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Abstract

& Key message Fuel moisture and chemical content affect-

ing live plant flammability can be measured through lab-

oratory and field techniques, or remotely assessed.

Standardization of methodologies and a better under-

standing of plant attributes and phenological status can

improve models for fire management.

& Context Wildland fire management is subject to manifold

sources of uncertainty. Beyond the difficulties of predicting

accurately the fire behavior, uncertainty stems from incom-

plete understanding of ecological susceptibility to fire.

& Aims We aimed at reviewing current knowledge of (i) plant

attributes and flammability: fuel moisture and chemical con-

tent in leaves; (ii) experimental evaluation of flammability in

the laboratory and in the field; and (iii) proxy evaluation of

flammability: vegetation cover assessment at large scale, fuel

seasonality, and biomass distribution using remote sensing

and Light Detection and Ranging (LiDAR) techniques.

& Methods We conducted a review of scientific literature from

the last two decades on the three selected issues, with a spe-

cific focus on the Mediterranean region.

& Results We have evidenced important knowledge gaps: (i)

developing standardized methodologies for laboratory- and

field-scale assessment of vegetation flammability; (ii) intro-

ducing reliable approaches to test the impact of biogenic vol-

atile organic compounds on fire spread; (iii) improving the

analysis of spatiotemporal changes in vegetation dynamics,

acknowledging distinctive vegetation phenological status as

a relevant driver affecting leaf biomass and moisture contents;

and (iv) further exploring the processes that shape fuel dynam-

ics to understand how fuel characteristics change over time

and space.

& Conclusion We propose some improvements in the current

knowledge of vegetation science and wildland fire ecology,

aiming to generate more realistic models and effective plan-

ning in support of fire management in the Mediterranean

basin.
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1 Introduction

While human factors are known to be crucial drivers of wild-

fires in Mediterranean countries, climate forcing still repre-

sents the main determinant of wildfire ignition and spread

(Bajocco et al. 2015; Barbati et al. 2015). Climate affects

both the spatial distribution of vegetation types and

their fuel characteristics and the conditions for fire ig-

nition and propagation in terms of weather patterns and

extremes (temperature, relative humidity, wind, precipi-

tation, drought). Drought in particular affects live and

dead fuel moisture content, thus influencing fire re-

gimes. As a consequence, a significant correlation be-

tween wildfires and the phenological status of vegeta-

tion has been widely observed in southern Europe

(Moreira et al. 2011; De Angelis et al. 2012).

Warmer and drier future climates will exacerbate fire sever-

ity, intensity, and frequency for the fire-prone ecosystems, as

those in theMediterranean area (Lindner et al. 2010; Kolström

et al. 2011; Fares et al. 2015). In this region, fire danger is

likely to increase (Moriondo et al. 2006), and forest fires will

become an even larger threat to forestry, farming, and human

well-being in rural areas (Lindner et al. 2010). In this context,

attributes of live vegetation and the capacity to properly char-

acterize live fuel become crucial for effective management

planning (Fig. 1) aimed at mitigating fire danger and main-

taining the capacity for Mediterranean forests to provide eco-

system services (Tilman et al. 2000; Keane 2013). While a

general classification may consider fuel loading or biomass

per unit area as one of the main fuel attributes, it is evident

that species-specific characteristics of vegetation may affect

flammability (Dimitrakopoulos 2001; Salvati and Ferrara

2015). In the last two decades, an increasing number

of studies have been carried out on such issues in

Mediterranean countries (Fig. 2), mainly in the West

and Central areas of the North Mediterranean region.

Based on these premises, growing attention is devoted

to the intimate relationship between vegetation charac-

teristics, fuel attributes, and local (or regional) changes

in climate regimes when developing realistic models

supporting fire management.

The purpose of this review is to contribute to these impor-

tant and sometimes undervalued practices for describing and

characterizing live vegetation as potential fuel. The rationale

of this work is to (1) review the most important findings from

scientific literature from the last two decades to highlight those

traits of live Mediterranean vegetation which most likely re-

late to flammability such as chemical and moisture content;

(2) discuss the main approaches to measure these vegetation

properties mostly based on experimental measurements in the

laboratory and in the field, up to local/regional studies using

remote sensing and Light Detection and Ranging (LiDAR)

techniques; and (3) identify knowledge gaps on the most

relevant issues that require further investigation based

on integrated approaches derived from both geo-

ecology and forest science.

Fig. 1 Simple conceptual model of the major anthropogenic factors

involved in wildland fire management, principal interacting

processes, and values affected by fire. Adapted from a report of

the US National Science and Analysis Team (NSAT 2012), the

model shows in red the fire management activity that is the object

of our discussion

1 Page 2 of 14 Annals of Forest Science (2017) 74: 1



2 Attributes of live Mediterranean vegetation

as potential fuel

Live fuel is characterized by vegetation attributes, which af-

fect plant flammability (Gill and Zylstra 2005). These include

ecosystem-specific biomass, spatial arrangement, moisture

content, and chemical composition. Such properties are not

constant over time, but change according to the phenological

cycle. Albeit often undervalued under the perspective of wild-

fire science, phenological status, intended as the timing of

recurring biological events in response to biotic and environ-

mental interactions, is a key factor influencing fuel character-

istics, in terms of both availability and moisture content

(Bajocco et al. 2015). Therefore, flammability of forests varies

during the year due to changes in chemical composition of the

fuel, moisture content, leaf biomass, and the proportion of

dead and live fuel. Leaves with higher surface area-to-

volume ratios ignite more quickly due to a relatively larger

contact area for pyrolysis to take place (Gill andMoore 1996).

