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Abstract

Background Vegetation plays a crucial role in the ignition, propagation, and severity of fire, and understanding

the relationship between plants and fire through flammability attributes has become a useful tool that is increas-
ingly used in studies on fire dynamics worldwide. However, in the southern cone of South America, rather few
studies have systematically and specifically addressed the flammability of vegetation, and yet fewer have compared
native and non-native species. Given the increasing interest in knowing the flammability characteristics of vegeta-
tion, this review aims to assess the potential differences in flammability between native and non-native plant species
that inhabit the southern cone and to identify the main methodologies and experiments used to analyze vegetation
flammability.

Results Twenty-eight species were identified, 18 native to the region and 10 non-native. Additionally, 64 experimen-
tal tests were revised to evaluate plant flammability. It was found that Cryptocarya alba, Acacia dealbata, Eucalyptus
globulus, and Pinus ponderosa are the species with a high flammability index. By contrast, the species Araucaria arau-
cana, Austrocedrus chilensis, Embothrium coccineum, and Persea lingue showed low flammability. The methodologies
used to evaluate vegetation flammability were highly variable, with the use of epiradiators being the most frequent.

Conclusions Our review indicates that the geographic origin of vegetation (native vs. non-native in South America)
is not a decisive factor in determining species-level differences in flammability. Other relevant factors that contribute
with the degree of plant flammability include fuel moisture, the morphology of the species, and its internal chemical
compounds. We highlight the necessity of continuing the study of plant flammability and advance in the standardi-
zation of protocols and measurements, using uniform criteria and increasing comparative studies between species,
particularly in the southern cone of South America where catastrophic wildfires are increasing.
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Resumen

Antecedentes La vegetacion juega un rol crucial en la ignicion, propagacién, y severidad de los incendios forestales,
y conocer las relaciones entre las plantas y el fuego a través de los atributos de inflamabilidad, se ha transformado en
una herramienta valiosa que ha sido cada vez mas usada en estudios sobre la dinamica del fuego a nivel mundial. Sin
embargo, en el cono sur de Sudamérica, muy pocos estudios se han enfocado sistematica- y especificamente, en la
inflamabilidad de la vegetacion, y ain muchos menos la han comparado entre especies nativas y no nativas. Dado el
creciente interés en conocer las caracteristicas de inflamabilidad de la vegetacién, esta revisién se enfoca en deter-
minar las diferencias potenciales en inflamabilidad entre especies de plantas nativas y no nativas que habitan el cono
sur de Sudamérica, e identificar las principales metodologias y experimentos usados para analizar la inflamabilidad de
la vegetacion.

Resultados Veintiocho especies fueron identificadas, 18 nativas de la region y 10 no nativas. Adicionalmente, 64
pruebas experimentales fueron revisadas para evaluar la inflamabilidad de las plantas estudiadas. Se encontré que
Cryptocarya alba, Acacia dealbata, Eucalyptus globulus, y Pinus ponderosa son especies con un alto indice de inflama-
bilidad. En contraste, las especies Araucaria araucana, Austrocedrus chilensis, Embothrium coccineum, y Persea lingue
mostraron una baja inflamabilidad. Las metodologias usadas para evaluar la inflamabilidad fueron altamente variables,
siendo el uso de epirradiadores una de las mas frecuentes.

Conclusiones Nuestra revision indica que el origen geografico de la vegetacion (nativas o no nativas de Sudamérica)
no es un factor decisivo en la determinacién de las diferencias en la inflamabilidad a nivel de especies. Otros factores
relevantes que contribuyen con el grado de inflamabilidad de las plantas incluyen la humedad del combustible veg-

etal, la morfologfa de las especies, y sus componentes quimicos internos. Destacamos la necesidad de continuar
realizando estudios sobre la inflamabilidad de plantas y avanzar en la estandarizacion de protocolos y mediciones,
usando criterios uniformes e incrementando los estudios comparativos entre especies, particularmente en el cono
sur de Sudameérica, donde los incendios catastréficos se estan incrementando.

Introduction
Wildland fires have existed long before the first records
of human beings appearing on the earth and have co-
existed concomitantly with the evolution of terrestrial
plants (Ubeda and Sarricolea 2016). In addition, they
have played an important role in the development and
evolution of plant species, since fire is a critical element
in the evolutionary history of terrestrial flora, and many
species have developed specific features that allow them
to survive and even prosper in environments affected by
fire (Pausas and Keeley 2009; North et al. 2015; Pausas
et al. 2017; Arroyo-Vargas et al. 2022). An example of this
occurs in places where fire removes non-resistant plants
and woody debris, increasing the availability of nutrients
and other resources and reducing competition (Bowman
et al. 2009, 2011). Resistant species also take advantage of
fire, quickly using the released nutrients to increase their
growth rates (Goodwin and Sheley 2001). Although for-
est fires occur naturally in various regions throughout the
world, they are not always caused by meteorological phe-
nomena but are often caused by human activity (Bow-
man et al. 2019). In fact, in the USA, one of the countries
with the highest number of natural fires in the world, 84%
are directly caused by humans (Balch et al. 2017).

