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Abstract
Given the importance of terpenes and fuel moisture content (FMC) on �ammability, this work aims at
checking how these parameters affect leaf �ammability of different native and Wildland-Urban Interfaces
species (Pinus halepensis, Cupressus sempervirens, Cupressocyparis leylandii, and Hesperocyparis
arizonica) across seasons in the French Mediterranean region. We found that the highest terpene
diversity and content seasonally varied according to the species, with diterpene content being lower in
spring for C. leylandii, while monoterpene and diterpene content being higher in summer and winter,
respectively, for P. halepensis. Flammability and FMC varied according to the season but the pattern
differed among species. A signi�cant correlation between the latters was rarely observed and occurred in
only one season, differing among species. The correlations between �ammability and terpenes were
mostly highlighted using single compounds, compared to subgroups, and they presented seasonal
patterns varying among species. Checking the seasonal effect of groups of terpene compounds on
�ammability, there were seasonal differences in these groups according to the species and the variable
tested. Mostly, these signi�cant compounds were not the most concentrated. The best �ammability
drivers of each model, mostly diterpenes, except for P. halepensis whose �ammability was mostly drove
by mono- and sesquiterpenes, changed among seasons according to the �ammability variable
considered. When a best driver remained the same in different seasons, its effect on �ammability could
be opposite. In contrast, FMC was generally not a signi�cant explanatory parameter of leaf �ammability
or did not improve the �t of models.

Introduction
Most plants in the Mediterranean basin are known to emit volatile (the least complex molecules with
lower weight such as mono- or sesquiterpenes) or semi-volatile (heavier molecules such as diterpenes)
terpenes (Llusià and Peñuelas 2000). Those plants emitting terpenes may or may not have specialized
structures in which large pools of these compounds can be stored (Staudt et al. 1993; Seufert et al. 1995;
Loreto et al. 1996; Llusià and Peñuelas 1998). In addition to leaf moisture and physical characteristics
(such as leaf thickness, leaf density, leaf surface, or surface-to-volume ratio) largely known to in�uence
leaf �ammability (Ganteaume et al. 2018; Ormeno et al. 2020), these chemical organic compounds
constitute another factor driving �ammability. Indeed, given that most of them easily ignite (low �ash and
boiling point), they may thereby enhance plant �ammability possibly affecting plants’ �re behavior (White
1994; Cornelissen et al. 2003; Keeley et al. 2012). As the actual effects of these molecules on
�ammability have been found controversial (Cappelli et al. 1983; Alessio et al. 2008a), their role has often
been neglected in studies on plant chemical ecology (e.g., Baluška 2013; Moore et al. 2014; Grootemaat
et al. 2015). However, several works showed that leaf �ammability was positively correlated with terpenes
(e.g. monoterpene content in White 1994; Owens et al. 1998; Pausas et al. 2016) and these compounds
were also found to affect litter �ammability (Ormeño et al. 2009), their content (and composition) not
varying signi�cantly from green leaf to litter (Romero et al. 2019). Other studies demonstrated that the
terpene content and composition affected differently the �ammability components (Della Rocca et al.
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2017; Romero et al. 2019) highlighting the importance of assessing �ammability with different variables.
Some studies also tempered the leading role of fuel moisture content (FMC) on �ammability in favour of
terpenes (Della Rocca et al. 2017; Ganteaume et al. 2021). Besides the obvious role of FMC in mitigating
�ammability by slowing down the heat transmission to the plant tissues (Pausas et al. 2016), this
parameter has been shown to also interact with leaf-contained terpenes (Peñuelas and Lluisa 1997;
Alessio et al. 2008b, De Lillis et al. 2009). Change in plant �ammability according to the variation of
hydration during the year has been demonstrated in numerous previous studies (e.g. Pellizzaro et al.
2007; Alessio et al. 2008b). However, the possible change in �ammability could also be triggered by a
seasonal change in terpene content which has been studied by several authors in the past (Peñuelas and
Lluisá 1997; Lluisá and Peñuelas 2000; Alessio et al. 2008b; Lluisá et al. 2011), however, without linking
both �ammability and terpenes. This link becomes even more relevant given the importance of changes
in �re activity and these compounds’ dynamics due to global change factors (drought, warming and
carbon dioxide emissions). The increase in temperature and decrease in water availability, on-going in a
context of climate change, may produce an increase in �ammability of species, especially in those that
store terpenes.

Previous studies focusing on plant species commonly found in wildland-urban interfaces of SE France
highlighted, for species containing terpenes, the composition and content of mono-, sesqui, and
diterpenes as well as that of the single terpene compounds and their impact on �ammability (Romero et
al. 2019; Ganteaume et al. 2021). In any case, these studies did not assess the seasonal variation of such
molecules and they also showed that species belonging to the same genus or to the same family differed
in their terpene diversity and content highlighting these compounds as species-related traits.

The current work aimed at explaining the possible seasonal changes in four species’ leaf �ammability
by the change in foliar hydration and terpene content throughout the year. In other terms, we are asking if
the leaf �ammability seasonal variation was triggered by a seasonal variation in terpene content and
FMC and if the �ammability drivers changed according to the season. It was also interesting to check if
different species of the same genus (e.g. Cupressus) or family (e.g. Cupressacaea) presented the same
pattern throughout the year, especially in terms of the seasonal variation in terpene content.

Materials And Methods
Species Studied and Sampling. The species studied in the current work, all conifers (one Pinacaea: Pinus
halepensis Mill. 1768 and three Cupressacaea: Cupressus sempervirens L. 1753, Hesperocyparis
arizonica Greene 1882 Bartel, (Adams et al. 2009), formerly Cupressus arizonica, and Cupressocyparis
leylandii A.B. Jacks. and Dallim 1926) are common in the Wildland-Urban Interfaces (WUI) of the French
Mediterranean region. 

P. halepensis is the only species native to SE France while H. arizonica comes from the southwestern USA
and C. sempervirens forms natural forest stands, mostly in the eastern part of the Mediterranean basin (in
some parts of Tunisia, Italy, and Greece, for instance). The latter species can present two distinct
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varieties: var. horizontalis characterized by a broad pyramidal crown and horizontally spreading branches
(constituting the natural stands) and var. pyramidalis (or fastigata) characterized by a compact conical
crown and small angles between branches and trunk which is the variety studied in the current work. C.
leylandii is an intergenic hybrid of the yellow cedar (Callitropsis nootkatensis D. Don 1824) native to
northwestern America (the North American continent) and of the Monterey cypress (Hesperocyparis
macrocarpa Hartw. 1847), a species endemic of Monterey Bay in California (USA). All of these species
can be involved in �re propagation from wildland vegetation to nearby buildings, especially when they are
used in ornamental hedges that provide a strong horizontal fuel continuity. 

Leaves of the different species were sampled in Le Tholonet (southeastern France) where the climate is
typically Mediterranean. Leaf collection was carried out in three seasons in 2016: winter, spring, and
summer (i.e. January-February, April-May, and August-September) in order to grasp the variability in terms
of weather conditions over a year that could affect terpene and moisture content. We chose to work only
on fresh green leaves from plant canopy as a previous work on these species (Romero et al. 2019)
showed that their terpene content did not differ from that of litter leaves (i.e. entire leaves undergoing the
�rst stage of decomposition on the ground).

For each species, a maximum of 25 g of mature green leaves was collected on �ve different individual
plants, with at least 4 m distance between plants. For each plant sampled, 6 g were used for the burning
experiments, 5 g for FMC measurements, and 1 g for terpene analysis. Sampling was conducted at least
48 h following a precipitation event to avoid any impact of recent rain on FMC. Collected leaves were
placed in plastic bags that were stored in a cool box for immediate transportation to the laboratory,
minimising changes in water content. The samples were burned the same day they were collected on
returning to the laboratory.

Terpene Identi�cation and Quanti�cation. After sampling, leaves were stored at -80°C to avoid any
metabolic transformation. Terpene content was analyzed once for each species, using 500 mg of leaves
collected from the �ve different plants as presented in Romero et al. (2019). Terpenes were qualitatively
and quantitatively analyzed using a gas chromatography coupled to a mass spectrometry (GC-MS,
7890B–Agilent Technologies®) as described in Romero et al. (2019). Terpene identi�cation was achieved
based on the molecule retention time (which was compared to that of the pure standard when available)
as well as the molecule mass spectrum which was compared to available libraries (Adams 2007; Nist
2011). To complete this identi�cation, experimental retention indexes were calculated for each molecule
identi�ed and compared to the theoretical retention indexes of these libraries. The terpene content -
calculated following the methodology presented in Romero et al. (2019) - was expressed n mg g-1 of dry
matter (DM).