Larger leaves create open, low-bulk-density fuelbeds that al-

low greater airflow and burnmore rapidly, especially in broad-

leaf forests (Page et al. 2012). In general, long, curling leaves

burn faster with greater intensity (Clarke et al. 2014).

Chemical and moisture content are relevant intrinsic features

of living plants, which deserve more attention.

2.1 Chemical content of plant material and flammability

On a global basis, live biomass stores 42% of the total carbon

stock (Pan et al. 2011). Combustion is an exothermic reaction

in which gaseous, liquid, and solid materials containing dif-

ferent amounts of carbon are oxidized at high temperatures.

Compared with coal, plant biomass contains less carbon and

more oxygen. Therefore, biomass combustion generates less

energy ( roughly 16,000 kJ kg−1 ) than charcoal

(31,000 kJ kg−1). Despite the chemical content, the tempera-

ture reached during the combustion also determines the final

combustion products: efficient combustion results in higher

emissions of CO2, NOx, and water, while lower temperatures

still allow production of biogenic volatile organic compounds

(BVOCs), CO, CH4, and particles. Fuel consumption broadly

follows biome distributions with low biomass biomes such as

grasslands and savannas burning less fuel than high biomass

forest types (Van der Werf et al. 2010).

Wildland fires have the potential to release massive amount

of carbon into the atmosphere. The majority of carbon emitted

from forest fires is released as CO2with global estimates close

to 2000 Tg (C) year−1 (Van der Werf et al. 2010). The chem-

ical content in leaves is species-specific and determines dif-

ferent properties of flammability, which include ignitibility

(timing of the fuel ignition), combustibility (how well it

burns), and sustainability (for how long it burns) as discussed

by Gill and Zylstra (2005). Ciccioli et al. (2014) argue that if

fuel contains only C and H, then CO2, water, and NOx are

formed. However, fuel combustion produces a higher number

of compounds in open forests, depending on the type of fuel

and its content of C, O, H, N, and S. Lignin, tannins, and

ammonium phosphates (which contain nitrogen and phospho-

rous) are known to reduce combustibility by promoting char

formation during the depolymerization phase (pyrolysis) of a

fire (Scarff et al. 2012). Different contents of lipids, phenolic

compounds, isoprenoids, fatty acids, resin acids, steryl esters,

sterol, aminoacids, proteins, and waxes in leaves can produce

a multitude of gases and particles (Rowell et al. 2012).

A peculiar role, often undervalued with respect to flamma-

bility, is due to the BVOCs that most vascular plants produce

and emit to the atmosphere. BVOCs are molecules produced

in leaves, flowers, and roots. Isoprenoids (isoprene, monoter-

penes, sesquiterpenes) are the most reactive BVOCs produced

by plants and are often defined as constitutive since their bio-

synthetic formation pathway is often linked to photosynthesis

as in the case of isoprene. These highly volatile compounds

are emitted at an estimated rate of 1–1.5 Pg C per year on a

global scale (Guenther et al. 2006). BVOC emissions from

vegetation fires represent a very small fraction of the overall

CO/CO2 emissions from fires, accounting for between 20 and

40 Tg year−1, and are lower than VOC emissions associated

with the production and use of fossil fuels (77.4 Tg year−1)

(Reimann and Lewis 2007). However, some studies showed

that flammability is influenced by the content of BVOCs in

leaves, with ignition occurring earlier in BVOC storing and/or

emitting species (Owens et al. 1998; De Lillis et al. 2009). A

recent study by Chetehouna et al. (2013) calculated that emit-

ted BVOC from Rosmarinus officinalis can lead to an accel-

erating wildfire especially when BVOCs volatilized at high

temperatures accumulate in canyons. This feature is also

recalled in the “thermochemical hypothesis” from Courty

et al. (2014), who also showed that gases emitted by heated

R. officinalis needles can be ignited with a pilot flame.

Barboni et al. (2011) highlighted the fact that Mediterranean

trees emitting BVOC have the potential to accumulate in the

vicinity of the fire front and therefore initiate an eruptive fire

Fig. 2 Number of scientific publications found on Scopus from 1996 to

2015 with the following search criteria: (wildfire OR forest fire) AND

Mediterranean AND (flammability OR live fuels OR live vegetation

fuels). The survey was conducted on December 8, 2015
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with dramatic risks for firefighters. Based on pyric properties,

eight Mediterranean tree species were divided in four catego-

ries of flammability and the most flammable species are iso-

prenoid emitters such as Pinus halepensis, Pinus brutia, and

Quercus ilex (Dimitrakopoulos 2001).