In recent decades, wildland fires have become one
of the most concerning environmental issues with the

greatest global impact (Reszka and Fuentes 2015). Fur-
thermore, they are cataloged as one of the most frequent
disturbances worldwide and one of the most recogniz-
able due to their enormous ecological (Rasilla et al. 2010;
Stetler et al. 2010; Moreira et al. 2020) and economic
impacts (Syphard et al. 2009; Bowman et al. 2019), espe-
cially in Mediterranean areas (Pausas 2015; Fares et al.
2017; Moreira et al. 2020). Approximately 200 to 500 mil-
lion hectares of forest are burned worldwide annually,
affecting a wide diversity of natural ecosystems, includ-
ing tropical and temperate forests, savannas, and shrub-
lands (Lavorel et al. 2007; Syphard et al. 2009; Stetler
et al. 2010). In addition, based on the predictions and
the current global change scenario, the scientific com-
munity is concerned about the significant increase in for-
est fires across the globe (Moriondo et al. 2006; Liu et al.
2010; Jolly et al. 2015). An increase in the occurrence
and severity of fire will potentially affect biodiversity, the
functioning of ecosystems, and the goods and services;
these will provide to society nowadays and in the future
(Brennan et al. 2009; Murray et al. 2013; Riis et al. 2020).
Most plant species are highly susceptible to being
burned under suitable climatic conditions (Krawchuk
and Moritz 2011; Pausas et al. 2017). This fact has been
confirmed by various scientific studies that indicate that
year after year, hundreds of thousands of hectares in
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different ecosystems are consumed by increasingly fre-
quent and severe fires (Nepstad et al. 1999; Brando et al.
2012; Fuentes-Ramirez et al. 2016). The occurrence and
spread of fire require the combination of an ignition
source, a suitable climate (i.e., dry and hot), and the accu-
mulation of plant biomass that serves as fuel (Archibald
et al. 2013; Alam et al. 2020). Thus, the flammability fea-
tures of plants play a crucial role in the ignition, propa-
gation, and severity of forest fires (Beckage et al. 2009;
Curt et al. 2011; Pausas et al. 2017; Alam et al. 2020).
Each plant species might have specific flammability and
combustibility traits and therefore potentially behave dif-
ferently upon a forest fire (Dimitrakopoulos and Papa-
ioannou 2001; Fernandes 2009; Fuentes-Ramirez et al.
2016; Pausas et al. 2017). Understanding more about the
characteristics of plant flammability is quite useful as it
provides a comprehensive and essential perspective for
better forest and fire management, mainly in terms of fire
prevention and planning more resilient forest landscapes.

Plant flammability is defined as the capacity or facil-
ity of plant biomass to ignite and maintain combustion
over time when exposed to fire (Anderson 1970; Pausas
et al. 2017; Alam et al. 2020). Flammability is composed
of the following variables: (1) ignitability, which is the
time it takes for the biomass to generate a flame when in
contact with a heat source; (2) sustainability, referring to
the time the flame remains visible in the combustion of
the vegetation; (3) combustibility, which is the speed at
which the fire burns and burns the plant material; and
(4) consumability, which refers to the proportion of mass
or volume consumed by the fire (Anderson 1970; Mar-
tin et al. 1993). It must be noted that vegetation passes
through several stages in its burning process, since before
reaching ignition, different processes occur, such as dehy-
dration of plant tissues, pyrolysis, evaporation of volatile
organic compounds, and flameless combustion (Lioda-
kis et al. 2002; Alzate-Guarin et al. 2022). It is relevant to
bear all these variables in mind when studying the flam-
mability of plant species. More recently, researchers have
also used heat release (calorimetry) and thermal analyses
to measure flammability and combustion of the vegeta-
tion (White and Zipperer 2010).

Human actions have greatly influenced fire regimes in
a number of ways, most notably by changing the type,
structure, and continuity of fuel primarily through
land use change (Bowman et al. 2011, 2019). Nowa-
days, the global landscape has undergone significant
changes in the composition of vegetation (Simberloff
et al. 2010; Ammerman 2022). It is increasingly com-
mon to find non-native species introduced by humans
in territories where they were not previously estab-
lished, which has significantly impacted biodiversity
and the propensity of wildfires to occur (Defosse 2015).
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In fact, several studies have reported that on surfaces
where there is mainly a presence of non-native species,
there is a greater severity of fire than in areas domi-
nated by native species (Brooks et al. 2004; Taylor et al.
2017; Nunez et al. 2021). Therefore, non-native species
are commonly cataloged as more flammable species,
i.e., they are more prone to ignite and stay ignited for
longer, which significantly increases the risk of forest
fires in areas invaded by non-native species (Bowman
et al. 2011, 2019; Carmona et al. 2012; Murray et al.
2013; Bianchi et al. 2019). However, these claims are
often related to fuel property modification at landscape
scale rather than specific studies of the non-native spe-
cies flammability.