For each plant species, the contribution of terpenes was investigated both, at the subgroup (comprising
monoterpenes, sesquiterpenes, and diterpenes), and the single compound (within each subgroup) levels. 
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Flammability Experiments. For each species, thirty samples of 1 g leaf samples were burned using a 500
W epiradiator composed of a 10 cm radiant disc according to the methodology presented in Romero et al.
(2019). The variation in temperature was recorded every second during  burnings using a thermocouple
(chromel-alumel, k type, 30 μm diameter) positioned 1 cm above the disc center. As soon as the fuel was
in contact with the epiradiator surface, time and temperature recordings were started. Five �ammability
variables were measured during the burning experiments: (i) time-to-ignition, (TTI, s), de�ned as the time
necessary for the fuel to ignite once laid on the radiant disc; (ii) ignition temperature (tTTI, °C), de�ned as
the temperature recorded when the �ame appeared; (iii) �aming duration (FD, s), time elapsed between
the �ame occurrence and its extinction; and (iv) the maximum temperature reached during the burning
(Tmax, °C). 

Just before the burning experiments, three samples of 5 g-leaf subsamples of each individual were oven-
dried for 48 h at 60°C in order to measure their moisture content (i.e. FMC, calculated on a dry mass
basis) at the time of burning. 

Data Analyses. The statistical analyses were performed on each species’ dataset taking into account the
content of terpenes assessed at the subgroup, and single compound levels as well as FMC as
explanatory factors of �ammability. Although leaf thickness was an important driver of �ammability
(along with other structural leaf traits such as surface-to-volume ratio) and was taken into account in our
previous work (Romero et al. 2019), it was not included in the present analyses as this parameter does
not signi�cantly change from one season to another. The different �ammability variables (using a single
mean value per individuals of each species) were used as dependent variables. All tests were performed
using StatGraphics Centurion XVII – X64 software (StatPoint Technologies, Inc®).

First, we performed variance analyses (one-way ANOVA) to highlight the effect of season on FMC, terpene
content and �ammability for each species. In these analyses, the Kruskal-Wallis test was performed
instead of the Fisher test because of the lower amount of data per season. 

Then, for each species and season, simple linear regression analyses (Fisher test) were performed to
highlight any signi�cant correlations (positive or negative) existing between leaf parameters (FMC,
terpenes) and �ammability. When FMC explained a signi�cant proportion of the variability of the
relationship with a given �ammability variable, we used the residuals of the regression as a moisture-
corrected measure of this variable. This corrected variable was then regressed against the terpene
content in order to only highlight the effect of terpenes avoiding the bias of the above-mentioned factors
(see Pausas et al. 2016). In the simple linear regression analyses, the adjusted R2 value was used to
account for the variation in �ammability. 

Finally, partial least square (PLS) regression analyses were performed to determine the relative
importance of the different fuel characteristics (�rst using terpene content only, then adding FMC in the
models) on each �ammability variable. These analyses allowed highlighting a pool of signi�cant terpene
compounds, along (or not) with FMC, affecting �ammability as well as those being the best drivers
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according to the season. The signi�cance of components in the models was determined according to
uncertainty tests carried out within a full cross-validation. The scaled regression coe�cients of the PLS
models provided information on the effect (positive or negative) of each parameter on �ammability
metrics and its relative weight in the �tted model (absolute value) indicated the relative importance in
predicting each �ammability variable.

Results
Seasonal Variation of Terpenes and FMC. Analyses by GC-MS of the terpenes contained in leaves of the
four species studied led to the identi�cation of 55 different terpene compounds, Cupressocyparis
leylandii presenting the highest terpene diversity (34 compounds identi�ed: 11 monoterpenes, 12
diterpenes, and 11 sesquiterpenes) regardless of the season (Tab. 1). The season of the highest terpene
diversity differed among species, summer for C. leylandii (displaying mostly diterpenes) as well as for
Heterocyparis arizonica (displaying mostly sesquiterpenes), and winter and summer for Cupressus
sempervirens (displaying mostly diterpenes and sesquiterpenes). For Pinus halepensis, the highest
diversity was observed in the three seasons and concerned the monoterpenes. Overall, there was a low
inter-individual variation of this number of compounds (<20%) regardless of the season (except for
diterpenes for H. arizonica in winter and for P. halepensis in spring and summer). 

Regarding the terpene subgroup, the monoterpene diversity did not signi�cantly vary according to the
season, except for C. sempervirens (KW= 10.29, p= 0.006) for which the number of molecules was the
highest in winter and summer. Sesquiterpene diversity was signi�cantly higher in summer for H. arizonica
and in winter for C. sempervirens. Except for H. arizonica, the diterpene diversity seasonally varied and
was signi�cantly higher in summer for C. leylandii and C. sempervirens (KW= 14.0, p= 0.0009 and KW=
12.87, p= 0.0016, respectively) and in winter and spring for P. halepensis (KW= 10.96, p=0.0042). There
was no seasonal variation in diversity of mono- and sesquiterpenes for C. leylandii as well as for P.
halepensis, and of mono- and diterpenes for H. arizonica. For each species, the composition of the
extracted compounds as well as the percentage of each family on the total amount of terpenes are
presented in Suppl. Mat. 1. 

Regarding the single terpene compounds, the content of the most concentrated compounds
characterizing each species were the sesquiterpenes β-caryophyllene for P. halepensis and cadina-1(6),4-
diene <cis> for H. arizonica, the diterpene totarol for C. sempervirens, and the monoterpenes δ3-carene, α-
pinene, and β-pinene for C. leylandii.  It is worth noting that some compounds were not found all year
round. Indeed, for C. leyandii, two diterpene compounds (abietal-4 epi and cembrene A) were detected
only in summer (and were among the main compounds, i.e. content ≥ 0.1 mg g-1: 0.34 and 0.14 mg g-1,
respectively) as well as the two sesquiterpenes muurol-5-en-4-one and muurol-5-en-beta-ol <cis> (both
minor compounds) for H. arizonica. For P. halepensis, the diterpene cembrene was not detected in
summer (but was among the main compound in winter: 0.34 mg g-1). C. sempervirens presented the
highest number of compounds (eight in total, one monoterpene, �ve sesquiterpenes, and two diterpenes)
missing over a year (mostly in spring) but all of them were minor compounds (Suppl. Mat. 1). 
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Regardless of the species, the annual total terpene content did not vary according to the season but the
species studied presented different seasonal patterns for the different terpene subgroups (Fig. 1). For C.
leylandii (Fig. 1a), only diterpene content signi�cantly varied among seasons, the content being lower in
spring than in the other seasons. Regardless of the season, monoterpenes presented the highest values in
this species. For P. halepensis (Fig. 1b), mono- and diterpene content seasonally varied but presented
different patterns, the monoterpene subgroup being more concentrated in summer while that
of diterpenes showed higher values in winter. Regardless of the season, the sesquiterpene subgroup
presented the highest content, mostly due to β-caryophyllene (on average, 45% of the total content). H.
arizonica and C. sempervirens did not present any seasonal variation in their terpene content, regardless
of the subgroup (Fig. 1c, d). 

The results obtained at the terpene subgroup level were con�rmed by the analyses at the single
compound level. For C. leylandii, only the content of six diterpene compounds differed among seasons,
all of them among the main compounds in one season or another (cembrene being a major compound in
winter and summer, isophyllocladene, manool oxide and manool oxide 4 epi only in winter while abietal 4
epi and cembrene A were detected in summer only). For this species, the most concentrated compounds
were found in winter and were diterpenes. For P. halepensis, only the content of the diterpene cembrene
varied seasonally and this molecule was not identi�ed in summer; the most concentrated compounds
were found in summer and belonged to the subgroup of monoterpenes. As for the subgroup level, the
content of each single compound did not varied across seasons for H. arizonica and C. sempervirens.
Even if in these species, some compounds were not present all year round (therefore presenting marked
seasonal differences), all of them were minor compounds (Fig. 2). One of the explanations of the very
low number of signi�cant results was the high variability of content among seasons for most
compounds, regardless of the species (e.g. the monoterpene myrcene for P. halepensis, the diterpene
totarol for C. sempervirens, or the monoterpene β-pinene for C. leylandii; Suppl. Mat. 1).