While the percentage fraction of carbon in the dry vegeta-

tion has limited variations among species ranging from 45 to

55% (Urbanski et al. 2009), BVOC emissions reflect within-

species differences. For instance, emissions from boreal forest

fires were representative of the majority of conifers in

Northern Canada containing high levels of monoterpenes in

their needles and bark (Simpson et al. 2011). In savannah fires,

low emission rates were recorded, since this ecosystem is

characterized by the predominance of Gramineae, which are

known to be poor isoprenoid emitters (Kesselmeier and Staudt

1999). Although no focused studies are available for

Mediterranean plants, Mediterranean tree and shrub species

were found to produce many BVOC species (Fares et al.

2009). The possibility that BVOCs enhance plant flammabil-

ity is a tenable theory that deserves further investigation

(Owens et al. 1998).

2.2 Moisture content of live vegetation and flammability

Fire potential is related to fuel moisture. Higher leaf moisture

concentrations will lower the ignitibility by requiring more

energy for water evaporation and preheating of the fuel.

Etlinger and Beall (2004) showed that the heat release rate

of trees is more influenced by moisture than any other chem-

ical characteristic. Leaf relative water content (RWC) is an

indicator that can be used to evaluate plant water status.

Peñuelas et al. (2004) showed that photosynthetic rates and

stomatal conductances decreased as leaf RWC diminished in

rain-fed Phillyirea angustifolia plants. Live foliar moisture

content changes not only because water amount in foliage

changes but also because the dry mass of leaves can change

over the season. Jolly et al. (2014) showed that changes in the

mass and composition of dry material over the season better

explain changes in live foliar moisture content than the water

stress itself for pine canopies.

Regional climate modeling has been frequently used for

simulating high-resolution physical processes in the atmo-

sphere, soil, and vegetation (Thompson and Calkin 2011).

Specific climate models can be implemented to evaluate wild-

fire potential by either assessing meteorological conditions for

computation of fire indexes or predicting soil moisture as a

direct measure of fire potential (Moriondo et al. 2006). Two

popular fire potential indexes, based on meteorological condi-

tions and focused on drought, are the Drought Code of the

Canadian FireWeather Index and the Keetch–Byram Drought

Index (KBDI). They have been shown to correlate well with

the moisture content of Mediterranean shrubland species

(Pellizzaro et al. 2007), while the KBDI has also been shown

to correlate quite well with living plant water stress as mea-

sured through plant water potential (Xanthopoulos et al.

2006). A similar conclusion was found by Mavrakis and

Salvati (2015) who quantified meteorological conditions and

mega-fire density over the last two decades in Greece. Soil

aridity conditions determined by long periods of drought were

identified as significant predictors of wildfire occurrence

(based on frequency) and spreading (based on the surface area

burnt per fire) (Gudmundsson et al. 2014).

Live fuel moisture content (LFMC) is a metric responsive

to long-term climate and plant adaptations to drought used in a

number of fire modeling systems (Andrews et al. 2003) as a

key factor for the ignition and propagation of fire. At stand

level, empirical models or correlations have been proposed

with the aim at predicting the moisture content of shrubland

fuel beds (Viegas et al. 2001; Castro et al. 2003), but such

predictions suffer from a lack of process-based models to pre-

dict the moisture content of shrubland fuel beds. In addition,

the water content of plant tissues is not a typical variable in

ecophysiological models that frequently use water potential to

assess water status.

At the landscape level, LFMC can also be estimated using

remote sensing (Verbesselt et al. 2003; Yebra et al. 2013).

Empirical methods have been used to investigate the relation-

ship between fuel moisture, vegetation greenness indexes

such as the normalized difference vegetation index (NDVI)

or its change over time and space (Chuvieco et al. 2002),

and surface temperature (Sow et al. 2013). Some authors used

ad hoc water stress indexes like the Moisture Stress Index or

the shortwave infrared water stress index that exploit the water

content-driven spectral behavior of vegetation in the middle

infrared wavelengths (Hunt and Rock 1989; Fensholt and

Sandholt 2003; Olsen et al. 2015). However, according to

Yebra et al. (2013), empirical relationships between LFMC

and remotely sensed data often have the drawback of being

site-specific, while the selection and parameterization of phys-

ically based algorithms are far more complex. Many chal-

lenges remain in quantifying error of remote sensing-based

LFMC estimations and linking LFMC to flammability and

risk.

3 Experimental evaluation of live vegetation

flammability

In order to characterize fuel attributes, particular attention

should be given to fuel flammability (Xanthopoulos et al.

2006; Corona et al. 2014). Flammability can be experimental-

ly assessed through laboratory or field experiments, at differ-

ent organizational levels (organ, plant, community).

Flammability is experimentally assessed by burning fuels

in the laboratory, either in the form of discrete elements (leafs,

twigs, etc.) or as a fuel bed (Fernandes and Cruz 2012).
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Although several authors have emphasized the difficulty of

evaluating live vegetation flammability, different methods

have been used to evaluate experimentally some of its charac-

teristics (Etlinger and Beall 2004; Madrigal et al. 2009).

