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Summary

1. We live on a flammable planet yet there is little consensus on the origin and evolution of
flammability in our flora.

2. We argue that part of the problem lies in the concept of flammability, which should not be viewed
as a single quantitative trait or metric. Rather, we propose that flammability has three major dimensions
that are not necessarily correlated: ignitability, heat release and fire spread rate. These major axes of
variation are controlled by different plant traits and have differing ecological impacts during fire.

3. At the individual plant scale, these traits define three flammability strategies observed in fire-
prone ecosystems: the non-flammable, the fast-flammable and the hot-flammable strategy (with low
ignitability, high flame spread rate and high heat release, respectively). These strategies increase the
survival or reproduction under recurrent fires, and thus, plants in fire-prone ecosystems benefit from
acquiring one of them; they represent different (alternative) ways to live under recurrent fires.

4. Synthesis. This novel framework based on different flammability strategies helps us to understand
variability in flammability across scales, and provides a basis for further research.
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Introduction

We live on a flammable planet where most terrestrial plants can
burn under the right climatic conditions and many regions burn
recurrently (Pausas & Keeley 2009; Krawchuk & Moritz 2011;
Pausas & Ribeiro 2013). The flammability of our landscapes is
sensitive to global change drivers (such as temperature and pre-
cipitation changes, fragmentation, biological invasion and CO,
concentration) and there is evidence of important changes in
flammability throughout geological time that affected the
assembly of communities (Keeley & Rundel 2005; Bond &
Scott 2010; Pausas & Keeley 2014a). However, there is little
consensus on the role of this biological characteristic on the
ecology and evolution of our biota (Keeley er al. 2011; Bow-
man, French & Prior 2014). One of the problems lies in the
concept of flammability. In general, flammability can be
defined as the capacity for plant biomass to burn, that is, to start
and sustain a flame (Box 1). However, ecosystem fires are
dependent on more than just particular plants igniting and sus-
taining a flame and rely on multiple factors that contribute to
fire spread. Further complicating matters, there is not a single
definition that captures variability in plant flammability and
various authors have used this concept in different ways.

*Correspondence author. E-mail: juli.g.pausas@uv.es

The evolution of flammability was first proposed at the
community scale, suggesting that ‘fire-dependent plant com-
munities burn more readily than non-fire-dependent commu-
nities because natural selection has favoured development of
characteristics that make them more flammable’ (Mutch
1970). This hypothesis was strongly criticised, mainly for
being group selectionist and for lacking a link between
enhanced flammability and fitness (Snyder 1984; Christensen
1985; Troumbis & Trabaud 1989). More recent analyses
have demonstrated that the evolution of plant flammability
can be explained within the context of increased fitness
(Bond & Midgley 1995; Kerr et al. 1999; Schwilk & Kerr
2002; Gagnon et al. 2010). However, we believe that further
progress in this area requires greater clarity on what flamma-
bility is and how it is measured. In the present paper, we
argue that ‘flammability’ should not be viewed as a single
quantitative trait or metric, but rather it is a group of plant
characteristic that influence fire probability and behaviour,
and that can be measured with different metrics and at dif-
ferent scales (e.g. Pausas et al. 2012; Simpson et al. 2016)
and for different fuels (e.g. canopy vs. litter fuels). Under-
standing this is critically important because neither the dif-
ferent flammability metrics nor the flammability at different
scales are necessarily correlated. Previous research has pro-
posed that flammability has different components such as
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ignitibility, combustibility, sustainability and consumability
(e.g. Anderson 1970; Behm er al. 2004; Gill & Zylstra
2005; for definitions, see Box 1); however, they fail to
frame these components in a unified ecological and evolu-
tionary context, and empirical evidence does not support
viewing these as independent axes. We propose that flamma-
bility has three major dimensions (Fig. 1), one associated
with ignitability, another with flame spread rate (or rate of
heat release) and another with heat released (standardised to
fuel load); these dimensions explain the chance of burning
given an ignition, and the different ways in which plant bio-
mass can burn (e.g. slow vs. fast and high intensity vs. low
intensity). These major axes of variation are controlled by
different plant traits and have differing ecological impacts
during fire. For example, the first axis determines the proba-
bility of ignition, the second is associated with the area
burned, and the third is often associated with smouldering
combustion and influences plant tissue damage and soil heat-
ing. For a given scale, these parameters can be independent
of one another or even negatively related (e.g. Engber &
Varner 2012; Magalhaes & Schwilk 2012; Pausas & Moreira
2012; Cornwell et al. 2015). We propose that at the plant
scale, these axes define three flammability syndromes, and
because they have consequences for survival and reproduc-
tion under recurrent fires, they are likely to be adaptive
strategies for persisting in fire-prone ecosystems (Fig. 1,
Table 1). These strategies provide a novel framework for
understanding variability in plant flammability.