Most of the studies on plant flammability of non-native
and native plant species have focused on the North-
ern Hemisphere (Behm et al. 2004; Dibble et al. 2007;
Curt et al. 2011; Murray et al. 2013; Grootemaat et al.
2015; Mason et al. 2016; Livingston and Varner 2016;
Fuentes-Ramirez et al. 2016; Cubino et al. 2018; Cur-
ran et al. 2018; Herndndez et al. 2018; Ganteaume 2018;
Dewhirst et al. 2020; Popovic et al. 2021; Kinoshita et al.
2022; Barnes et al. 2022). In the southern cone of South
America (comprising Chile, Argentina, and Uruguay),
there are rather few systematic studies on the flammabil-
ity of the vegetation specifically occurring in this region
(Blackhall et al. 2012; Bianchi and Defosse 2014; Bianchi
et al. 2019), and even fewer that compare native and non-
native species (Bianchi and Defosse 2015; Blackhall and
Raffaele 2019; Bianchi et al. 2019; Franzese et al. 2020,
2022). Furthermore, the fundamental assumption under-
pinning the discussion of flammability of native vs. non-
native plant species is that a given species will be more
flammable because of its positive history related to fire. It
remains to be determined whether non-native species are
significantly more flammable than native species in most
regions. To date, many studies have asserted this (Brooks
et al. 2004; Murray et al. 2013; Moreira et al. 2020), but
few have examined this assumption empirically (Bianchi
and Defosse 2014; Fuentes-Ramirez et al. 2016). It is
important to highlight that, although wildland fires
occurred in the southern cone of South America before
European colonization, most of them were not of natu-
ral origin but were caused by the native inhabitants of
the territory at that time. Later on, wildland fires became
more frequent as a result of the European colonization
of the southern countries in South America (Lara et al.
1999). Thus, native species in the area did not have an
evolutionary history closely tied to fire as the species that
were introduced in these territories (Holz and Veblen
2011; Ubeda and Sarricolea 2016). These non-native spe-
cies have historically been associated with natural forest
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fires, even before human settlements (Pausas and Keeley
2009; Pausas et al. 2017).

The following review evaluates the potential differ-
ence between the flammability metrics of non-native
vs. native plant species in the southern cone region.
Specifically, we aimed at (i) reviewing the available lit-
erature and identifying which variables are commonly
used to determine the flammability of plant species
and (ii) identifying and describing the different experi-
mental methods used to determine the flammabil-
ity of a species. For this, the following questions are
considered:

1. Is the geographic origin of a plant species a relevant
factor in determining whether a non-native plant
species is more flammable than a native species
within a given range (ie., southern cone of South
America)?

2. Is there any methodological standardization in the
different experiments carried out to construct flam-
mability indexes or classifications that are compara-
ble for different species (i.e., native vs. non-native)
and regions around the world? Which of the existing
ones is the most complete?

3. What are the main variables employed to evaluate
the flammability of different plant species, and what
is the frequency of these variables used in flammabil-
ity tests?

Systematizing this information (today dispersed in
scattered studies, regions, and for several different
species) will substantially contribute to gain better
understanding of the potential synergy between veg-
etation (and its origin) in relation to fire and the flam-
mability features associated to different plant species.
Moreover, our results will provide useful insights into
generating relevant information on ecological restora-
tion and sustainable forest management in a scenario
of recurring forest fires. This is a useful element for
urban-rural planning and the use of appropriate plant
species in the wildland-urban interface to minimize
the risk of major wildfires affecting natural forests,
infrastructure, and human populations.

Methods

The bibliographical review was carried out by adapt-
ing the PRISMA methodology (Page et al. 2021). The
choice of this methodology is based on the fact that
the PRISMA 2020 method is intended to be used in
systematic reviews that include synthesis (meta-anal-
ysis of pairwise comparisons). This statement is based
on 7 sections with a total of 27 items to verify the
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structure of the review, which allows for better organ-
izing the search and synthesis of results, accompanied
by a flow chart which exposes all the steps followed for
the choice of articles to be reviewed (Page et al. 2021).
The bibliographical reference manager Zotero 6.0.26
was used to manage the scientific articles consulted. In
addition, it is worth mentioning that all the analyses
developed in this review follow a qualitative approach,
which is based on the complexity of making inferen-
tial analyses and statistical comparisons using data
obtained from different studies with significant vari-
ations in terms of methods, variables, and measure-
ments involved.

Literature search

The methodology consisted of a systematic bibliographi-
cal review between 1 and 21 April 2023. The Web of
Science (WOS) and Scopus databases were used as the
primary tools to search indexed articles. The search
included general words and concepts linked to the flam-
mability of woody plant species and then filtered by
native and non-native species. The final syntax search for
each database was TITLE-ABS-KEY= ((“flammability”)
OR (“flammable”) OR (“ignition”)) AND ((“vegetation”)
OR (“species”)) AND ((“native”) OR (“non-native”)).
The search was carried out by document type, where
only empirical scientific articles and reviews published
between 1990 and 2023 were reviewed. The languages
of the selected articles included English and Spanish. For
the article selection, the title and abstracts were reviewed
to assess whether they fulfilled the eligibility criteria of
the review. The article was read in full for those in line
with the research topic. The article selection criterion
discarded opinions, books, or any non-peer-reviewed
document. The selection criteria for each of the selected
items are detailed below.

The search strategies continued with the exclusion of
(1) duplicate documents, (2) articles that did not com-
pare or analyze the flammability of plant species based
on experimental studies, (3) articles not focused on the
comparison of non-native and native species, and (4)
studies that were not conducted around species found in
the southern cone—i.e., Chile, Argentina, and Uruguay
(Fig. 1a). This last point was exclusive to respond to the
first research question.