Traditionally, experiments have been conducted with

Mediterranean species by means of epiradiators (Pausas

et al. 2012; Ganteaume et al. 2013) or radiant heaters

(Dimitrakopoulos and Papaioannou 2001), measuring time

to ignition of the samples at a standard heat flux (Fig. 3).

Hachmi et al. (2011) proposed a flammability index of

Moroccan species, integrating time to ignition, time of

combustion, and flame height obtained in an epiradiator.

Madrigal et al. (2013) have developed a bench-scale method

with a mass loss calorimeter to estimate flammability attri-

butes (time to ignition, peak heat release rate, mass loss rate,

average effective heat of combustion, and total heat release)

and a moisture analyzer to evaluate fuel moisture content.

Both epiradiators and mass loss calorimeters have been used

by Della Rocca et al. (2015) to characterize the flammability

of Cupressus sempervirens.

At whole-plant level, flammability of live vegetation has

been assessed in indoor laboratory conditions using a newly

developed laboratory fire protocol to determine heat release

rate (Etlinger and Beall 2004). Chetehouna et al. (2014) ap-

plied a Froude-scaling approach to laboratory emissions of

BVOCs of R. officinalis to evaluate concentrations of these

compounds at field scale. Experiments in an outdoor wind

tunnel, as a surrogate of field conditions, have been carried

out using a flaming point ignition source (Marino et al. 2012).

In a complementary work,Madrigal et al. (2012) evaluated the

effect of the different measurement scales and methodological

approaches used to determine the flammability of live vegeta-

tion. Ignitability was highly dependent on the type of ignition

source, combustibility was more dependent on the dead frac-

tion than on live plant part characteristics, sustainability was

mainly related to physical characteristics, and consumability

of residual mass fraction was similar at both scales.

Laboratory observations need to be able to simulate possi-

ble field-scale dynamics in order to avoid unrealistic parame-

terization of live fuel moisture effect on fire sustainability and

rate of spread in empirical models (Anderson et al. 2015). The

rate of spread was found to be halved by an increase in live

moisture content of different fuel beds from 50 to 180%

(Rossa et al. 2016). This effect, especially at higher moisture

contents, was weaker than that predicted by theoretical

formulations and from studies in mixtures of dead and live

fuel, thus suggesting that live fuel affects fire spread rate

through properties other than moisture content. Fernandes

and Cruz (2012) also highlighted that the assessment of flam-

mability in the laboratory is limited by various factors: scale,

Fig. 3 a Epiradiator used to test

cypress flammability by Della

Rocca et al. (2015). b Mass loss

calorimeter used by Madrigal

et al. (2009) to evaluate forest fuel

flammability and combustion

properties. c Ignition apparatus

used in the flammability tests of

Mediterranean forest fuels by

Dimitrakopoulos and

Papaioannou (2001). d

Flammability test in outdoor wind

tunnel for shrub fuel, with detail

of the epiradiator and the flaming

point-ignition source used by

Marino et al. (2012) to test the

effect of different treatment types

on fire initiation risk
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replication of the complexity of fuel composition and

physiological conditions, and plant exposure to heat. In

order to more closely match the natural fire conditions,

Dimitrakopoulos et al. (2010) have tested the in situ flamma-

bility of the annual herbaceous species Avena barbata with a

drip torch during two fire seasons, with simultaneous moni-

toring of the weather conditions.

Unfortunately, few studies have measured the flammability

of whole woody plant in natural conditions, and none in the

Mediterranean region. According to Schwilk (2015), the diffi-

culty of large-scale crown fire experiments is the reason why

flammability is inferred from trait measurements and general

models of flammability. In this respect, Fernandes and Cruz

(2012) suggested physical-based fire models as the best route

to understanding plant flammability. More recently, Finney et al.

(2015) challenged numerical modeling suggesting missing

physical components of wildfire spread, highlighting that wild-

fire spread derives from the coupling between flame dynamics

induced by buoyancy and fine-particle response to convection.

Measurement of gaseous emissions is an indirect way to

test flammability. Smog chambers in combustion facilities

have been recently used by Lusini et al. (2014) for a range

of Mediterranean plants. These allowed a study of the three

phases characterizing wildfires: pre-combustion, when wood

starts to dehydrate releasing water vapor and BVOCs; (ii)

ignition, when high temperature leads to an exothermal reac-

tion and release of other BVOCs, CO2, CH4, formaldehyde,

and other oxygenated VOCs; and (iii) combustion which pro-

duces large amounts of carbon dioxide, inorganic gases like

NOx and SO2, and pyrogenic VOCs like alchenes and flames

which release most of the heat (Andreae and Merlet 2001).