The moisture content of the leaf samples of the different conifer species ranged from 91.41 (± 13.72) %
(P. halepensis) to 125.95 (± 4.03) % (H. arizonica). Except for H. arizonica that presented the highest
values regardless of the season, FMC varied according to the season but the pattern differed among
species, opposing C. leylandii (increasing trend from winter to summer) to C. sempervirens and P.
halepensis (highest values in winter and lower foliar hydration in spring and summer) (Fig. 3).

Role of Terpenes and FMC on Species’ Flammability among Seasons. According to the variable tested,
�ammability could present or not a seasonal variation and the species studied differed in their seasonal
pattern (Fig. 4). Except for tTTI which did not show a clear seasonal trend, all of the other variables varied
seasonally for C. leylandii, �ammability being the lowest in winter (but it is worth noting the long TTI in
summer as well). Only Tmax varied according to the season for H. arizonica (highest values in spring)
and tTTI for C. sempervirens (highest values in summer) while tTTI and TTI differed among seasons for
P. halepensis (highest �ammability in spring).
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Surprisingly, a signi�cant correlation between FMC and �ammability was observed only in one season
(which differed according to the species), except for C. leylandii for which the results were not signi�cant
throughout the year (Table 2). Only one �ammability variable was signi�cantly affected by FMC (which
also differed according to the species): TTI for H. arizonica (in summer) and C. sempervirens (in winter)
as well as Tmax for P. halepensis (in spring). These variables were therefore FMC-corrected when used in
the univariate regression analyses linking �ammability with terpenes. Regardless of the species, FMC
decreased �ammability. 

The effect of the terpene subgroup content on �ammability varied seasonally according to the species,
except for H. arizonica (Table 3). Terpene content (diterpene) affected �ammability (negatively, increasing
TTI) only in summer for C. leylandii while, for C. sempervirens, this terpene subgroup enhanced
�ammability (increasing FD) in both spring and summer. For P. halepensis, the role of terpenes varied
according to the season, diterpene and sesquiterpene content enhancing �ammability (decreasing tTTI)
in winter and summer, respectively, but presenting the opposite effect in spring. During this latter season,
monoterpene content presented contrasting effects on �ammability according to the variable considered
(decreasing Tmax but also TTI). 

When the same analyses were performed at the single compound level, taking into account both main
and minor compounds, a higher number of signi�cant correlations was highlighted between terpenes and
�ammability, the seasonal trend differing among species (Table 4). For H. arizonica, using the main
compounds in the models, the correlations were not signi�cant regardless of the �ammability variable
considered, as at the subgroup level. However, when the minor compounds were taken into account in the
analyses, the correlations became signi�cant in summer (only one compound affected �ammability: the
diterpene totarol, decreasing TTI) and in winter (four compounds, one sesquiterpene and three diterpenes
differing from totarol, all enhancing �ammability). For C. leylandii, signi�cant relationships were
highlighted in winter and summer but not in spring, regardless of the terpene subgroup. The main
compounds involved were diterpenes and mostly mitigated �ammability (all except manool oxide that
presented the opposite effect on TTI and tTTI in winter). The minor compounds signi�cantly affecting
�ammability, also in winter and summer, were diterpenes (still mostly mitigating �ammability) and
sesquiterpenes. The molecules differed between the two seasons but it is worth noting that one of the
main compounds in winter, manool oxide, was found among the minor compounds in summer. For C.
sempervirens, the signi�cant molecules and their impact differed among seasons. They did not affect
�ammability in winter and only one compound (monoterpene δ3-carene) presented a signi�cant effect
(positive) on �ammability in spring. Most signi�cant correlations were highlighted in summer and
involved the two main signi�cant compounds, the diterpene totarol enhancing �ammability in contrast to
the monoterpene α-pinene. The signi�cant minor compounds were all diterpenes and mitigated
�ammability except abietadiene. The role of the terpene compounds (both main and minor) on
�ammability was signi�cant in the three seasons for P. halepensis, especially in winter and spring. The
signi�cant molecules (all sesquiterpenes or monoterpenes except one diterpene: manool oxide) and their
impact differed among seasons (e.g. the monoterpene myrcene increasing �ammability in winter in
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contrast to summer) except for the sesquiterpene germacrene (increasing FD in summer and winter) and
the monoterpene α-pinene (mitigating �ammability in winter and spring). 

Seasonal Variation of Combined effects of Terpene Compounds and FMC on Flammability. Checking the
possible seasonal patterns in the species studied, we found that there were seasonal differences in the
groups of terpene compounds signi�cantly explaining �ammability and in their effects according to the
species and the variable taken into account. The results were not signi�cant in spring for C. leylandii
(except for tTTI; Fig. 5), in winter, regardless of the variable considered for C. sempervirens (Fig. 6) and for
H. arizonica (Fig. 7) regarding tTTI, and in summer regarding Tmax and tTTI for   P. halepensis (Fig. 8).
The signi�cant compounds highlighted in summer mostly enhanced FD for C. leylandii and H. arizonica 
in contrast to other molecules mitigating �ammability (regarding Tmax and tTTI) for the latter species
and for C. sempervirens (regarding Tmax). Those identi�ed in winter presented the opposite effect on
�ammability for C. leylandii as well as a positive effect for H. arizonica and P. halepensis (only the
monoterpene terpinolene regarding TTI). The compounds identi�ed in spring enhanced �ammability for
C. sempervirens (FD and Tmax) and P. halepensis (tTTI ) while it was the opposite for C.
sempervirens (TTI) and P. halepensis (FD and Tmax). Only three compounds were signi�cant at the same
time in winter and summer (e.g. the sesquiterpenes cedrol and β-elemene affecting Tmax with opposite
effects) for C. leylandii and only one compound for H. arizonica (the diterpene nezukol correlated with
TTI). Also three compounds were signi�cant in spring and summer for C. sempervirens (e.g. the diterpene
totarol correlated with FD), for P. halepensis (e.g. the monoterpene limonene correlated with Tmax), and
for H. arizonica (e.g. the diterpene ferruginol correlated with Tmax, TTI, and tTTI). Two compounds were
signi�cant in winter and spring (e.g. the diterpene sempervirol correlated with FD, Tmax, and TTI) for H.
arizonica and P. halepensis (e.g. the monoterpene terpinolene with TTI). The opposite effect could also
occur between different variables (e.g. the monoterpene terpinen 4 ol with Tmax and Ttti for C. leylandii).
Regarding this latter species, a compound signi�cant in the three seasons was found (the sesquiterpene
germacrene D presenting the opposite correlation with FD in winter-summer vs spring). Opposite
correlations were also observed between different compounds of the same terpene subgroup accross
different seasons (e.g. the diterpenes thunbergol vs totarol with Tmax for C. sempervirens) and
sometimes within the same season (e.g. the monoterpenes α-pinene vs sabinene hydrate with FD in
spring for H. arizonica).

When the signi�cant compounds highlighted in each model were compared to the main terpene
compounds (content ≥ 0.01 mg g-1) identi�ed for each species and season, it could be noted that
signi�cant compounds were not the most concentrated with a few exceptions. The following molecules
mostly differed among species: the monoterpene α-pinene in spring and summer for H. arizonica, the
monoterpene δ3-carene in winter for C. leylandii, the diterpene totarol as well as the monoterpene α-
pinene in spring and summer for C. sempervirens, and the monoterpene myrcene in summer as well as
the sesquiterpene β-caryophyllene in spring for P. halepensis (Fig. 4 and Suppl. Mat. 1).