After applying all the search criteria (i.e., inclusion and
exclusion), the articles were selected for review. Then, a
general bibliographical analysis of all the selected arti-
cles was done using the R Core Team v. 4.3.1 (R Core
Team 2023) software, specifically the libraries ggplot2 and
agricolae. In addition, the articles were cataloged accord-
ing to (1) database of origin (i.e., WOS or SCOPUS), (2)
title, (3) year of publication, (4) authors, (5) journal, (6)
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Fig. 1 a Flow diagram of the stages of the methodological procedure for the search for information and selection of articles for the review.

b Organization of the articles included for the review

continent, (7) document type (i.e., empirical articles, sci-
entific review), (8) country of origin of the study, and (9)
specific subject the publication addresses (i.e., compari-
son of flammability of species, forest fires, relevant flam-
mability variables) (Fig. 1b).

Data analysis

A specific bibliographical analysis was performed for
describing the plant species evaluated in the southern
cone, where each species that was tested was classified
according to (1) origin (native or non-native), (2) growth
form (tree or shrub), (3) type of foliage (conifer or broad-
leaved), (4) botanical family, (5) species, (6) author, (7)
country, and (8) category of flammability. This latter was
established to classify plants as low flammability (LF),
slightly flammable (SF), moderately flammable (MEF),
flammable (FL), high flammability (HF), and extremely
flammable (EF). This classification was adapted from Val-
ette (1990).

Upon bibliographic data compilation, three differ-
ent procedures were carried out. First, we compared
the different methods used to determine plant flamma-
bility, including which part of the plant is more often
subjected to burn trials. Secondly, a qualitative analysis
of the flammability of vegetation found in the southern

cone of South America was carried out, using the cat-
egories mentioned above. We are aware that by using
different methodologies to obtain the data, they are
hardly comparable in a statistical fashion. Therefore, the
main objective of this review is to identify which species
have been measured and which flammability categories
would better represent those species. This will contrib-
ute to advancing the research by discussing and testing
whether or not there is a great difference in the flamma-
bility of native and non-native species in our region, as
it has been postulated (Taylor et al. 2017; Nuifiez et al.
2021). Finally, we identified and described the methods
that are commonly employed to determine plant flamma-
bility. We further expanded the discussion of the results
relating plant flammability with other relevant variables
such as moisture, plant chemistry, plant morphology, and
calorimetry.

Results and discussion

Search results

In the first search of the database, and using the key-
words “((“flammability”) OR (“flammable”) OR (“igni-
tion®’)) AND ((“vegetation”) OR (“species”’)) AND
((“native®’) OR (“non-native®’))’, a total of 189 scientific
articles were found in WOS and 180 in SCOPUS, totaling
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369 scientific articles. From this total, 152 articles were
excluded as duplicates, leaving 217 to analyze (Fig. 1).

After reviewing the title, abstract, and, in many cases,
the full text, (1) 69 articles were excluded for not focusing
on the flammability of plant species and (2) 96 articles
for not being related to direct methodologies to define
the flammability of the species. Finally, 53 articles were
included for the analysis in this review. It is relevant to
highlight that only 8 empirical articles were identified
and selected, addressing the comparison of flammability
between native and non-native species in the southern
cone region of America (Fig. 1a). Additionally, other arti-
cles were included for the respective discussions that may
be generated around the results.

For the publication frequency at different periods
(from 1990 to 2023), a considerable growth is noted in
the number of publications today over previous decades
(Fig. 2). Specifically, from 2015 on, the increase in publi-
cations related to the flammability of species is remark-
able. The data indicate that the first four periods analyzed
(from 1995 to 2014) concentrate 19% of publications,
whereas the last two (from 2015 to 2022) represent 81%
of the analyzed articles. This can be explained by (1) the
increase in forest fires in recent decades (Rasilla et al.
2010; Stetler et al. 2010; Jolly et al. 2015), (2) the develop-
ment of advanced technology to conduct specific experi-
ments (Hernéndez et al. 2018; Reszka et al. 2020), and (3)
the growing interest of the scientific community in inves-
tigating the role of vegetation in forest fires (Pausas et al.
2017).

Experimental flammability measurements

The experimental methods used to measure vegetation
flammability vary widely among the articles reviewed
(Table 1). For this review, a comparison was made
according to the type or methodology of flammability
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and samples used. Eight different methodologies were
found for the assessment of the flammability of veg-
etation (Table 2). The use of intense heat by radiation
stands out with the greatest frequency. In addition, it
has been observed that approximately 13% of the analy-
ses are based on the pyric properties of the plant spe-
cies. These properties refer to variables not determined
by flammability tests, meaning the absence of burn tri-
als, like those described by Anderson (1970), but are
inherent qualities of the species related to their flam-
mability potential. These qualities include moisture,
morphology, chemical composition, calorific value, and
others. The results obtained through these analyses are
sufficiently similar to those obtained by conventional
burning methods, as some articles have demonstrated
(Dimitrakopoulos 2001; Dibble et al. 2007; Ntoufas
et al. 2016; Blackhall and Raffaele 2019; Dewhirst et al.
2020; Guerrero et al. 2020; Murray et al. 2020).