Flammability strategies

Flammability is, of course, strongly dependent on moisture;
however, for a given moisture level, there are plant traits that
can enhance or reduce flammability. These flammability mod-
ifiers are scale dependent (Table 2). At the smallest scale,
flammability depends on the size, thickness and shape of the
organ (leaves and twigs) and on the tissue composition — such
as the presence of organs that accumulate volatile organic
compounds (VOCs), the lignin concentration and the dry mat-
ter contents (Ormeno et al. 2009; Pérez-Harguindeguy ef al.
2013; Pausas et al. 2016). At this scale, flammability can be
assessed directly by laboratory flammability tests (i.e. investi-
gating how easily the organ under study burns when subject
to an experimental heat source), or by investigating the speci-
fic relevant components (VOCs contents, lignin concentration,
calorific value, DMC, etc.; e.g. Engber & Varner 2012; Pau-
sas et al. 2016). However, this small-scale flammability does
not necessarily predict how well a plant burns under field
conditions because other plant characteristics may be relevant.
For instance, at the individual level, the amount of standing
dead biomass and plant structural traits (e.g. canopy bulk den-
sity, the continuity of the fuels across the plant and the
branching pattern; Table 2) can influence plant flammability,
especially the flame spread rate and heat release.

We propose that there are several plant flammability strate-
gies that are selected under different evolutionary contexts;
these strategies confer fitness benefits to plants living under

Box 1
Basic flammability concepts

Bulk density: Mass of the fuel per unit of volume (g cm ),
e.g. dry weight of plant per volume occupied. See also
packing ratio below.

Combustibility (rate of combustion): How well a material
burns; it can be measured as the weight loss during
combustion (mass loss rate; g s~ h. It is correlated with
flame spread rate.

Consumability: The proportion of fuel consumed, which is
correlated with the heat release (see below).

Fine fuel: The most available fuel for fire, typically includes
leaves and twigs of less than 6 mm of diameter. The other
fuels are often called coarse fuels.

Flammability: A general term for the ability to burn, that is,
to start and sustain a flame. It refers to a set of plant
characteristic that influence fire probability and behaviour.
Flammability has three main axes of variation: ignitability,
heat release and flame spread rate (Fig. 1). These terms
define the different ways plant biomass burns.

Fuel loading: Plant biomass per unit of area (g m %);
usually refers to fine fuel.

Heat release: Energy released as heat (kJ g~ ') which can
be measured with a calorimeter. It is often estimated as the
area below the time—temperature curve during the burning
divided by the sample biomass (°C per time per g).

Ignitability: Ability to start a fire. It can be measured as the
time needed to start ignition once the material is exposed to
a heat source (time-to-ignition or ignition delay time, in
seconds), or as the probability of ignition given an ignition
source (e.g. spark).

Packing ratio: The proportion of the space occupied by the
plant (or litter) (cm® cm ™). The opposite is porosity.

Rate of spread (flame spread rate): Speed of fire
(distance/time), i.e. the time interval between flaming front
passage at two points.

Residence time: Time the heating is above a temperature
threshold at a given point.

Sustainability (burning time): Amount of time that the
combustion is sustained; it can be restricted to the flame
duration, or it can also include the smouldering phase.