Page et al. (2012) also showed that isoprenoid emissions were

correlated with the flammability of Pinus contorta leaves,

which had been attacked during the previous year by moun-

tain pine beetle inducing changes in the foliage water content

and chemical composition. The three phases of forest fires

were also recently investigated by Grootemaat et al. (2015)

using individual leaves from Australian tree species in a muf-

fle furnace and found that different combinations of morpho-

logical and chemical leaf properties underpinned the interspe-

cific variation in decomposability and flammability of the

studied species. While combustion facilities are ideal to test

the capacity of plants to emit gaseous compounds in response

to forest fires, whenwildfires occur rapidly, the resulting emis-

sions are representative of all the combustion processes,

which occur simultaneously. Therefore, a top-down approach

with the aim at estimating emissions of trace gases is the most

valuable approach. This implies measuring gas concentrations

in vegetation combustion plumes (Urbanski et al. 2009) and

estimating fluxes by concentration gradients measured on site

or with flights around the burning area (Akagi et al. 2011).

While laboratory tests can provide detailed and quantitative

results in terms of biomass burned and gaseous emissions,

Ciccioli et al. (2014) argued that results obtained from the

analysis of live leaves are still not fully definitive. In real field

conditions, highly volatile isoprenoids are emitted as leaves

are exposed to high temperatures, as also hypothesized by

Chetehouna et al. (2013) and demonstrated empirically by

Courty et al. (2014). Thus, their intrinsic flammability may

be masked by the dynamic of a fire event, because prior to

leaf ignition, the isoprenoid pool may already be depleted

when the leaves are exposed to pre-heating and pre-ignition

temperatures (Greenberg et al. 2006). BVOCs accumulating

in canyons and in the vicinity of the fire front may favor

eruptive fires (Barboni et al. 2011). Conversely, when leaves

are directly and suddenly exposed to flame, high isoprenoid

contents may facilitate flammability. As discussed in a recent

review by Varner et al. (2015), the metrics evaluated by flam-

mability studies are generally consistent, but comparison

across methods is challenging. Even when studies follow a

consistent method, there are cases of intraspecific differences,

as in the case of a phenotipic plasticity, or lack of experimental

repeatability.

4 Proxy evaluation of live vegetation flammability

In order to dynamically characterize and model fuel attributes

up to landscape scales, vegetation cover quality in terms of

fuel type and fuel load (Bajocco et al. 2012) and functional

aspects of live vegetation/potential fuel have to be considered

(De Angelis et al. 2012).

4.1 Large-scale vegetation cover assessment

The vegetation cover of a territory (e.g., in terms of land or

ecosystem productivity) is considered one of the most sensi-

tive factors to landscape dynamics and transformations in the

Mediterranean basin (Pettorelli et al. 2005) and may be con-

sidered as a proxy for the “green” component and the related

fuel potential.

In order to support a general spatial flammability assess-

ment, independent of the condition in which a particular forest

is at a particular moment, Xanthopoulos et al. (2012) ranked

the flammability of 60 vegetation types, associating them to

the corresponding European Forest type classification for

Europe and North Africa, based on questionnaires answered

by 20 forest fire experts from 14 countries. The vegetation

quality index (VQI) is a comprehensive indicator system

which includes different components assessing vegetation

quality (i.e., degree of vegetation cover, fire risk, protection

from soil erosion, drought resistance of vegetation) quantified

on the basis of a weighted score depending on the different

land use types. The VQI has been extensively validated in the

field and identifies vegetation spatial patterns based on place-
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specific social and environmental factors (Salvati and Ferrara

2015).

The main operational outcome of the abovementioned

methodologies is the stratification of fire hazard in terms of

forest flammability potential assessed from forest type maps,

which may be available even over very large areas. The

Coordinated Initiative on the Environment (CORINE) Land

Cover maps were extensively used to assess flammability po-

tential (and its change over time) according to the

abovementioned approaches (Corona et al. 2014). An im-

proved effort by official sources (e.g., European

Environment Agency, Joint Research Centre, Eurostat) is es-

pecially needed to produce diachronic layers with the highest

spatial precision and comparability (Salvati and Ferrara 2015),

with the aim to limit the impact of data inaccuracies and

between-source differences.

However, such approaches should be regarded as produc-

ing structural indicators of vegetation/fuel quality. These indi-

cators are not suited to quantify functional characteristics of

fuel and its dynamics over time due to environmental distur-

bances (Bajocco et al. 2012). In this contrast, multitemporal

satellite images can provide useful information in a timely and

cost-effective fashion.

4.2 Use of remote sensing for detection of fuel dynamics

Traditionally, live fuels have been mapped by field survey, a

time- and cost-consuming activity. For this reason, researchers

have spent the last decades investigating the potential role of

remote sensing in vegetation science and environmental ap-

plications. Remote sensing can offer information on ecosys-

tem phenology and productivity over several temporal scales

and continuous spatial coverage. Space-borne optical sensors,

such as NASA-MODIS, provide daily measurements of a va-

riety of biophysical satellite-based parameters of the land sur-

face (Friedl et al. 2002). These earth observation systems ex-

amine coarse-scale phenomena that allow retrievals of whole-

system phenological metrics, such as the timing and magni-

tudes of greening, peak activity, and drying phases of the

growing season (Ma et al. 2013).