The two most commonly used methods to evaluate
flammability were the epiradiator device and the Jau-
reguiberry method (Fig. 3). The epiradiator consists of
an electrical heating resistor that reaches a standard
surface temperature of 500 °C. The samples are placed
on a 10-cm diameter silica disk once the electrical
radiator is heated. In addition, a thermocouple (type
K, range 50-1000 °C) connected to a data logger is
placed 8 cm above the epiradiator disk to record flame
and heat temperature during complete combustion
(Blackhall and Raffaele 2019). This type of method was
used in 16 tests, where on 13 occasions, small leaves
and branches were used (Nuiez-Regueira et al. 1996;
Bianchi and Defosse 2015; Della Rocca et al. 2015;
Fenesi et al. 2016; Gibson et al. 2016; Essaghi et al.
2017; Ganteaume 2018; Bianchi et al. 2019; Blackhall
and Raffaele 2019; Guerrero et al. 2021, 2022; Batista
et al. 2021; Rosavec et al. 2022). The three remaining

Frequency of publications by period of years
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Table 2 Frequency of different part of the vegetation used for
the flammability trials in the studies considered in the review and
the proportion representation as percentage

Samples Count % of total
Leaves and branches 32 62.7%
Leaves and wood 1 2.0%
Shoots 12 21.6%
Trash 6 11.8%
Wood 1 2.0%

52 100.0%

tests used leaf litter as plant material combustion (Curt
et al. 2011; Kauf et al. 2015; Franzese et al. 2020). The
Jaureguiberry method (Jaureguiberry et al. 2011) con-
sists of an 85X 60 cm metal barrel cut in half, placed
horizontally, with part of the remaining half used as a
removable windbreak. Inside the barrel are three paral-
lel burners (80 cm long and 2.5 ¢cm in diameter) located
7 cm above the bottom of the barrel and 8 cm apart.
The grill is preheated to 150 °C then increases in tem-
perature until the plant material is ignited, approxi-
mately between 500 and 800 °C. This method was used
in 11 case studies where plant shoots under 70 cm high
were used (Jaureguiberry et al. 2011; Burger and Bond
2015; Calitz et al. 2015; Wyse et al. 2016; Cubino et al.
2018; Bianchi et al. 2019; Alam et al. 2020; Cui et al.
2020; Msweli et al. 2020; Kraaij et al. 2022; Potts et al.
2022).
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In addition to the methods described above, it is perti-
nent to mention two additional methods that have been
used in the assessment of the flammability of plant mate-
rial. However, by virtue of their relevance in the ecologi-
cal context, these methods were not found in the search
carried out in this review nor discussed further on. These
approaches, known as flash point analysis (FPA) and
calorimetric cone, reveal a more pronounced connec-
tion to the assessment of homogeneous combustible sub-
strates, particularly hydrocarbon derivatives (i.e., fuels).
These two methods are geared toward identifying the
critical temperature at which homogeneous fuels release
flammable vapors in sufficient quantity to sustain self-
sustaining combustion upon contact with an external
ignition source (Brohez et al. 2006; Quan et al. 2022; Park
and Yoon 2013).

With respect to the plant material used for the flam-
mability tests, it was found that whole leaves and small
branches (rachis) are the most frequently used in flam-
mability experiments, counting 31 studies where they use
this sampling method (Table 3). Additionally, many stud-
ies (12) also used plant shoots under 70 cm, including the
roots, stems, leaves, small branches, fruits, and flowers.
Finally, it is worth noting that the least used method and
plant material are the burning of wood/bark, as these
were reported in only 2 case studies (Massuque et al.
2021; Rasooli et al. 2021).

Another relevant aspect to discuss in the review is the
variability in drying time and temperature of the species
prior to the burning test. This ranges from species not

Fig. 3 Examples of some commonly used ignition methodologies. a Jaureguiberry method (Jaureguiberry et al. 2011). b Idealized Firebrand
Ignition Test (Hernandez et al. 2018). ¢ Direct ignition lighter (Fuentes-Ramirez et al. 2016). d Epiradiator method (Della Rocca et al. 2015)
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Table 3 Flammability classification of families studied in the southern cone of South America. LF low flammability, SF significantly
flammable, MF moderately flammable, FL lammable, HF high flammability, EF extremely flammable, fr absolute frequency

Family Flammability categories

fr

LF SF
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-
y
I
E
m
a

Anacardiaceae
Apiaceae
Araucariaceae
Berberidaceae
Celastraceae
Cupressaceae
Elaeocarpaceae
Fabaceae
Lauraceae
Myrtaceae
Nothofagaceae
Pinaceae
Poaceae
Proteaceae
Quillajaceae
Rosaceae
Salicaceae
Saxifragaceae
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subjected to any prior drying process to those dried at
120 °C. In terms of drying time, it is observed that this
varies from O h (no drying) to a maximum of 72 h. This
difference in the manipulation of the samples prior to
the flammability tests can cause a great difference in the
results because variables such as the moisture and ter-
pene content in the vegetation samples vary according to
the time and temperature to which they are exposed, and
both variables are highly correlated with the flammability
of the species (Bianchi and Defosse 2015; Guerrero et al.
2021, 2022; Popovi¢ et al. 2021).