recurrent fires. They correspond to variations in flammability
at both the organ and individual levels because they are the
scales that can be modified by natural selection. Specifically,
we propose three general flammability strategies in species
living in fire-prone ecosystems (Fig. 1, Table 1): the non-
flammable, the fast-flammable and the hot-flammable strategy.
As we will see below, the first and the second increase plant
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Fig. 1. Conceptual model describing the three plant flammability strategies in fire-prone ecosystems (a and b). The non-flammable strategy refers
to plants that do not burn (or rarely) in natural conditions despite living in fire-prone ecosystems: this is because they have biomass with very
low ignitability (low flammability at the organ scale, Tables 1 and 2) or because their plant structure does not allow the ignition of the biomass
(low flammability at the individual scale). The hot- and the fast-flammable strategies refer to flammable plants with contrasted heat release
(kJ g’]; Box 1) and spread rate (m min~"). While many plants fall at intermediate levels of these axes (i.e. the null model for flammability),
plants in fire-prone ecosystems benefit from being at the extremes, forming the three flammability strategies considered in this review (Table 1).
Note that some species may show different strategies at the different scales which can also be adaptive (e.g. fire-tolerator pines fit in the non-

flammable strategy despite having fast-flammable needles; see main text). [Colour figure can be viewed at wileyonlinelibrary.com]

Table 1. Main fuel and plant characteristics for the three flammability strategies of plants living in fire-prone ecosystems

Flammability strategy

Non-flammable Fast-flammable

Hot-flammable

Fuel characteristics

Standing dead biomass Low High High
Bulk density Low Low Moderate-High
Fine:coarse fuel ratio Low High Moderate
Fuel continuity Low High High
Leaves or branch tips Thick Thin Thin
Branching Low - High
Fire effects Unaffected Burnt, survival Burnt, often high mortality
Fitness benefits Survival Survival, clonal spread, enhanced flowering Fire-stimulated germination or dispersal
Regeneration Fire-independent Resprouting, enhanced growth and flowering High post-fire recruitment
Examples Woody species in Grasstrees (e.g. Xanthorrhea, Kingia; Post-fire seeders (Fig. 1b),
grass-fuelled fire Fig. lc), fire-promoting grasses including serotionus plants
ecosystems (Fig. 1a)
survival, while the latter enhance post-fire recruitment example of this strategy at the individual scale are pines that
(Table 1). self-prune their lower branches (i.e. increasing the fuel gap

THE NON-FLAMMABLE STRATEGY

Some plants, despite living in fire-prone ecosystems, rarely
burn. This is because they have characteristics that result in
low tissue flammability (low ignitability) and/or low spread
rate and heat release at the individual scale (e.g. a non-flam-
mable plant architecture); this low flammability enables the
plant to thrive in a highly flammable community. For
instance, grasslands and savannas are fuel beds of very flam-
mable plants where low intensity fire moves quickly (grass-
fuelled surface fires). In these conditions, reducing flammabil-
ity of woody species may confer fitness benefits as it allows
woody plants to enter flammable communities (Fig. 2a). An

between the forest floor and the canopy) to avoid understorey
fires reaching their crowns (Pausas 2015a); in this case, the
low tree flammability is coupled with thick basal bark to
resist understorey fires (Keeley & Zedler 1998; Schwilk &
Ackerly 2001; Pausas 2015a,b). Other species reduce flamma-
bility at a smaller scale (organs). This is the case of several
woody species living in highly flammable savannas that have
few non-flammable thick corky branches, and large leaves
with very high leaf mass per area (Fig. 2a; Dantas, Batalha &
Pausas 2013). Extreme examples of non-flammable plants
may include several succulent plants from fire-prone ecosys-
tems (Givnish, McDiarmid & Buck 1986; Thomas 1991); in
some cases, succulent leaves or leaf bases protect meristems
in a similar manner to thick corky bark in trees (Bond 1983;
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Thomas 1991; Cousins, Witkowski & Pfab 2016). The persis-
tence of slow-growing non-resprouting conifers (Callitris,
Juniperus) in highly flammable landscapes (eucalypt forests,
grasslands) has also been explained by the low flammability
of their canopy (Trauernicht et al. 2012) or litter (Twidwell
et al. 2013a,b).

Table 2. Example of factors determining plant flammability at differ-
ent scales. These factors are cumulative from the smallest scale (or-
gans) to the largest (regional) scale. For some quantitative factors,
signs in square brackets refer to the main directional effect on a
flammability axis (I = ignitability axis, H = heat axis, S = spread rate
axis)

Scale Factors

Organ VOCs [I+], lignin [H+], C:N ratio [H+],
mineral contents [H+], SLA [S+],
DMC [H+], thickness [IS—], size

[canopy: S—, litter: S+], shape

Individual Plant architecture (branching pattern, biomass
distribution), canopy bulk density [H+],
litter bulk density [S—], branch diameter
distribution, dead branch retention [TH+]

Population Age, dead individuals [THS+], litter, spatial
pattern

Community Composition, time since fire

Landscape Topography, nutrients

Ecoregion Climate, productivity

VOCs, volatile organic compounds; SLA, specific leaf area; DMC,
dry matter contents.