Regardless of the species, the best drivers of each model (terpene compound presenting the highest
regression coe�cient explaining most of the �ammability variation) changed among seasons according
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to the �ammability variable considered (Tab. 5). When the best driver was the same at different seasons
and for a given �ammability variable, its effect on this variable could change (for instance, the
monoterpene terpinolene positively affected TTI in winter but negatively in spring) or not (for example, the
diterpene sempervirol positively affected FD in winter and in spring). The best drivers were most often
diterpene compounds (displaying mostly a negative effect in winter and summer for C. leylandii, a
positive effect in spring but the opposite in summer for C. sempervirens, and a positive effect regardless
of the season for H. arizonica), regardless of the season and the variable, except for P. halepensis. For
this latter species, �ammability was mostly driven by mono- (with a positive effect in spring in contrast to
the other seasons) and sesquiterpene (mostly with a positive effect on �ammability) compounds (Tab.
5). 

The seasonal variation of the proportion of �ammability (R2) explained by terpene compounds (Tab. 6)
was highlighted in the different models. When the results were signi�cant within a given species, the
season in which the coe�cient of determination, R2, was the highest varied according to the �ammability
variable. The highest proportion of FD and TTI explained by terpenes occurred in the models run on the
summer datasets except for H. arizonica and P. halepensis (spring datasets) while that of tTTI occurred in
the models run on the spring dataset except for P. halepensis (winter dataset). The highest proportion of
Tmax was found in the models run on the summer datasets for C. sempervirens and H. arizonica, on the
winter dataset for C. leylandii, and on the spring dataset for P. halepensis.

Regarding the role of FMC in the explanation of �ammability, in most cases, either FMC taken as
parameter in the models or the results of the analyses were not signi�cant, or the �t did not improve when
FMC was added to the models (Suppl. Mat. 2). The �t improved when FMC was added to models in
spring for C. leylandii (all results signi�cant in contrast to the analyses taking into account only terpenes,
except for tTTI for which the proportion of variation explained remaining the same) and for P. halepensis
(regarding Tmax, FMC being the best driver). A better �t also occurred in winter for H. arizonica and P.
halepensis (for both species, regarding TTI only) as well as for C. sempervirens (regarding TTI and tTTI),
in contrast to the previous results, and in summer (for FD and tTTI). For the former species, FMC was the
only best driver of TTI in summer and in winter for the latter. 

Discussion
Seasonality of Traits and Flammability. A seasonal variation in �ammability for Mediterranean species
has already been reported by several authors (e.g. Rodriguez Añón et al. 1995; Alessio et al. 2008b).
According to these previous studies, �ammability - characterized by one (for C. sempervirens and H.
arizonica) and up to three (for C. leylandii) signi�cant variables – varied seasonally. A strong seasonality
was found for TTI and Tmax (highest �ammability in spring) only for C. leylandii, P. halepensis (for the
former variable), and H. arizonica (for the latter) in contrast to C. sempervirens whose �ammability was
surprisingly higher in winter. Indeed, the driest seasons at the time of the sampling were spring and
summer (Suppl.Mat.3).
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FMC also presented seasonal variations (except for H. arizonica) with differences among species. This
result agreed with Pelizzaro et al. (2007) who showed that different Mediterranean species did not show
the same seasonal pattern of FMC throughout the year and, in some of them, moisture content did not
vary. Usually, for tree species, there is no pronounced decrease in FMC at the driest season, as found
Viegas et al. (2001) for P. halepensis, the trees presenting deeper root systems than most Mediterranean
shrubs (Kummerow 1981; Correia et al. 1992; Alessio et al. 2004). However, this result was in accordance
with what we found for H. arizonica but not for P. halepensis. In some cases, FMC showed seasonal
patterns that differed from those of �ammability (e.g. for C. sempervirens). C. sempervirens and P.
halepensis presented lower moisture content in summer and spring, the driest seasons in 2016 (Suppl.
Mat. 3), but the former was more �ammable in winter according to tTTI only (the results for the other
variables were not signi�cant). This means that some species were more �ammable during the most
humid season (winter), as C. leylandii. This species presented the lowest FMC in winter in contrast to the
other species despite the fact that they were all sampled from the same location and at the same time;
therefore, they were subjected to the same weather conditions throughout the year. One explanation for
this latter species’ peculiar pattern would be that the plants sampled could have been watered during
summer (as located not far from housing). According to several studies (Peñuelas and Lluisã 1997;
Owens et al. 1998; Massari and Leopaldi 1998; McKenzie et al. 2004, Alessio et al. 2008b), the seasonal
pattern of �ammability is usually in accordance with the progressive increase in temperatures and water
demand. This would also agree with the results obtained for P. halepensis. Indeed, in the current study, the
seasons with the lowest leaf hydration regarding this species were spring and summer (to a lower extent),
corresponding to the highest �ammability. However, the effect of FMC (negative) on �ammability was
signi�cant only in one season, which differed according to the species (higher FMC in summer for H.
arizonica and in winter for C. sempervirens, affecting only TTI, as well as in spring affecting only Tmax
for P. halepensis). We did not �nd, as Pelizzarro et al. (2007), that most species showed a maximum of
moisture content and an increase in TTI in spring; but, as these authors highlighted, some of our species
(H. arizonica, C. sempervirens) did not present any seasonal variation of TTI, or of FMC (for H. arizonica,
only).

Terpene content and diversity also presented seasonal variations with patterns that could differ from
those of �ammability according to the species.   Indeed, total terpene diversity was higher in summer for
C. leylandii (due to higher diversity in diterpenes) and H. arizonica (due to higher diversity in
sesquiterpenes) while P. halepensis and C. sempervirens presented the same pattern as �ammability
(high diversity and �ammability in spring and winter respectively). The seasonal variation of terpene
content also differed according to the level of terpene identi�cation (i.e. subgroup and single compound)
but was signi�cant only in two species. Indeed, diterpene content was higher in winter and summer for C.
leylandii and in winter for P. halepensis for which monoterpene content was higher in summer as well,
which agreed with Alessio et al. (2008a). In contrast to our results regarding this latter species, Lluisiá
and Peñuelas (2000) highlighted a drop in terpene content in spring, regardless of the compound.
Seasonal variations in terpene concentrations (and emissions) have been reported in several previous
studies and have con�rmed that the season of peak concentrations seemed to be species-speci�c: in
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spring for Scots pine and some junipers (Adams, 1970), in summer for Douglas �r and other coniferous
species (Wagner et al. 1990; Gambliel and Cates 1995; Zou and Cates 1995), in autumn-winter but with
larger terpene concentrations also observed at the end of summer, for P. halepensis ( Lluisá and Peñuelas
2000). In the current study, when a variation of the terpene subgroup content was highlighted, it was due
to the seasonal variation of some terpene single compounds. However, most terpene single compounds
did not present a signi�cant seasonal variation (none for C. sempervirens and H. arizonica, only one for P.
halepensis, and six for C. leylandii), for which only trends could be highlighted mostly due to the high
inter-individual variation of their content (high standard deviation; Suppl. Mat. 1). Often, their seasonal
trends could differ among species (e.g. monoterpene myrcene presented the highest content in spring for
C. leylandii while it was in summer for P. halepensis). Previous studies also showed a spatial variation in
terpene content resulting from differences in environmental conditions, such as drought stress or soil
fertility (Gilmore 1977; Muzika et al. 1989; Kainulainen et al. 1992; Owens et al. 1998; Ormeño et al. 2008)
but this was not the case in the current work since the studied species were collected from the same site. 

Seasonal Variation of the Effect of Terpenes on Flammability. As already showed in Ganteaume et al.
(2021), the number of signi�cant results increased from the subgroup to the single compound level
regardless of the season. Except for H. arizonica (no signi�cant effect regardless of the season), the
effect of the terpene subgroup content on �ammability seasonally varied according to the species, C.
leylandii’s and C. sempervirens’ �ammability being mainly affected by diterpenes (e.g. negative effect in
summer for the former and positive effect in spring and summer for the latter) while P.halepensis was
more affected by the other subgroups. Moreover, a same subgroup could present antagonist effects on
�ammability from one season to another (negative effect of diterpenes in winter becoming positive in
spring).  Regarding the single compound level, the seasonal trend also differed among species. The
effect was positive mostly in winter for H. arizonica (two diterpenes) while it was negative mostly in
winter (six diterpenes) for C. leylandii and mostly in summer (three diterpenes, one monoterpene) for C.
sempervirens. Variable effects due to mono- and sesquiterpenes in the three seasons (between two and
�ve compounds involved) occurred for P halepensis. This underlines the importance of searching for
terpene effects at a more re�ned level than subgroup content, also using the minor compounds in the
analyses (given some correlations became signi�cant). Our results also showed that the effect of one
single compound could differ among seasons, depending on the �ammability variable considered,
con�rming the result at the subgroup level (the monoterpene myrcene presenting a positive effect on
Tmax in winter and on TTI in summer for P. halepensis). This result stresses the importance of taking into
account several components of �ammability, as already highlighted by Ganteaume et al. (2021). It is
worth noting that, in contrast to the results of Alessio et al. (2008), species with higher content in terpene
volatiles were not the most �ammable. Indeed, P. halepensis, the most �ammable species in the current
work, did not present the highest terpene content (as opposed to C. leylandii). This could be due to the
interaction between FMC and terpene content.