It is also important to understand the limitations of
evaluating flammability in laboratory tests, which are
related to several factors that affect the accuracy of the
results. One of the main challenges lies in the difficulty of
faithfully replicating an evaluated sample, which may be
composed of various elements such as leaves, branches,
shoots, and other plant components. The complexity
of the structure and composition of an area covered by
vegetation, whether it consists of trees, shrubs, or herba-
ceous species, makes it difficult to accurately reproduce
the sample under laboratory conditions (Fernandes and
Cruz 2012). Natural ecosystems present a great diversity
in terms of the configuration of their vegetation, with
variations in the size, shape, density, and distribution of
the combustible elements (Pausas et al. 2017; Moreira
et al. 2020; Arroyo-Vargas et al. 2022). These factors

directly influence the propagation and maintenance of
the fire, being directly related to the flammability condi-
tions of the vegetation (Pausas and Keeley 2009; Pausas
2015; Pausas et al. 2017). As a result of these limitations,
any attempt to extrapolate the results obtained in the
laboratory to fires occurring in natural ecosystems is dif-
ficult (Fernandes and Cruz 2012).

It is important to recognize the need to address this
issue and to seek realistic and replicable approaches to
evaluate vegetation flammability. This means consider-
ing not only the properties intrinsic to the combustible
materials, but also their population size and structure,
interaction with the environment, and specific environ-
mental conditions (Reszka and Fuentes 2015; Fuentes-
Ramirez et al. 2016; Pausas et al. 2017). Furthermore, it
is fundamental to promote integrated research that com-
bines laboratory studies with field observations to obtain
a more advanced understanding of the factors that affect
the propagation of fire in natural ecosystems.

Differences in flammability between native and non-native
species in the southern cone

For the southern cone region, 8 scientific articles were
found that related directly to the potential difference in
flammability between native and non-native plant species
(Cobar-Carranza et al. 2014; Bianchi and Defosse 2015;
Blackhall and Raffaele 2019; Bianchi et al. 2019; Guerrero
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et al. 2020, 2021, 2022; Franzese et al. 2020). These stud-
ies mostly correspond to tests conducted in Argentina,
where many species have also been measured (24), for
which flammability methodologies employing epira-
diators and Jaureguiberry’s method (Jaureguiberry et al.
2011) were used. In Chile, there are also studies related
to the comparison of native and non-native species but
fewer, where only 10 species have been measured, of
which 5 are native and 5 are non-native.

Our results identified 20 tree species and 8 shrub spe-
cies, giving a total of 28 woody plants, of which 18 are
native to the southern cone (Chile and Argentina),
whereas the 10 remaining are non-native species, which
in their majority are highly invasive and abundant in
the region (Fuentes et al. 2020; Fuentes-Ramirez et al.
2010). For these 28 plant species, a total of 64 flammabil-
ity tests were analyzed, since in several cases, more than
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1 experiment per species was found (Table 4). In terms
of the testing frequency, the non-native species Pinus
radiata stands out (5 articles), and the most frequent
natives species are Chusquea culeou (4), Nothofagus
antartica (4), and Lomatia hirsuta (4).

Of all the experiments reported, 67% used native spe-
cies and 33% non-natives species of southern cone.
This unbalanced data, with different approaches makes
establishing a comparison between the different groups
complex and, even more so, knowing the different meth-
odologies employed to determine flammability. Thus,
showing the different results and identifying which spe-
cies have been studied in our study region is the first
step to develop further research and comparisons across
species. From tests conducted on native vegetation and
based on Valette (1990), 19% classify them as species of
low flammability; 23% slight flammability; 14% moderate

Table 4 Classification of flammability of the 28 species studied in the southern cone of South America, which included a total of
64 flammability tests performed. LF low flammability, SF significantly flammabl, MF moderately flammable, FL flammable, HF high
flammability, EF extremely flammable, fr absolute frequency, N native, NN non-native

Species Flammability categories fr
LF SF MF FL HF EF

Acacia dealbata (NN) 0 0 0 1 0 1 2
Acacia melanoxilon (NN) 0 0 0 1 0 0 1

Araucana araucaria (N) 2 0 0 0 0 0 2
Aristotelia chilensis (N) 1 1 0 0 0 0 2
Austrocedrus chilensis (N) 0 2 2 0 0 0 4
Berberis darwinii (N) 0 0 0 1 1 0 2
Chusquea culeou (N) 0 0 0 0 2 2 4
Cryptocarya alba (N) 0 0 0 0 0 1 1

Cytisus scoparius (NN) 0 1 0 0 0 0 1

Embothrium coccineum (N) 1 0 0 0 0 0 1

Eucalyptus globulus (NN) 0 0 0 0 0 2 2
Fabiana imbricata (N) 0 1 0 0 1 0 2
Lomatia hirsuta (N) 0 1 1 2 0 0 4
Maytenus boaria (N) 0 1 0 1 0 0 2
Mulinum spinosum (N) 0 1 0 0 0 1 2
Nothofagus antartica (N) 0 1 0 3 0 0 4
Nothofagus dombeyi (N) 1 0 0 0 2 0 3
Nothofagus pumilio (N) 0 0 0 2 0 0 2
Persea lingue (N) 0 1 0 0 0 0 1

Pinus contorta (NN) 0 1 0 0 2 0 3
Pinus ponderosa (NN) 0 0 0 0 2 0 2
Pinus radiata (NN) 0 1 1 0 2 1 5
Populus nigra (NN) 2 0 0 0 0 0 2
Pseudotsuga menziessi (NN) 1 0 0 0 1 0 2
Quillaeja saponaria (N) 0 0 1 0 0 0 1