At this geographical scale, the spatio-temporal dynamics of

the vegetated land surface is often represented by the multi-

factorial notion of “land surface phenology,” as the remotely

sensed phenology deals with mixtures of land covers and veg-

etation (de Beurs and Henebry 2005; Brown et al. 2010).

Yebra et al. (2013) discuss the potential of using remote sens-

ing techniques to determine live fuel moisture. The authors

conclude that changes in moisture have both direct (liquid

water absorption) and indirect (pigment and structural chang-

es) impacts on spectral reflectance, and they encourage the use

of physical model-based methods applied to coarse-resolution

data covering the visible, near infrared, and/or shortwave

infrared regions of the spectrum rather than empirical

relationships.

Vegetation functioning responds faster to environmental

change and variability than vegetation structure and composi-

tion; therefore, a high potential exists for characterizing, clas-

sifying, and mapping fuel based on remotely sensed vegeta-

tion dynamics. A number of studies have used remotely

sensed indexes, such as the NDVI, for the monitoring of veg-

etation dynamics from regional to global scales (e.g., Jeong

et al. 2011; Fensholt et al. 2012; Ivits et al. 2012).

However, in order to improve the capability of remote sens-

ing indicators to capture ecosystem functional dynamics, fu-

ture research should go beyond the traditional use of NDVI as

biomass proxy and identify fuel categories on the basis of their

dynamic patterns over time and space. Variations in NDVI

values demonstrated to be indicative of variations in moisture

content, nutrient availability, plant disease, and other stress

factors; these are in turn indicators of a marked vulnerability

of vegetation to fire (Fiorucci et al. 2007). Over the years, the

use of seasonal NDVI profiles to assess vegetation fire-

proneness has been proposed by many authors (see

Lasaponara 2005). Accordingly, the fuel phenological status,

in terms of seasonal vegetation productivity and foliar green-

ness, represents the main proxy for potential fuel load and

flammability at a coarse scale (De Angelis et al. 2012).

As for remotely sensed fuel seasonality, several authors

proposed different methods to derive regional phenological

classification of vegetation. White et al. (2005) proposed a

geographic framework for studying global climate change

and developed a pheno-region database. They used 8-km

AVHRR NDVI time series (1982–1999) together with an

eight-element monthly global climatology to generate global

pheno-regions with a minimized probability of non-climatic

forcing. Hargrove et al. (2009) derived 15 phenological

ecoregions based on a hierarchical clustering of similarities

in 5 years (2002–2006) of cumulative MODIS NDVI data.

Ivits et al. (2012) explored a long-term trend of vegetation

growth over Europe for 1982–2006 by analyzing remote sens-

ing data at pixel level. The authors assessed which component

of the seasonal timing of vegetation growth changes across

Europe can be attributed to climate change and identified

those change pixels that can be sufficiently explained by

climate variables alone or that may require additional data.

Clerici et al. (2012) explored the use of MODIS NDVI-

derived phenology metrics for the identification and classifi-

cation of Forest General Habitat Categories (FGHC) in

Europe. On the contrary, other authors highlighted the specific

connection between living vegetation phenology as potential

fuel and wildfire patterns. Chèret and Denux (2007) analyzed

the ability of SPOT-VGT NDVI multitemporal data to assess

vegetation fire susceptibility; they calculated a yearly index

from NDVI values measured at given times in the annual

vegetation cycle to represent its drying intensity in summer
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and identified areas where natural vegetation reaches the

highest level of combustibility during the driest period of the

year. Bajocco et al. (2010) quantified the explanatory power of

multitemporal NDVI profiles on the fire regime characteristics

of the vegetation types of Sardinia (Italy) pointing out that the

annual variability of fuel greenness mainly influences wildfire

frequency, mean size, and date of occurrence, while the annual

fuel amount is mainly correlated with the large fire events.

Finally, De Angelis et al. (2012) and Bajocco et al. (2015)

used MODIS NDVI phenological metrics to classify the

coarse-scale vegetation of Sardinia (Italy) into phenological

clusters showing uniform behavior in relation to fire ignition.

Based on the study from Bajocco et al. (2015), Fig. 4 shows a

map of the Sardinia region with fire occurrences and corre-

sponding phenological fuel classes. In this general overview,

the relationship between the dates of onset/offset of (remotely

sensed) vegetation and forest fire dates remains unexplored,

notwithstanding the key role of this aspect under climate and

global change scenarios. This research gap implies the urgent

need to develop proper algorithms able to extract phenological

metrics, reliable across different ecosystems, and that can be

used under different wildfires regimes.

4.3 LiDAR techniques for monitoring and characterizing

vegetation fuel

Because optical images are not sensitive to below-canopy for-

est attributes, they have limited ability to detect vertical fuel

distribution, understory characteristics, and the canopy base

height of fuels (Arroyo et al. 2008). Alternatively, Light

Detection and Ranging (LiDAR) is a promising technology

for generating reliable representations of the horizontal and

vertical forest structures, due to its capacity for scanning wide

areas and producing precise vertical and horizontal estimates

of forest attributes. Of importance, airborne LiDAR, or air-

borne laser scanning (ALS), has been used extensively for

forestry applications, and various studies highlight that fire

behavior modeling can benefit from such a technology be-

cause, in combination with optical remotely sensed images,

Fig. 4 Left panel: distribution of forest fires from 1995 to 2013 in Sardinia Region (Italy). Right panel: distribution of Phenological Fuel Classes based

on previous paper by Bajocco et al. (2015). PFCs follow a gradient from PFC1 (finest fuel class) to PFC4 (coarsest fuel class)
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it improves estimation of forest fuel variables (Andersen et al.