Seasonal Variation of the Combined Effect of Single Terpene Compounds and FMC on Flammability. We
tested whether terpenes, as signi�cant �ammability drivers, varied according to the season and if FMC
played a role in the seasonal variation of �ammability. Indeed, several previous studies (Bernard-Degan
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1988; Owens et al. 1998; Llusia and Penuelas 2000; Weise et al. 2005; Pellizzaro et al. 2009) dealt with
the seasonal variation in �ammability, FMC, or terpene content but few addressed the interactions
between these parameters (Della Rocca et al. 2017; Ganteaume et al. 2021) but still, without tackling the
effect of the season.

Checking the possible seasonal patterns in the species studied, we found that there were seasonal
differences in the groups of terpene compounds signi�cantly explaining �ammability and their effects
(positive or negative) contrasted according to the species and the variable taken into account. Only a few
compounds were signi�cant at the same time in two seasons, mostly for H. arizonica (only one in the
three seasons, the sesquiterpene germacrene D for P. halepensis). Except for H. arizonica, these
signi�cant compounds could present an opposite effect on �ammability among seasons according to
the variable tested. These opposite effects could also occur between different variables and between
different compounds of the same terpene subgroup in different seasons and sometimes in the same
season, regardless of the species. Previous studies already showed that monoterpene content, for
instance, presented the opposite effect on �ammability according to the molecule considered (Owens et
al. 1998). Except for a few signi�cant compounds, which mostly differed among species and seasons,
they were not the most concentrated molecules.

Regardless of the species, the best drivers of each model mostly changed among seasons according to
the �ammability variable considered. When the best driver was the same accross different seasons, the
effect on the variable could change in some cases. These compounds were mostly diterpenes (with
variable effects according to the species and the season), except for P. halepensis mostly driven by
monoterpenes (variable effect in spring) and sesquiterpenes (positive effect on �ammability)
compounds. For a given species, the seasonal variation of the proportion of �ammability (R2) explained
by terpene compounds varied according to the �ammability variable (in spring and summer for H.
arizonica and C. sempervirens, winter and spring for P. halepensis, and in the three seasons for C.
leylandii. 

Despite the fact that some studies showed that �ammability strictly depends on leaf water availability for
a given species, the moisture content and the plant structure interact and indirectly in�uence the �re
behaviour (Alessio et al. 2008b; Fernandes and Cruz 2012; Zhao et al. 2014). Previous laboratory-scale
studies identi�ed leaf moisture content as a key �ammability variable (Pausas et al. 2016), that interacts
with the terpenes contained in the leaves (Alessio et al. 2008b, De Lillis et al. 2009). However, Della Rocca
et al. (2017) and Ganteaume et al (2021) con�rmed that �ammability was not always driven by FMC but
also by the terpene content and that, in some cases, there was an interaction between both leaf
parameters. In the current study, we also highlighted that each species presented its own seasonal
pattern regarding the different parameters. Regarding the role of FMC in the explanation of �ammability,
most of the time, FMC was not signi�cant or did not improve the �t of the models (most changes
occurred in spring for C. leylandii, when the terpene content was the lowest, as well as in winter and
summer for C. sempervirens, but at a lower extent). Other fuel parameters could play a more important
role in the explanation of �ammability in the seasons for which the �ts were the poorest.
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Conclusions
The aim of this work as to assess what part of terpene content and FMC played on the seasonal variation
of �ammability of different conifer species found in the WUI of SE France (Pinus halepensis, Cupressus
sempervirens, Cupressocyparis leylandii, and Hesperocyparis arizonica) and if the �ammability drivers
varied seasonally. The season of the highest terpene diversity (diterpene composition for C. leylandii as
well as P. halepensis, and sesquiterpene composition for H. arizonica) and the terpene subgroup content
differed among species, presenting different seasonal patterns (diterpene content lower in spring for C.
leylandii, while monoterpene and diterpene content higher in summer and in winter, respectively for P.
halepensis). FMC varied according to the season but the pattern differed among species and could also
differ from that of �ammability according to the variable tested. 

Signi�cant correlations between FMC and �ammability were rarely observed (solely in one season, for
only one �ammability variable, differing among species) in contrast to those with terpene content
(however, more frequent at the single compound level than for the terpene subgroup), the seasonal trend
differing among species. Checking the seasonal variation of groups of terpene compounds on
�ammability, we found that there were seasonal differences in these groups according to the species and
the variable tested, the molecules often displaying opposite effects (among �ammability variables or
seasons). As a whole, these signi�cant compounds were not the most concentrated, except for a few
molecules. The best drivers of each model, mostly diterpenes, except for P. halepensis (mono- and
sesquiterpenes), changed among seasons according to the �ammability variable considered. When the
best driver was the same at different seasons, for a given �ammability variable, its effect on this variable
could change. In contrast, mostly, FMC was not a signi�cant parameter or did not improve the �t of
models.

Even if Pinus halepensis is the most �ammable species, the �ammability of the others studied species
could also be enhanced by some terpene single compounds, especially in spring and summer (while it is
in winter and summer for P. halepensis), meaning that these species can act on the �re risk not just in
summer, as it is commonly assumed in the Mediterranean regions, and this has to be taken into
consideration in the forest and wildland-urban interfaces management in this area. 

Declarations
Acknowledgements- We gratefully thank Amélie Saunier (Institut Méditerranéen de Biodiversité et
d’Ecologie) for her help in the chemical analyses as well as Fabien Guerra, Ugo Furet, Christian Travaglini,
and Denis Morges (Inrae) for their help during the burning experiments. The authors also sincerely thank
Aimee MacCormack for English revision. 

Funding : Not applicable.

Con�icts of interest/Competing interests : The authors declare that they have no con�ict of interest. 



Page 15/35

Availability of data and material : Data for this manuscript are accessible at the Dryad Digital Repository.

Code availability: Not applicable. 

References
1. Adams, R. 2007.  Identi�cation of essential oils by gas chromatography/mass spectrometry. Carol

Stream: Allured Publishing Corporation, Carol Stream, IL. 

2. Adams, R. P. 1970. Seasonal variation of terpenoid constituents in natural populations of Juniperus
pinchotii Sudw. Phytochemistry 9:397-402.

3. Adams, R. P., Bartel J. A., and Price, R. A. 2009. A new genus, Hesperocyparis, for the cypresses of the
western hemisphere. Phytologia 91(1): 160-185.

4. Alessio, G., Peñuelas, J., Llusià, J., Ogaya, R., Estiarte, M., and De Lillis, M. 2008a. In�uence of water
and terpenes on �ammability in some dominant Mediterranean species. International Journal of
Wildland Fire 17: 274-286.

5. Alessio, G., Peñuelas, J., De Lillis, M., and Llusià, J. 2008b. Implications of foliar terpene content and
hydration on leaf �ammability of Quercus ilex and Pinus halepensis. Plant Biology 10: 123-128.

�. Alessio, G., De Lillis M., Brugnoli, E., and Lauteri, M. 2004. Water sources and water-use e�ciency in
Mediterranean coastal dune vegetation. Plant Biology 6: 350–357. doi:10.1055/S-2004-820882

7. Baluška, F. (ed) 2013. Long-distance systemic signaling and communication in plants. Springer,
Berlin..

�. Bernard-Degan, C. 1988. Seasonal variations in energy sources and biosynthesis of terpenoids in
maritime pine. In Mattson WJ, Levieux J, Bernard-Degan C (eds) Mechanisms of Woody Plant
Defenses Against Insects. Springer, New York, USA, pp 93-116.

