus creticus,
Myrtus communis, and Pistacia terebinthus.
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In this context, our species sorting based
on flammability scores, from most to least
flammable, is robust, as it integrates multi-
ple leaf traits, a branching trait, and three
combustibility traits. Our results suggest
that incorporating several components of
flammability into studies involving a limited
number of species can mitigate potential
bias in estimating community flammability
(Murray et al. 2020). This approach is also
relevant for fire-protection or risk-reducing
strategies in wildland-urban interfaces or
firebreaks, where planting woody species
with low flammability is a key objective.
However, our study highlights the chal-
lenges of identifying fire-resistant (i.e.,
hard-to-burn) species in Mediterranean Ba-
sin fire-prone ecosystems. Consequently,
the effort to plant “less flammable” spe-
cies may be ineffective, primarily when spe-
cies selection relies on studies comparing a
few species and traits. Searching for less
flammable species to construct fire-resis-
tant vegetation belts near human settle-
ments or to create less flammable forest
patches is increasingly critical as climate
change drives larger and more intense
fires. For effective forest management,
multiple traits should be considered when
selecting less flammable species rather
than relying on a single characteristic. For
example, based on flammability scores in
our study, Spartium junceum, Laurus no-
bilis, Styrax officinalis, and Phlomis spp. are
suitable candidates for constructing a less-
flammable green belt in forested areas. An
integrative approach, such as calculating
flammability scores based on multiple flam-
mability traits as in our study, offers a ro-
bust framework for making these selec-
tions.

Our results are derived from a single re-
gion of the Mediterranean Basin and
should, therefore, be interpreted cau-
tiously by forest managers who are apply-
ing risk-reducing treatments with relatively
less flammable species. While our selection
of eight traits that capture different as-
pects of plant flammability likely reduced
potential bias in the calculated flammabil-
ity scores, we acknowledge that a different
set of traits could have resulted in different
species rankings based on flammability.
Notably, there is no scientific consensus on
which traits contribute most significantly
to plant flammability, highlighting the need
for further research to determine the rela-
tive importance of specific traits across var-
ious ecosystems. Additionally, although
plant flammability can be predicted using
functional traits, other dimensions of flam-
mability exist at both the plant level (e.g.,
plant chemicals, litter flammability) and the
vegetation level (e.g., meteorological con-
ditions). More comprehensive studies that
include a greater diversity of species and
traits are urgently needed to identify low-
flammability species for management pur-
poses in wildland-urban interfaces and for-
ested landscapes. Investigating interspe-
cific variability in flammability traits within

plant communities may also enhance our
understanding of community assembly dy-
namics in fire-prone ecosystems. In this
context, our study contributes to the un-
derstanding of the variability in flammabil-
ity traits among Mediterranean Basin
plants, particularly those from the studied
region. It offers insights into why Mediter-
ranean vegetation as a whole is highly
flammable.
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