In all these cases, the low flammability of the plant confers
survival in fire-prone ecosystems, and these species can enter
into flammable communities only because they are little
affected by the frequent fires in their ecosystem. The reduced
flammability allows them to survive and reproduce throughout
multiple fire cycles (polypyric species sensu Pausas & Keeley
2014b) without being significantly affected by fire. However,
research on the selection of non-flammable traits in fire-prone
ecosystems is still needed.

THE FAST-FLAMMABLE STRATEGY

Some plants living in fire-prone ecosystems have traits that
make them ignite easily and burn quickly, and thus they gen-
erate fires with high spread rate (i.e. high rate of heat release)
but with a relatively low overall heat release. There is evi-
dence that having traits conferring fast-flammability increases
fitness because it decreases fire-residence time and the heat
shock to the meristems and roots of the plant (Gagnon et al.
2010). This strategy is typical of plants that burn during fire
(as opposed to non-flammable plants) but survive; the buds
are preserved undamaged. This strategy is typical of some
grasstrees (Xanthorrhea, some Dasylirion) as they have thin
highly ignitable leaves and often retain dead leaves; it is also
found in some pines at the young stage (pines with the
‘grass-stage’, Keeley & Zedler 1998; Pausas 2015a). This
strategy is sometimes linked to post-fire-stimulated flowering
as in some Xanthorrhea species from Australia (Fig. 2c;
Lamont, Wittkuhn & Korczynskyj 2004); that is, the light fire

Fig. 2. Examples of species with different
flammability strategies. (a) A non-flammable
plant (Palicourea rigida, Rubiaceae) living in
an ecosystem dominated by fast-flammable
grasses in a Brazilian savanna (cerrado); note
the large and thick leaves and a trunk and
branches covered by a thick non-flammable
corky bark. (b) A hot-flammable plant (Ulex
parviflorus, Fabaceae) in a Mediterranean
shrubland of eastern Spain; note its fine
biomass, the high bulk density and the high
amount of standing dead biomass. (c) A
recently burnt fast-flammable plant (Xanthor-
roea preissi, Xanthorrhoeaceae) in Australia;
note the fine leaves and the post-fire flowering;
this species accumulates dead leaves that
facilitate burning (not shown in the picture
because they were consumed by the recent
fire). (d) A forest gap of a frequently burned
pine woodland in Florida that shows a fast-
flammable (grassy) understorey together with
pines (Pinus palustris) that have fast-
flammable needles but the trees grow quick,
and they self-prune the lower branches and
thus become non-flammable (photos a, b, d by
J.G. Pausas, ¢ by B.B. Lamont). [Colour figure
can be viewed at wileyonlinelibrary.com]
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not only does not kill buds but it also breaks the dormancy of
floral buds.

Fire-promoting grasses also fit in this category as they burn
very easily and quickly, that is, with higher ignitability and
fire spread rates than woody plants (Simpson et al. 2016),
and with lower heat release. Many of these grasses grow very
quickly during the wet season and produce a large amount of
very fine biomass. Fast-flammable fuel beds are the cradle for
the evolution of non-flammable woody species, and thus they
often coexist (Fig. 2a). However, grasses are always rela-
tively fast-flammable (non-woody), and currently there is
only weak evidence of increasing fast-flammability associated
with fitness benefits. One line of evidence is the linkage
between flammability and post-fire success in savanna grass-
lands (Ripley er al. 2015). Given that grasses have their
meristems at the leaf base, they benefit from a fast fire
because it stimulates new growth (and often increase flower-
ing, e.g. Caturla er al. 2000); fast fires also enable clonal
spread by opening resource space (critical because tillers are
often shade-intolerant; Everson, Everson & Tainton 1988)
without affecting growth tissues. Invasion ecology research
provides many lines of evidence that suggest that disturbance
favours flammable grasses (D’Antonio & Vitousek 1992; Gri-
gulis er al. 2005; Pausas & Keeley 2014a). There is some
research on the interspecific variability of flammability in
grasses (Simpson et al. 2016); however, research on the
selection of flammability traits (intraspecific) and their fitness
benefits is still lacking.