2005; Mutlu et al. 2008; Erdody and Moskal 2010).

Several studies, conducted mostly in temperate and boreal

forests of Europe and North America, indicate the potential of

discrete return ALS for estimating tree or forest variables as

components of live vegetation fuels (Corona et al. 2012;

Montaghi et al. 2013). For example, tree height can be readily

estimated from the ALS point cloud. Crown base height, a

critical fuel property used to estimate surface and crown fires,

can be estimated using automated, individual tree recognition

methods that extract single tree locations and delineate full

crowns. So far, the accuracy of single tree estimates was found

to be greater for coniferous than for broadleaved forests, be-

cause coniferous crowns are usually easier to detect. Crown

variables such as depth, size (as diameter, area, or volume),

biomass, or bulk density (foliage biomass divided by the

crown volume) can be empirically estimated from ALS data

with parametric methods such as allometric regression models

(Fig. 5) or non-parametric (or mixed) approaches based on

data mining techniques such as support vector machines

(SVM) or classification and regression trees (Chirici et al.

2013).

ALS technology appears more limited for predicting the

characteristics of understory and midstory fuels (grass, shrubs,

small trees), especially for low-vegetation canopy heights

(Riaño et al. 2007). The extraction of data on understory veg-

etation (e.g., percentage cover and height of the shrub layer)

has been investigated in only a few studies (Riaño et al. 2003).

Promising approaches based on the decomposition of

the main Gaussian components of the signal have been

proposed when full-waveform raw ALS data are avail-

able (Hug et al. 2004).

Laser applications proved their capability for mapping fuel

types. In an exploratory work, Seielstad and Queen (2003)

empirically demonstrated that the profiles of laser returns, as

a function of height above the estimated median ground sur-

face, were able to characterize fuel types 8 (closed timber

litter) and 10 (timber) of the Anderson nomenclature system

(Anderson 1982). Mutlu et al. (2008), Koetz et al. (2008), and

García et al. (2011) investigated the possibility of using the

combination of ALS and multispectral optical imagery for

mapping fuel models. Mutlu et al. (2008) generated a

LiDAR-derived multiband dataset from scanning data that

was used in combination with multispectral Quick Bird bands

to achieve a per-pixel discrimination of Anderson models

using traditional supervised parametric classifiers. A similar

approach was used by Koetz et al. (2008) to classify general

land cover classes with SVM using a combined dataset with

images from an AISA/Eagle imaging spectrometer and six

gridded ALS variables. García et al. (2011) used SVM to

classify a multidimensional dataset created with the four raw

multispectral bands, nine additional indexes from an Airborne

Thematic Mapper, and indexes calculated from ALS data for

ten land and forest cover types. Forest types were then further

classified accordingly to the Prometheus fuel model system

(Chuvieco et al. 2003) with a decision tree applied to ALS

returns. However, Chirici et al. (2013) suggested that the esti-

mation of canopy and ground fuel characteristics on the basis

of ALS height measurements should be preferred to the direct

derivation of fuel type maps based on an aggregated system of

nomenclatures since it can be used to derive wall-to-wall maps

of fuel properties over the landscape.

Terrestrial LiDAR systems have recently emerged as prom-

ising tools for canopy leaf biomass or surface area estimation

Fig. 5 Examples of selected

metrics from canopy height

model (CHM) derived by

airborne laser scanning showing

good relationship with average

crown depth, a major live

vegetation feature influencing fire

behavior, as assessed in conifer

(a) and deciduous broadleaved

(b) stands in Casentino valley

(Central Italy). Original data

collected by P. Corona
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at the scale of trees or forest plots. Such measurements at plot

scale are required to get reference data for methods operating

at larger scales or for monitoring vegetation fuels at specific

locations. The distribution of terrestrial LiDAR returns can be

used to estimate foliage density indices in voxels (Côté et al.