9. Cappelli, M., Bonani, S., and Conci, I. 1983. Sul Grado d’In�ammabilità di Alcune Specie Della
Macchia Mediterranea. In ‘Collana Verde, Vol. 62’. pp. 1– 52. 

10. Cornelissen, J.H.C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, D.E., Reich, P.B., Ter
Steege, H., Morgan, H.D., Van der Heijden, M.G.A., Pausas, J.G., and Poorter, H. 2003. Handbook of
protocols for standardized and easy measurement of plant functional traits worldwide. Aust. J. Bot.
51:335–380. doi:10.1071/BT02124.

11. Correia, O. A., Oliveira,  G., Martins-Loucão, M. A, and Catarino, F. M. 1992. Effects of barkstripping on
the water relations of Quercus suber L. Scientia Gerundensis 18:195-204

12. De Lillis, M., Bianco, P.M., and Loreto, F. 2009. The in�uence of leaf water content and terpenoids on
�ammability of some Mediterranean woody species. International Journal of Wildland Fire 18: 203-
212. 

13. Della Rocca, G., Madrigal, J., Marchi, E., Michelozzi, M., Moya, B., and Danti, R . 2017. Relevance of
terpenoids on �ammability of Mediterranean species: an experimental approach at a low radiant
heat �ux. iForest 10: 766-775. doi: 10.3832/ifor2327-010.



Page 16/35

14. Fernandes, P.M,. and Cruz, M.G. 2012. Plant �ammability experiments offer limited insight into
vegetation–�re dynamics interactions. New Phytologist 194: 606–609.

15. Gambiel, H. A., and Cates, R. G. 1995. Terpene changes due to maturation and canopy level in
Douglas �r (Pseudotsuga menziesii) �ush needle oil. Biochem. Syst. Ecol. 5: 469-476.

1�. Ganteaume, A., Romero, B., Fernandez, C., Ormeño, E.; Lecareux, C. 2021. Volatile and semi-volatile
terpenes impact leaf �ammability: differences according to the level of terpene
identi�cation. Chemoecology. DOI: 10.1007/s00049-021-00349-1.

17. Gilmore, A. R. 1977. Effects of soil moisture stress on monoterpenes in loblolly pine. Journal of
Chemical Ecology 3:667-676. 

1�. Grootemaat, S., Wright, I.J., Bodegom, P.M., Cornelissen, J.H., and Cornwell, W.K. 2015. Burn or rot:
leaf traits explain why �ammability and decomposability are decoupled across species. Functional
Ecology 29: 1486-1497.

19. Kainulainen, P., Oksanen, J., Palomaki, V., Holopainen, J. K., and Holopainen, T. 1992. Effect of
drought and waterlogging stress on needle monoterpenes of Picea abies. Canadian Journal of
Botany 70:1613-1616

20. Keeley, J.E., Bond, W.J., Bradstock, R.A., Pausas, J.G., and Rundel, P.W. 2012. Fire in Mediterranean
ecosystems: ecology, evolution and management. Cambridge University Press, Cambridge.

21. Kummerow, J. 1981. Carbon allocation to root systems in mediterranean evergreen sclerophylls. In:
Margaris, N. S. and Mooney, H. A. (eds), Components of productivity of mediterranean-climate
regions, Basic and applied aspects, 115–120. Dr W. Junk Publishers, The Hague, Boston, London.

22. Llusià, J., and Peñuelas, J. 1998. Changes in terpene content and emission in potted Mediterranean
woody plants under severe drought. Canadian Journal of Botany 76: 1366-1373.

23. Llusià, J., and Peñuelas, J. 2000. Seasonal patterns of terpene content and emission from seven
Mediterranean woody species in �eld conditions. American Journal of Botany 87: 133-140.

24.  Llusià, J., Peñuelas, J.Alessio, G. A. and Ogaya, R. 2011 Species-Speci�c, Seasonal, Inter-Annual, and
Historically Accumulated Changes in Foliar Terpene Emission Rates in Phillyrea latifolia and Quercus
ilex Submitted to Rain Exclusion in the Prades Mountains (Catalonia). Russian Journal of Plant
Physiology 58(1) : 126–132.

25. Loreto, F., Ciccioli, P., Brancaleoni, E., Cecinato, A., Frattoni, M., and Sharkey, T.D. 1996. Different
sources of reduced carbon contribute to form three classes of terpenoid emitted by Quercus ilex L.
leaves. Proceedings of the National Academy of Sciences USA 93: 9966-9969. -
doi: 10.1073/pnas.93.18.9966.

2�. Massari, G., and Leopaldi, A. 1998. Leaf �ammability in Mediterranean species. Plant Biosystems
132(1): 29–38.

27. McKenzie, D., Gedalof, Z.E., Peterson, D.L., and Mote, P. 2004. Climatic change, wild�re, and
conservation. Conservation Biology 18(4): 890–902. doi:10.1111/J.1523-1739.2004.00492.X

2�. Moore, B.D., Andrew, R.L., Külheim, C., and Foley, W.J. 2014. Explaining intraspeci�c diversity in plant
secondary metabolites in an ecological context. New Phytologist 201:733–750.



Page 17/35

doi:10.1111/nph.12526

29. Muzica, R. M., Pregitzer, K. S., and Hanover, J. W. 1989. Changes in terpene production following
nitrogen fertilization of grand �r [Abies grandis (Dougl.) Lindl.] seedlings. Oecologia 80:485-489

30. Nist, X. 2011. Ray photoelectron spectroscopy database, Version 3.5.: National Institute of
Technology, Gaithersburg.

31. Ormeño, E., Baldy, V., Ballini, C., and Fernandez, C. 2008. Production and diversity of volatile terpenes
from plants on calcareous and siliceous soils: effect of soil nutrients. Journal of Chemical Ecology
34: 1219-1229.

32. Ormeño, E, Ruffault, J, Gutigny, C, Madrigal, J, Guijarro, M, and Ballini, C. 2020. Increasing cuticular
wax concentrations in a drier climate promote litter �ammability. Forest Ecology and Management
473: 118242.

33. Owens, M.K., Lin, C.-D., Taylor, C.A., and Whisenant, S.G. 1998. Seasonal patterns of plant
�ammability and monoterpenoid content in Juniperus ashei. Journal of Chemical Ecology 24: 2115-
2129.

34. Pausas, J.G., Alessio, G., Moreira, B., and Segarra-Moragues, J. 2016. Secondary compounds
enhance �ammability in a Mediterranean plant. Oecologia 180: 103-110.

35. Pellizzaro, G., Ventura, A., Arca, B., Arca, A., and Duce, P. 2009. Weather seasonality and temporal
pattern of live and dead fuel moisture content in Mediterranean shrubland. EGU General Assembly
2009, held 19-24 April, 2009 in Vienna, Austria http://meetings.copernicus.org/egu2009, p.12100

3�. Pellizzaro, G., Duce, P., Ventura, A., and Zara, P. 2007. Seasonal variations of live moisture content
and ignitability in shrubs of the Mediterranean Basin. International Journal of Wildland Fire 16:633-
641

37. Peñuelas, J., and Llusià, J. 1997. Effects of carbon dioxide, water supply, and seasonality on terpene
content and emission by Rosmarinus o�cinalis. Journal of Chemical Ecology 23: 979-993.

3�. Rodriguez Anon, J. A., Lopez, F. F., Castineiras, J. P., Ledo, J. P., and Nunez Regueira, L. 1995. Calori�c
values and �ammability for forest wastes during the seasons of the year. Bioresource Technol.
52:269-274.

39. Romero, B., Fernandez, C., Lecareux, C., Ormeño, E., and Ganteaume, A. 2019. How terpene content
affects fuel �ammability of wildland–urban interface vegetation. International Journal of Wildland
Fire 28: 614–627.

40. Seufert, G., Kotzias, D., Sparta, C., and Versino, B. 1995. Volatile organics in Mediterranean shrubs
and their potential role in a changing environment. In ‘Anticipated Effects of a Changing Global
Environment on Mediterranean-Type Ecosystems’. (Eds WC Oechel, JM Moreno) pp. 343–370.
(Springer-Verlag: New York).