THE HOT-FLAMMABLE STRATEGY

Some flammable plants produce fires that generate high tem-
peratures with high residence time (high heat release). These
species do not rely on survival as the fires they generate are
lethal to themselves, but their offspring make use of the
newly available space and favourable post-fire conditions (i.e.
a niche construction mechanism, Box 2); examples include
many mediterranean-climate post-fire seeders (e.g. Keeley
et al. 2012).

The kill-thy-neighbour hypothesis (Bond & Midgley 1995)
is a possible mechanism underlying the evolution of the hot-
flammable strategy. Under this hypothesis, traits conferring
hot-flammability could be favoured in individuals if the ele-
vated flammability creates hot fires that increase the mortality
of neighbours, and thus open space for recruitment opportuni-
ties of the flammable individual’s offspring. For this flamma-
bility strategy to evolve, it needs to be linked to efficient
post-fire recruitment (Bond & Midgley 1995; Kerr et al
1999; Pausas & Moreira 2012), and thus is especially relevant
in species that form a fire-resistant seed bank in the soil or
canopy (serotiny) because fire enhances their recruitment. In
these cases, massive post-fire recruitment generates a high-
density cohort that may benefit from the killing of conspecific
neighbours. Invasion ecology also shows examples of increas-
ing species dominance under certain recurrent disturbances
(D’Antonio & Vitousek 1992; Grigulis et al. 2005) that may
enable the kill-thy-neighbour process to act. Even if there is
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Box 2
Flammability as a niche construction mechanism

Many organisms modify their environment and, when these
modifications have evolutionary consequences, we call this
process ‘niche construction’ (Laland, Odling-Smee &
Feldman 1999). Flammability is a clear example of a niche
construction mechanism, as it determines the fire regime,
which in turn selects for a set of persistence and regener-
ation traits (Keeley et al. 2011). In fact, flammability and
other plant traits have evolved in a correlated manner. For
instance, hot-flammable crowns evolved concomitantly with
serotiny (e.g. in pines; Schwilk & Ackerly 2001; He et al.
2012), or with seed traits for heat resistance (e.g. in
mediterranean post-fire seeders; Pausas & Moreira 2012).
However, niche construction not only refers to the modi-
fications of their own niche, as in the cases just mentioned,
but also to the modification of the niche of other coexisting
species (ecological spillovers). For instance, the expansion
of high flammable grasses in tropical biomes drove the
evolution of a range of traits in coexisting woody species,
including thick barks (Pausas 2015b), different bud protec-
tion mechanisms (Bond 1983; Maurin et al. 2014; Charles-
Dominique et al. 2015), and traits conferring low flamma-
bility such as self-pruning in pines (Keeley & Zedler 1998;
He et al. 2012) or corky twigs and large thick leaves in
cerrado trees (Fig. 2a, Dantas, Batalha & Pausas 2013).
Given that fires spread to most plants of the community, all
species in flammable communities need to adapt to the fire
regime, by evolving traits either to resist fire (e.g. thick
bark, resprouting), to escape from the fire (e.g. non-
flammable strategy) or to quickly recruit after fire (e.g.
post-fire seeders).

no direct fitness benefit (fire-enhanced recruitment), simula-
tion models also suggest that flammability can evolve based
on gap dynamics (e.g. in non-resprouters with limited gene
flow; Schwilk & Kerr 2002). Certainly, there may be plants,
often in non-fire-prone ecosystems, with apparent high
flammability that do not have high post-fire recruitment, and
the populations are too widely spaced for the kill-thy-neigh-
bour hypothesis to operate. In such cases, flammability might
require an alternative (fire-independent) explanation.
Consistent with the existence of the hot-flammability strat-
egy is the macro-evolutionary correlation between pines that
retain their lower branches (generating a vertical continuity of
fuels that produce hot fires) and serotiny (accumulation of a
canopy seed bank that is released after fire) (Keeley & Zedler
1998; Schwilk & Ackerly 2001; He er al. 2012). In fact,
changes in individual flammability in pines is a key parameter
that drive fires to the understorey (species that self-prune
lower branches; non-flammability strategy) or to the crowns
(species with branch retention; hot-flammability strategy), and
these two contrasted strategies have appeared very early in
the evolution of pines (He er al. 2012; Pausas 2015a). Recent
micro-evolutionary studies also show field and genetic
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evidence suggesting that recurrent fires can increase heat
release and maximum temperatures in an obligate seeder
shrub in which hot fires stimulate recruitment (Pausas & Mor-
eira 2012; Pausas et al. 2012; Moreira, Castellanos & Pausas
2014).