Ribes magellanicum (N) 2 0 0 0 0 0 2
Rosa rubiginosa (NN) 0 0 1 0 0 0 1

Schinus patagonico (N) 1 1 2 0 0 0 4
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Fig.4 Categories of flammability of the different experiments and studies examined according to the geographical origin of the species being

tested

flammability; 21% flammable; 14% high flammability,
and 9% classify the native species as extremely flamma-
ble (Fig. 4). With respect to the experiments conducted
with non-native species, the results differ in their higher
categories of flammability, where 14% classified these
species as low flammability; 14% slightly flammable; 10%
moderately flammable; 10% flammable; 33% highly flam-
mable; and 19% extremely flammable (Fig. 4). According
to the above mentioned, it is inferred that native species
have lower flammability values compared to non-native
species. This may be explained because the non-native
species analyzed are almost entirely tree coniferous spe-
cies, and according to several studies, these species pre-
sent higher flammability traits, which could be the first
indication that geographic origin has an impact on the
flammability of a species. It is well known that coni-
fers have attributes in their morphology and physiology
that could be positively related with higher flammability
indexes, such as the shape of the leaf, internal chemical
compounds (i.e., resins), and other volatile chemicals
in this type of vegetation (Murray et al. 2013; Dewhirst
et al. 2020; Popovi¢ et al. 2021). This is important to con-
sider in the analysis since it could create an imbalance
when a contrast of flammability is made according to

the geographic origin of the species. In fact, the results
analyzed in this review revealed that native plant spe-
cies might be as flammable (or even more in some cases)
as non-native species, not supporting the generally-
accepted hypothesis that native species are less flamma-
ble than non-native species.

The native species of the southern cone that were
identified and classified exclusively in higher flamma-
bility indices (i.e., extreme, high, and flammable) were
Chusquea culeou, Cryptocarya alba, Mulinum spino-
sum, and Berberis darwinii (Fig. 5). By contrast, some
of the species that were exclusively in lower categories
(low, slightly, and moderately) were Araucaria arau-
cana, Aristotelia chilensis, Austrocedrus chilensis, Embo-
thrium coccineum, and Ribes magellanica. With respect
to the non-native species, Acacia dealbata, Eucalyptus
globulus, Pinus ponderosa, and Acacia melanoxylon were
cataloged exclusively in indices of greater flammability
(Fig. 5). Some of the non-native species cataloged exclu-
sively in indices of low flammability are Populus nigra,
Rosa rubiginosa, and Cytisus scoparius (Fig. 5). How-
ever, caution is advised when interpreting these results
as some species may present high or low flammability
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(right) flammability in the southern cone of South America

attributes depending how these were variables measured.
For instance, the non-native trees Pinus radiata, Pseu-
dotsuga menziessi, and native tree Nothofagus dombeyi,
which are classified as highly flammable (Bianchi et al.
2019), but other studies (using other methodologies)
classify these same species as being of low flammabil-
ity (Blackhall and Raffaele 2019; Franzese et al. 2020).
Thus, some approaches define a species to be flammable
only by measuring its ignition values, but discarding all
the variables, since a species may ignite very fast, but its
combustion may be slow and not as hot, decreasing its
flammability values (Murray et al. 2020). Furthermore,
these results again indicate that leaf morphology would
have a greater influence on leaf flammability than the
geographic origin, which does not seem to be strongly
related to the level of flammability of vegetation (i.e.,
thicker leaves seem to be present in a higher scale of
flammability than species with thinner leaves).

Another way to analyze and discuss the results is
by using the families of the studied species, where 19
families were analyzed (Table 2). Pinaceae was the

botanical family with the greatest frequency in the
tests, present in 12 articles, of which 8 classified the
species with higher flammability indices. The family
Nothofagaceae, which is the most relevant from the
forest point of view in the southern cone (i.e., Chile
and Argentina), also had a large number of reported
tests, with a total of 9, of which 7 cataloged the species
with higher flammability indices. It must be empha-
sized that in this case, all the species belonging to the
family Pinaceae correspond to non-native species,
and Nothofagaceae are all native species. This result
is relevant because it indicates that families that have
exclusive native and non-native species, in both cases
most of the species exhibit high flammable indexes,
being the geographical origin factor irrelevant in this
point, since it would be expected that species belong-
ing to the Nothofagaceae family would present a lower
number of flammable species because they are native,
which is not the case.

These results do not allow us to determine unequivo-
cally if there are significant differences with respect to
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the flammability of the vegetation due exclusively to
their geographic origin, since both the non-native and
native vegetation have species classified in extreme
flammability indices, as well as low flammability. In
addition, to make a fair comparison, all the species
should be evaluated using the same methodology (see
Table 4). We found that there is a high variability in the
methods to evaluate flammability, yielding very con-
trasting results for the same species (Table 1). There-
fore, to have the benefit of comparing the findings for
different species and in various countries/ecosystems
worldwide, certain standard criteria must be proposed
for the implementation of flammability experiments.