41. Staudt, M., Bertin, N., Frenzel, B., and Seufert, G. 2000. Seasonal variation in amount and
composition of monoterpenes emitted by young Pinus pinea trees–implications for emission
modeling. Journal of Atmospheric Chemistry 35: 77-99.



Page 18/35

42. Viegas, D.X., Piñol, J., Viegas, M.T., and Ogaya, R. 2001. Estimating live �ne fuels moisture content
using meteorologically-based indices. International Journal of Wildland Fire 10: 223–240.

43. Wagner, M. R., Clancy, K. M., and Tinus, R. W. 1990. Seasonal patterns in the allelochemicals of
Pseudotsuga menziesii, Picea engelmannii and Abies concolor. Biochem. Syst. Ecol. 18:215- 220.

44. Weise, D.R., White, R.H., Beall, F.C., and Etlinger, M. 2005. Use of the cone calorimeter to detect
seasonal differences in selected combustion characteristics of ornamental vegetation. International
Journal of Wildland Fire 14: 321-338. doi:10.1071/WF04035

45. White, C.S. 1994. Monoterpenes: their effects on ecosystem nutrient cycling. Journal of Chemical
Ecology 20: 1381-1406.

4�. Zhao, W., Blauw, L.G., van Logtestijn, R.S.P., Cornwell, W.K., and Cornelissen, J.H.C. 2014. Interactions
between �ne wood decomposition and �ammability. Forests 4: 827-846.

47. Zou, J. P., and Cates, R. G. 1995. Foliage constituents of Douglas �r (Pseudotsuga menziesii (Mirb)
Franco (Pinaceae)—their seasonal resistance and silviculture management. Journal of Chemical
Ecology 21:387-402.

Tables
Table 1 Terpene diversity (number of compounds) according to the terpene subgroup in the four species
studied
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Terpene subgroup/Season Winter Spring Summer

Cupressocyparis leylandii

MT 11 11 11

ST 11 11 11

DT 10 10 12

Total 32 32 34

Hesperocyparis arizonica

MT 6 6 6

ST 8 8 9

DT 7 7 7

Total 21 21 22

Cupressus sempervirens

MT 6 5 6

ST 8 6 6

DT 7 5 8

Total 21 16 20

Pinus halepensis

MT 7 7 7

ST 6 6 6

DT 5 5 4

Total 18 18 17

MT: monoterpenes, ST: sesquiterpenes, DT: diterpenes

Table 2 Correlations between fuel moisture content (FMC) and �ammability (TTI: time-to-ignition, Tmax:
maximum temperature) throughout the year in the four species studied 



Page 20/35

Species/Season Winter Spring Summer

Hesperocyparis
arizonica

 

NS

 

NS

 

TTI_FMC: F=58.57,
p=0.0046, R2=0.94,
positive effect

Cupressocyparis
leylandii

NS NS NS

Cupressus
sempervirens

 

TTI_FMC: F=288.96,
p=0.0004, R2=0.99,
positive effect

NS

 

NS

 

Pinus
halepensis

 

NS

 

Tmax_FMC: F=14.2,
p=0.033, R2=0.77,
negative effect

NS

 

Simple linear regression, F: Fisher test, p: probability, R2: adjusted coe�cient of determination, NS: not
signi�cant). N=xx

Table 3 Correlations between terpene subgroup content (MT: monoterpenes, ST: sesquiterpens, DT:
diterpenes) and �ammability (TTI: time-to-ignition, FD: �aming duration, Tmax: maximum temperature,
tTTI: ignition temperature; in italic: FMC-corrected variables) according to the season for the four species
studied 
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Species/Season Winter Spring Summer

Hesperocyparis
arizonica

NS NS NS

Cupressocyparis
leylandii

NS NS DT_TTI: F=30.86,
p=0.0115, R2=0.88, positive
effect

Cupressus
sempervirens

NS DT_FD: F=12.02,
p=0.04, R2=0.73, positive
effect

DT_FD: F=121.38,
p=0.0081, R2=0.98, positive
effect

Pinus
halepensis

 

DT_tTTI: F=17.67,
p=0.0246, R2=0.81,
negative effect

MT_TTI: F=16.72,
p=0.0264, R2=0.80,
negative effect

ST_tTTI: F=16.52,
p=0.0269,  R2=0.79,
negative effect

DT_tTTI: F=22.18,
p=0.0181, R2=0.84, positive
effect

    MT_Tmax: F= 10.49,
p=0.048, R2=0.70, negative
effect

 

ST_tTTI: F=18.22,
p=0.0236, R2=0.81, positive
effect

Simple linear regression, F: Fisher test, p: probability, R2: adjusted coe�cient of determination, NS: non-
signi�cant

Table 4 Correlations between terpene compound content (divided into main content: ≥ 0.05mg g-1 and
minor content: < 0.05mg g-1; normal font: monoterpenes, italic font: sesquiterpenes, and bold font:
diterpenes) and �ammability (TTI: time-to-ignition, FD: �aming duration, Tmax: maximum temperature,
tTTI: ignition temperature; in italic: FMC-corrected variables) according to the season 
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Heterocyparis
arizonica

Winter Spring Summer

main
compounds

NS NS NS

minor
compounds

TTI_sempervirol NS TTI_totarol

  F=43.29, p=0.0071,
R2=0.91, negative effect

  F=12.36, p=0.039, 

R2=0.74, negative effect

FD_sempervirol  

F=63.00, p=0.0042,
R2=0.94, positive effect

   

FD_α aconerol    

F=17.66, p=0.025,
R2=0.81, positive effect

 

Tmax_nezukol  

F=38.34, p=0.0085,
R2=0.90, positive effect

 

 

Cupressocyparis
leylandii

Winter Spring Summer

main
compounds

TTI_manool oxide NS TTI_cembrene

  F=13.53, p=0.035,
R2=0.76, negative effect

  F=219.13, p=0.0007,
R2=0.98, positive effect

Tmax_nezukol  

F=11.00, p=0.045,
R2=0.71, negative effect

   

FD_nezukol    

F=20.73, p=0.020,
R2=0.83, negative effect

 

tTTI_manool oxide  

F=14.14, p=0.033,
R2=0.77, positive effect

 

tTTI_totarol  
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F=16.83, p=0.026,
R2=0.80, positive effect

 

minor
compounds

Tmax_β-elemene NS  

FD_copaene

  F=12.81,
p=0.037, R2=0.75, negative
effect

  F=10.98, p=0.045,
R2=0.71, positive effect

Tmax_cedrol TTI_elemol

  F=13.21, p=0.036,
R2=0.75, positive effect

  F=44.33, p=0.0069,
R2=0.91, positive effect

  TTI_isopimara   TTI_isophyllocladene

  F=22.96, p=0.017,
R2=0.85, negative effect

  F=23.82, p=0.016,
R2=0.85, positive effect

      TTI_manool oxide 

      F=46.18, p=0.0065,
R2=0.92, positive effect

      TTI_manool oxide 13
epi

      F=1580.47, p<0.0001,
R2=0.99, positive effect

 

Cupressus
sempervirens

Winter Spring Summer

main
compounds

NS TTI_δ 3 carene TTI_α pinene

    F=13.93, p=0.033, 

R2=0.76, negative
effect

F=55.14, p=0.018,
R2=0.95, positive effect

      FD_totarol

      F=209.06, p=0.0047,
R2=0.99, positive effect

minor
compounds

NS NS FD_abietadiene

  F=19.89, p=0.047,
R2=0.86, positive effect
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    Tmax_sclarene

  F=19.81, p=0.047,
R2=0.86, negative effect

  Tmax_thunbergol

  F=52.24, p=0.019,
R2=0.94, negative effect

  TTI_sandaracopimarinal

  F=34.28, p=0.028,
R2=0.92, positive effect

Pinus
halepensis

Winter Spring Summer

main
compounds

FD_α pinene Tmax _α pinene FD_germacrene

F=15.79, p=0.028,
R2=0.79, negative effect

F=63.80, p=0.0041,
R2=0.94, negative
effect

F=15.45, p=0.029,
R2=0.78, positive effect

FD_β pinene Tmax_β pinene TTI_myrcene

F=18.35, p=0.023,
R2=0.81, positive effect

F=20.39, p=0.020,
R2=0.83, negative
effect

F=13.61, p=0.034,
R2=0.76, positive effect

FD_germacrene TTI_β pinene  

F=61.95, p=0.0043,
R2=0.94, positive effect

F=16.83, p=0.026,
R2=0.80, negative
effect

 