Flammability across scales

As described above, the main flammability strategies of plants
can be driven by changes in flammability at the small (organ)
scale and/or at individual scale. Some species may have simi-
lar flammability at different scales (e.g. Pausas et al. 2012),
while in others, flammability may differ with scale. For
instance, some Banksia species in Australia concentrate their
hot-flammable organs next to the serotinous cones (retention
of dead florets), which ensures cone opening during fire
(Lamont & Cowling 1984; He, Lamont & Downes 2011).
The most clear-cut example of different flammabilities across
scales is the case of pines with the fire-tolerator syndrome
(Pausas 2015a) because they have a non-flammable strategy
(at the plant level) despite their flammable leaves (Fig. 2d).
These pines generate fast-flammable litter with low packing
ratio (e.g. thin and large leaves) that enhance understorey (lit-
ter-driven) fires (Varner et al. 2015). The low flammability at
the individual level prevents understorey fires from reaching
the crowns (e.g. self-pruning pines; Pausas 2015a). This strat-
egy often occurs in high productivity environments, where lit-
ter production and accumulation is high and could limit seed
germination of the tree. Thus, the benefit for the tree is that
quick fires remove the litter and so generate an ideal bed for
the success of their offspring, without generating high inten-
sity fires that could damage their own stem. Some pine spe-
cies have the additional benefit of having a fast-flammable
early stage (the ‘grass-stage’; Keeley & Zedler 1998; Pausas
2015a) that allow them to survive fires at the sapling stage,
ie. before growing taller than the flame height (Fig. 2d).
Congeneric comparisons of litter flammability among pines
and oaks (Fonda 2001; Kane, Varner & Hiers 2008) and com-
parisons among coexisting species (Scarff & Westoby 2006;
Magalhaes & Schwilk 2012) support the existence of species
with different litter flammabilities, and those with a faster
flammable litter are mostly living in understorey-fire ecosys-
tems. Overall, these examples suggest that acquiring different
flammability attributes at different scales can also be adaptive.

The evolution of the different flammability strategies is
based on how individual plants burn; however, fires spread
across populations, communities and landscapes, and thus it
is also important to consider the flammability concept above
the individual scale in order to accurately describe ecological
processes related to flammability and fire behaviour (Table 2).
Fire spread is influenced by the composition, structure and
fuel load of the community and thus highly flammable species
juxtaposed with non-flammable species may not gain a
flammability advantage if fire never reaches them. The num-
ber of dead individuals, plant density, the proportion of grass
and woody fuels, the amount of litter, the individual fuel
load, or the flammability of the coexisting species, are all

components of flammability at the community scale. Many of
these characteristics are influenced by age or time since the
most recent fire. The three flammability types mentioned
above (Fig. 1) may also be translated at this scale: there are
non-flammable communities (e.g. closed forests), fast-flam-
mable communities where fires spread quickly (e.g. tropical
grasslands) and hot-flammable communities with high heat
release (ecosystems with woody-fuelled fires such as mediter-
ranean shrublands dominated by post-fire seeder species).
These different communities may appear in different environ-
mental conditions, but they may also appear in the same envi-
ronment and maintained by different feedback processes
(Box 3).

Topography and soil nutrients are also important drivers of
flammability at the landscape scale, because topographic
depressions may be enough to locally increase moisture and
so directly reduce flammability and thereby enable the growth
of less flammable plants (e.g. broad-leaved species that shade
out flammable grasses). Patches of high nutrient soils may
trigger a similar shift in vegetation composition and flamma-
bility (Hoffmann ef al. 2012). Examples of communities with
contrasted flammability living in a given climate are observed
in many biomes (Box 3). Climate also plays a role in deter-
mining flammability at a regional scale (Pausas & Ribeiro
2013), and is strongly linked to long-term fire regimes, that
is, the regimes to which the species are adapted.