Flammability and pyric properties

The articles reviewed indicate that the ignitability of
vegetation is the most used variable in tests (88%), fol-
lowed by combustibility (69%), sustainability (51%), and,
finally, the least measured variable in flammability tests,
consumability (37%) (Table 5). These results show a great
deal of variability in the features measured in flammabil-
ity trials, which in some case oversimplify the classifi-
cation of vegetation using only one or two variables. In
fact, several authors define flammability as being deter-
mined mainly by the percentage of moisture present in
the sample and that the other components of flammabil-
ity are more related to the characteristics of the species
in question (Curt et al. 2011; Murray et al. 2013; Bianchi
and Defosse 2015; Popovi¢ et al. 2021). Due to these dis-
crepancies (both methodological and conceptual), this
review recommends that when performing flammabil-
ity tests, all or most of the variables that define the flam-
mability concept (Anderson 1970; Martin et al. 1993)
should be evaluated. Each of these variables provides rel-
evant information when cataloging a species according
to its degree of flammability and makes possible a more
objective comparison between different species and dif-
ferent places/ecosystems in the world. It is important to
emphasize the need for standardized protocols to deter-
mine in the first instance the probability of ignition and
fire spread through flammability experiments. The main
objective of this standardization is to produce compara-
ble and consistent results in similar geographic areas that
share comparable climatic and environmental variables.
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Establishing a more standardized methodology better
ensures that flammability assessments are consistent and
comparable across locations and species. This will gener-
ate reliable data to understand and address the risks of
forest fires and other events related to the combustion of
vegetation in different ecosystems.

With respect to the pyric properties of the vegetation,
which go together with the flammability tests (Popovi¢
et al. 2021), the moisture content of the biomass is the
most considered variable in flammability tests (80%).
This is followed to a lesser extent by the morphological
attributes of the plants (41%), which primarily consider
the length, height, and leaf width. Finally, calorimetry/
calorific value tests and chemical analyses of the veg-
etation are the least used (29% and 27%, respectively).
Several studies show that moisture (Fletcher et al. 2007;
Bianchi and Defosse 2015; Livingston and Varner 2016;
Bianchi et al. 2019) and the morphology of the vegetation
(Dimitrakopoulos 2001; Curt et al. 2011; Kauf et al. 2015;
Mason et al. 2016; Ganteaume 2018) are highly relevant
when studying flammability, especially moisture, since it
will be decisive of the time and frequency of ignition of
the different species (Fletcher et al. 2007; Shan et al. 2008;
Herndndez et al. 2018; Safdari et al. 2018; Rosavec et al.
2022). With respect to the chemical analyses, although
they are related to flammability, this happens with spe-
cific vegetation (i.e., that have high contents of secondary
metabolites, phenols, terpenes, and others); therefore, it
cannot be generalized for all species (Liodakis et al. 2002;
Alam et al. 2020; Dewhirst et al. 2020; Guerrero et al.
2021, 2022).

Concluding remarks

This review shed light on the flammability features of
native and non-native plant species of the southern cone
of South America. It is one of the first systematization
attempts to discuss this topic, and by means of the vari-
ous analyses presented above, we can conclude that the
geographic origin of plant species does not necessarily
determine the degree of flammability of the species, as
this might depend on other much more relevant vari-
ables, such as type of fuel, moisture content, and internal
chemical compounds in plant tissues. Although it is dif-
ficult to compare the different species because the data

Table 5 Number and percentage of flammability tests with the variables that make up the concept of flammability. Igni ignition, Cons
consumability, Comb combustibility, Sust sustainability, Mois moisture, Chem chemistry, Morp morphology, Cal. calorimetry

Measurements

Igni Cons Comb Sust Mois Chem Morf Cal
Total 45 19 35 26 42 15 21 16
Percentage 88% 37% 69% 51% 82% 29% 41% 31%
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analyzed in this review are collected by different method-
ologies, a trend can be indeed observed, which does not
relate the flammability to the geographical origin of the
species.

The synthesis of this review revealed that the evalua-
tion of the flammability of woody plant species is carried
out by different methods. Among them, the methodol-
ogy of Jaureguiberry and the use of epiradiators are the
more frequent procedures for assessing ignitions. How-
ever, the lack of consistency was noted in the results
of the studies that use the same methodology, which
makes it difficult to generalize the results, interpret
them correctly, or compare them with similar studies.
These discrepancies limit the scope of this review as it
can cause confusion in the interpretation of the results
and limit the ability to establish predictions beyond the
experimental laboratory scale. We believe, however, that
it is relevant to approach this issue and move forward
by unifying criteria and standardizing the measurement
protocols, so that we can conduct comparative studies
to generate more extensive and more reliable databases
with a scientific foundation, both globally and within
areas with vegetation and geographic characteristics
similar to those of the area considered in this review.

We believe that it is essential to coin a concept of
flammability that is linked to fires, particularly with
what is currently happening in the southern cone of
South America, where these fires originate mostly
due to human related ignitions, whether accidental or
intentional. What can really vary is the sustainability,
combustibility and consumability of the affected veg-
etation and thus, its ability to spread fire. The challenge
here is to move forward into a more complete charac-
terization of fuel properties at the community scale,
with both field and lab-based approaches. Therefore,
vegetation variables related to fire (i.e., flammability)
must be taken into account when deciding which spe-
cies are the most useful for forest landscape planning
aiming at creating less-fire-prone environments. These
advances are expected to provide greater uniformity of
results, improve our understanding of the flammabil-
ity of woody plant species, and strengthen the basis for
more effective forest fire management and prevention.
This will enable informed decision-making supported
by scientific evidence for better forest planning, fire
prevention, and fuel management, specially within the
wildland-urban interface zones around populated areas.
Finally, the need for more exhaustive and comparative
studies between native and non-native vegetation is
highlighted in this review to better understand the flam-
mability features of the vegetation in the southern cone
of South America within the global context of increased
wildfires.
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