Tmax_myrcene tTTI_α humulene  

F=10.51, p=0.048,
R2=0.70, positive effect

F=16.62, p=0.027,
R2=0.80, positive effect

 

tTTI_β caryophyllene    

F=17.04, p=0.026,
R2=0.80, positive effect

   

minor
compounds

FD_limonene Tmax_α thujene FD_cadinene

F=14.62, p=0.031,
R2=0.77, positive effect

F=11.89, p=0.041,
R2=0.73, negative
effect

F=22.08, p=0.018,
R2=0.84, positive effect

TTI_terpinolene Tmax_limonene FD_cubebol
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F=12.39, p=0.039,
R2=0.74, positive effect

F=13.39, p=0.039,
R2=0.76, negative
effect

F=29.25, p=0.012,
R2=0.88, positive effect

tTTI_cadinene TTI_limonene  

F=10.71, p=0.047,
R2=0.71, negative effect

F=13.36, p=0.035,
R2=0.76, negative
effect

 

tTTI_manool oxide TTI_terpinolene  

F=24.50, p=0.016,
R2=0.85, positive effect

F=16.96, p=0.026,
R2=0.80, negative
effect

 

Simple linear regression: F= Fisher test, p= probability, R2= adjusted coe�cient of determination, NS=
non-signi�cant 

Table 5 Main driving terpene compounds and their effect (+: positive, -: negative) on �ammability
according to the season for the four species studied
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Winter Spring Summer

Cupressocyparis
leylandii

FD DT nezukol (-) MT sabinene
hydrate (+)

Tmax DT cedrol (+),
ST β elemene (-), ST
nerodiol (-), DT nezukol
(-)

TTI DT isopimara (-) DT manool oxide
13 epi (+), DT
cembrene (+)

tTTI DT manool oxide (+), DT
totarol (+)

MT terpinene 4 ol (-) ST elemol (+)

Cupressus
sempervirens

FD DT sclarene (+) DT totarol (+)

Tmax DT abienol (+) DT sclarene (-)

TTI MT δ 3 carene (-) MT α pinene (+), DT
sandaracopimarinal
(+)

tTTI DT
sandaracopimarinal
(-)

MT limonene (-), DT
sandaracopimarinol
(+)

Hesperocyparis
arizonica

FD DT sempervirol (+) DT sempervirol (+) DT abietal 4 epi (+)

Tmax DT nezukol (+) DT sempervirol (+) MT sabinene
hydrate (-)

TTI DT sempervirol (-) DT Ferruginol (+) DT totarol (-)

tTTI MT α pinene (-) DT Ferruginol (+)

Pinus
halepensis

FD ST germacrene D (+) DT cembrene (-) ST cadinene (+), ST
cubebol (+)

Tmax MT myrcene (+) MT α pinene (-)

TTI MT terpinolene (+) MT β pinene (-), MT
terpinolene (-)

MT myrcene (+)

tTTI DT manool oxide (+) ST α humulene (+),
ST β caryophyllene
(+)

MT: monoterpene, ST: sesquiterpene, DT: diterpene, FD: �aming duration, Tmax: maximum temperature,
TTI: time-to-ignition, tTTI: ignition temperature
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Table 6 Results of Partial Least Squares regression analyses showing the proportion of �ammability (FD:
�aming duration, TTI: time-to-ignition, Tmax: maximum temperature, tTTI: ignition temperature) explained
by the different terpene compounds according to the models run on the four species’ datasets
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Winter Spring Summer

C. leylandii FD p=0.010; R2=0.92 ; 1
component

NS p=0.0002; R2=0.99 ; 1
component

Tmax p=0.007; R2=0.93 ; 1
component

NS p=0.034; R2=0.82 ; 1
component

TTI p=0.034; R2=0.82 ; 1
component

NS p=0.0009; R2=0.98 ; 1
component

tTTI p=0.047; R2=0.78 ; 1
component

p=0.018; R2=0.99 ; 3
components

p=0.002; R2=0.97 ; 1
component

C.
sempervirens

FD NS p=0.013; R2=0.90 ; 1
component

p=0.023; R2=0.95 ; 1
component

Tmax NS p=0.028; R2=0.84 ; 1
component

p=0.002; R2=0.99 ; 2
components

TTI NS p=0.048; R2=0.78 ; 1
component

p=0.019; R2=0.96 ; 1
component

tTTI NS p=0.001; R2=0.98 ; 1
component

p=0.023; R2=0.95 ; 1
component

H. arizonica FD p=0.002; R2=0.97 ; 1
component

p=0.0003; R2=0.99 ; 2
components

p=0.010; R2=0.92 ; 1
component

Tmax p=0.031; R2=0.83 ; 1
component

p=0.046; R2=0.78 ; 1
component

p=0.013; R2=0.90 ; 2
components

TTI p=0.015; R2=0.89 ; 1
component

p=0.003; R2=0.96 ; 1
component

p=0.010; R2=0.98 ; 1
component

tTTI NS p=0.018; R2=0.88 ; 1
component

p=0.044; R2=0.79 ; 1
component

P. halepensis FD p=0.006; R2=0.94 ; 1
component

p=0.049; R2=0.77 ; 1
component

p=0.0007; R2=0.99 ; 1
component

Tmax p=0.043; R2=0.79 ; 1
component

p=0.018; R2=0.88 ; 1
component

NS

TTI p=0.039; R2=0.81 ; 1
component

p=0.0006; R2=0.99 ; 1
component

p=0.002; R2=0.98 ; 1
component

tTTI p=0.002; R2=0.98 ; 1
component

p=0.002; R2=0.97 ; 1
component

NS

R2: coe�cient of determination, p: probability, NS: non-signi�cant). Italic font when the variables were
FMC-corrected
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Figures

Figure 1

Variation of the terpene seasonal content (subgroups and total) for the four species studied (when
signi�cant, the results of the test are shown: KW: Kruskal-Wallis test, p: probability). Lowercase letters
indicate signi�cant differences among seasons for each terpene subgroup with a>b>). Values shown
refer to the average for n=6
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Figure 2

Seasonal variation of the single terpene content for the four species studied (Kruskal-Wallis test: **: p <
0.01). Bars refer to mean values for n=5. Compounds (within a terpene subgroup) are shown in
alphabetical order
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Figure 3

Seasonal variation of FMC in the leaves of the four species studied (when signi�cant, the results of the
test are shown: KW: Kruskal-Wallis test, p: probability, NS: not signi�cant. Lowercase letters indicate
signi�cant differences among seasons with a>b. Bars represent the average for n=xxx
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Figure 4

Seasonal variation of �ammability of the four species studied (tTTI: ignition temperature, TTI: time-to-
ignition, Tmax: maximum temperature, FD: �aming duration, NS: non signi�cant, KW: Kruskal-Wallis test,
p: probability. Lowercase letters indicate signi�cant differences among seasons)

Figure 5

Scaled and centered regression coe�cients of the signi�cant (when |value|>0.2) terpene compounds (in
alphabetic order) highlighted in the models for Cupressocyparis leylandii in the seasons studied (FD:
�aming duration, TTI: time-to-ignition, Tmax: maximum temperature, tTTI: ignition temperature)
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Figure 6

Scaled and centered regression coe�cients of the signi�cant (when |value|>0.2) terpene compounds (in
alphabetic order) highlighted in the models for Cupressus sempervirens in the seasons studied (FD:
�aming duration, TTI: time-to-ignition, Tmax: maximum temperature, tTTI: ignition temperature)



Page 34/35

Figure 7

Scaled and centered regression coe�cients of the signi�cant (when |value|>0.2) terpene compounds (in
alphabetic order) highlighted in the models for Hesperocyparis arizonica in the seasons studied (FD:
�aming duration, TTI: time-to-ignition, Tmax: maximum temperature, tTTI: ignition temperature)
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Figure 8

Scaled and centered regression coe�cients of the signi�cant (when |value|>0.2) terpene compounds (in
alphabetic order) highlighted in the models for Pinus halepensis in the seasons studied (FD: �aming
duration, TTI: time-to-ignition, Tmax: maximum temperature, tTTI: ignition temperature)
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