Fire spread is also influenced by traits that promote spot
fires, and this can be due to characteristics that affect the
ember production that spread fires kilometres ahead of the fire
front (Koo et al. 2010; Hall et al. 2015), as well as traits that
favour the ignition of embers where they fall. Some traits
such as shaggy bark on some eucalypts have been postulated
to have a potentially adaptive advantage by increasing ember
production (Jackson 1968). In forests, it is generally under-
stood that spot fires ignite when embers land on dead surface
fuels. However, embers can ignite in shrub canopies with suf-
ficient fine dead fuels. One trait that might be thought of as
an ‘ember-catcher’ is the dead floral displays of the chaparral
shrub Adenostoma fasciculatum (Fig. 3). Floral clusters often
dominate the upper canopy of these shrubs, and in late sum-
mer, they dry down to masses of very fine dead fuels that
persist into the autumn fire season. Much more research and
thought needs to be given to this aspect of flammability.

Given the multiscale nature of flammability (Table 2), it is
interesting to ask, ‘To what extent can we predict flammabil-
ity at one scale with information from another scale?” For
example, how much variability in flammability at the regional
or landscape scale is explained by the flammability at the tis-
sue or individual scale? In many ecosystems, there is a con-
sistency across scales. For example, many shrublands of the
Mediterranean Basin are flammable from the smallest scale
(e.g. many species are rich in VOCs, have small leaves, retain
dead biomass, etc.) to individuals, communities and land-
scapes (Pausas er al. 2012, 2016). In a very different fire
regime, leaf length explains a significant proportion of the
variability in surface fire severity in Californian mixed conifer
forests (Schwilk & Caprio 2011), suggesting that upscaling is
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Box 3
Flammability-driven alternative vegetation states

For a given environmental condition, it is often possible to
find alternative vegetation types with contrasted flammabil-
ity that are maintained by different fire regimes. The
different flammability of alternative communities generate
different fire feedback processes that maintain contrasted
vegetation types with clear boundaries in a given environ-
ment; fire exclusion blurs this structure. This has been well
documented in tropical landscapes (Bond, Woodward &
Midgley 2005; Dantas et al. 2016) that are often mosaics of
at least two alternative states — savannas and forests — with
distinct structures and functions and sharp boundaries.
While savannas are subject to frequent grass-fuelled fires
(fire-prone, fast-flammable or pyrophilic ecosystems),
forests rarely burn (fire-free, non-flammable or pyrophobic
ecosystems). This strong contrast is because savannas are
open ecosystems dominated by highly flammable grasses
(fast-flammable), while closed forests inhibit grass fuels and
generate microclimatic conditions less conducive to fire.
Topography may also determine different vegetation types,
but topographic differences are not necessary because
micro-scale spatial differences, or temporal windows with
longer fire intervals at local scales (wet periods), may
enhance the growth of trees and start the negative feedback
process of inhibiting fire conditions — and thus abruptly
cause a switch from an open to a closed ecosystem.
Similarly, some low frequency events (e.g. extreme
droughts) can favour a light fire in a forest and feed back
to increase flammability and causes a switch to a savanna
(Hoftmann et al. 2012; Murphy & Bowman 2012; Dantas,
Batalha & Pausas 2013; Dantas et al. 2016). However,
alternative vegetation states with contrasted flammability in
a given climate is not exclusive of tropical ecosystems
(Pausas 2015c¢). For instance, in temperate ecosystems,
shade-tolerant hardwoods might replace fire-dependent
open communities (e.g. oak-pine and tallgrass prairies-
savanna formations), when fire activity declines (Peterson &
Reich 2001; Nowacki & Abrams 2008; Schwilk & Caprio
2011); these hardwoods reduce understorey light conditions,
further promoting shade-tolerant over fire-adapted species
and generating a positive feedback that drives the system to
non-flammable closed-canopy forests. In mediterranean
conditions, hot-flammable shrublands can alternate with
forest that have a low-flammable overstorey structure and a
fast-flammable understorey, and these two systems generate
contrasting fire regimes (Keeley ez al. 2012). Low flamma-
bility forests and hot-flammability shrublands can also
alternate in cold temperate ecosystems (Pausas 2015c).