2011). These indices can be specifically computed for the

leaves when the intensity can be used to distinguish leaf from

wood returns (Béland et al. 2014) or finer elements from larger

ones (Seielstad et al. 2011). Direct measurements of foliage

density (Hosoi and Omasa 2006, 2007; Béland et al. 2014)

have been used successfully at tree scale but require

voxelization of the scanned scene at 0.001 to 0.1 m and mul-

tiple scans for a single tree. This is time-consuming in terms of

measurements and post-processing and may be considered to

be a limitation for operational use. Seielstad et al. (2011),

therefore, used a calibration approach to estimate branch bio-

mass from scans and proposed to use randomized branch

sampling to extrapolate to trees. Skowronski et al. (2011) used

upward sensing profiling and calibrated it at stand scale using

an inventory-based approach. This method provides bulk den-

sity profiles at stand scale, but requires calibration from an

existing inventory and the destructive sampling of trees to

establish allometry. Also, it does not provide a 3D biomass

distribution. Recently, Pimont et al. (2015) proposed an orig-

inal calibration procedure of the LiDAR point density with

foliage biomass measured in a few tens of sample volumes

of canopy foliage (∼0.2 m3, branch scale). The calibration

allowed an estimation of foliage biomass 3D distribution at

the plot scale from a few LiDAR scans in a Quercus

pubescens stand. LiDAR-predicted bulk density vertical pro-

files of foliage compared well with inventory-derived ones,

but further research is needed to separate the returns from

leaves as opposed to trunks and branches. The calibration is

specific of the foliage morphology at the scale of the calibra-

tion volume; therefore, the method needs to be applied to a

diversity of species to confirm this promising approach.

5 Conclusions

Laboratory and field observations are key means to character-

ize live fuel for the management of wildland fires. We list the

research needs emerging from this review.

& Inter-specific leaf/plant trait variability. While certain fea-

tures are relatively homogeneous among forest species

(e.g., carbon content in leaves), other variables still de-

serve in-depth investigation. For example, an integrated

database collection of quantitative information of plant

trait emissions is particularly important to estimate the

potential role of vegetation in emissions during forest

fires. Forest fire models proved to be realistic only when

both physical (e.g., wind, slope, moisture content) and

ecological approaches were carefully taken into account

(Weise et al. 2005; Zhou et al. 2005), and only in the last

decade did experimental evidences from the laboratory or

in the field provide useful parameterization (Marino et al.

2012; Fernandes and Cruz 2012). This ecosystem ap-

proach may inform forest planners on the most suitable

forest species for producing an overall decrease in the risk

of fire for a fire-prone environment.

& Lab assessment of vegetation flammability. According to

the previous point, developing commonly agreed stan-

dardized methodologies for the lab assessment of vegeta-

tion flammability is highly desirable.

& BVOC. These reactive compounds are still poorly investi-

gated, although different patterns of BVOC production

and emission have been correlated with flammability. As

reviewed by Ciccioli et al. (2014), a viable approach

would be to assign emission factors based on plant func-

tional types, also considering that few quantitative infor-

mation is available and it is not possible to perform a

detailed emission assessment for every different forest

ecosystem.

& Scaling approaches. While plant-specific experiments in-

form on mechanisms, studies that approximate field com-

position (via species mixtures) and structure are highly

encouraged. In particular, the role of fuel moisture on the

rate of fire spread in forests has not been sufficiently eval-

uated. Unexplained divergences between controlled labo-

ratory conditions and field conditions suggest that further

experimental research is highly desirable.

& Fuel phenology. We showed that vegetation phenological

status represents a main driver, too often undervalued by

wildfire science, affecting fuel load and flammability.

However, any investigation over large areas requires the

ability of capturing spatio-temporal changes in vegetation

dynamics. Understanding the spatial distribution of vege-

tation dynamics (based on, e.g., the timing of fuel avail-

ability) may be key to planning effective firefighting and

prevention strategies (Bajocco et al. 2015), since regions

with similar fuel phenology patterns, and hence with sim-

ilar fire incidence, are regions where similar management

policies should be applied (Curt et al. 2013). NDVI

multitemporal profiles may represent a suitable basis for

the development of a regional-scale framework for fire

ignition risk and fire prediction models. In addition, re-

motely sensed phenological data may also have additional

value for various wildfire-oriented applications related to

land surface monitoring and assessment (Nemani et al.

2009), including drought monitoring as well as ecological

modeling of the impact of global change on burning pat-

terns (Morisette et al. 2009; Thonicke and Cramer 2006).

& Fuel dynamics. Most current operational fire prediction

systems use a set of static fuel types as inputs and specific

sub-models to determine fuel available for combustion.
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However, fuel dynamicsmean that some fuel attributes are

continuous properties that cannot easily fit to a limited

number of fuel types in empirical and semi-empirical

models. Physics-based models of flammability have the

potential to deal with a continuous range of fuel properties

and as such should allow better understanding of the im-

pact of fuel dynamics on wildfire spread. As stressed by

Keane (2013), there are many approaches such as associ-

ation, classification, and abstraction to describe fuels in

many different models although a universal fuel descrip-

tion system which can feed the existing multitude of fire

behavior models is highly desirable. Future research

should be focused at exploring the processes that govern

fuel dynamics, such as deposition, decomposition, and

accumulation, to understand how fuel characteristics

change over time and space.

& Remote sensing tools. The possibility of frequent updating

vegetation and fuel assessment by low-cost, easy to re-

trieve, multitemporal remotely sensed data (both passive

and active, like LiDAR data) is distinctively critical to

account for fuel dynamics. Furthermore, developing more

accurate modeling linking diachronic remotely sensed da-

ta (e.g., temporal changes in LFMC, date of onset/offset of

greenness, etc.) to risk of flammability is also required.
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