possible. However, there are other ecosystems in which it is
important to explicitly consider the different scales to under-
stand flammability. The fast-flammable needles of some pines
of the fire-tolerator syndrome do not confer high flammability
at the individual level in these species as they self-prune the
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lower branches to prevent fire spread to the crowns (a non-
flammable strategy). The low flammability of some savannas
trees may be consistent at organ (thick corky branches) and
individual level (open branching structure; Fig. 2a), but they
live in highly flammable ecosystems. Downscaling is also dif-
ficult; for instance, for a given climate appropriate for fire
spread (e.g. with seasonal droughts), alternative vegetation
states with contrasted flammability are possible (Box 3). Esti-
mating the explained variance in flammability across scales is
a challenge.

Evolution of flammability: remarks and
challenges

Despite the increasing evidence of flammability as a key fac-
tor in the ecology and evolution of plants at different spatial
and temporal scales, there is still debate as to what extent
evolution can modify plant flammability (Midgley 2013;
Bowman, French & Prior 2014). One limitation to flammabil-
ity research has been the tendency to consider a single axis of
flammability. By understanding that there are different
flammability axes and strategies, we can now explain many
of the problems raised by flammability-skeptics. For instance,
Midgley (2013) found inconsistencies when applying the
Bond & Midgley (1995) and the Gagnon et al. (2010) models
to a set of species. We propose that these two models refer to
very different strategies, the hot-flammable and the fast-flam-
mable, and they are related to a different set of species with
different regeneration mechanisms, that is, different solutions
to similar problems (Table 1). In addition, not all species liv-
ing in fire-prone ecosystems have necessarily evolved changes
in flammability, just as not all species living in grazing sys-
tems have evolved thorns. For instance, fast-flammability may
be a protection mechanism, but other mechanisms for bud
protection exist (Charles-Dominique et al. 2015; Pausas
2015b). Our framework explains the coexistence of species
with contrasted flammability traits in fire-prone ecosystems, in
the same way that species with different life histories do
coexist (Loehle 2000; Vilagrosa et al. 2014). For instance,
both fast-flammable and non-flammable strategies can be
adaptive in a given fire-prone ecosystem (Fig. la), despite
presenting strongly contrasted flammability traits. High
canopy bulk density (that generates high heat release,
Table 2) may be beneficial for hot-flammable species (Pausas
& Moreira 2012) but not for fast-flammable ones (Table 1).
That is, accounting for the different flammability strategies,
we are better able to understand flammability variations in
fire-prone ecosystems.

Certainly, it is difficult to unambiguously demonstrate evo-
lutionary changes in flammability (as in any other trait), but
the evidence is accumulating at both the macro- (He, Lamont
& Downes 2011; He et al. 2012) and micro-evolutionary
scales (Pausas ef al. 2012; Moreira, Castellanos & Pausas
2014). In addition, there is evidence that even small amounts
of niche construction can significantly alter ecological and
evolutionary patterns (Laland, Odling-Smee & Feldman 1999;
Box 2). However, more research is needed to unambiguously
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demonstrate increased fitness with changes in flammability.
The recent boost in genetic resources for kinship analysis

could help to test some of the proposed models such as the
kill-thy-neighbour hypothesis. Global changes provide another
opportunity: increased fire frequency in some ecosystems,
together with the invasion by flammable plants, may provide
an opportunity for improving our understanding of rapid
flammability changes (especially if studied together with the
genetic changes). The use of dated phylogenies can be used
to trace back the origin of the different flammability strate-
gies; for example the origin of the savanna biome in South
America (Simon et al. 2009) is likely to have driven the evo-
lution of non-flammable savanna trees. Many flammability-
related traits are chemical and structural characteristics with
adaptive value for other selective pressures (e.g. herbivory
and drought); understanding the proportion of variability in
these traits that is driven by recurrent fires is another chal-
lenge. We hope that the non-fast-hot-flammable scheme may
provide a framework for better addressing these challenges
and thus improving our understanding of variability in
flammability.
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Fig. 3. Ember-catching plants.  California
chaparral in late summer dominated by the
widespread shrub Adenostoma fasciculatum
that retains dead flower clusters may act to
increase probability of ember ignition during
fires (photo by J. Keeley). [Colour figure can
be viewed at wileyonlinelibrary.com]
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