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ulations, considering fire variables.
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Wildfires constitute the greatest economic disruption to Mediterranean ecosystems, from a socio-economic and
ecological perspective (Molina et al., 2014). This study proposes to classify fire intensity levels based on potential
fire behavior in different types of Mediterranean vegetation types, using two geographical scales. The study con-
sidered N4 thousand wildfires over a period of 25 years, identifying fire behavior on each event, based on simu-
lations using “KITRAL”, a model developed in Chile in 1993 and currently used in the entire country. Fire intensity
values allowed results to be classified into six fire effects categories (levels), each of them with field indicators
linking energy values with damage related to burned vegetation and wildland urban interface zone. These indi-
cators also facilitated a preliminary assessment of wildfire impact on different Mediterranean land uses and, are
therefore, a useful tool to prioritize future interventions.
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1. Introduction

Large forest fires constitute a worldwide problem, given the serious
socio-economic and ecological impacts associated with them (Chatto
and Tolhurst, 2004). There is no knowledge about the direct correlation
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between fire damages and fire intensity in Chile and, as a consequence,
field inventories point out subjective evaluations. Furthermore, there is
anurgent need to evaluate net changes of the value of resources, or level
of depreciation, caused by wildfires (Zamora et al., 2010; Molina et al.,
2011; Rodríguez y Silva et al., 2012). An economic evaluation of natural
resources not only provides a tool for post-fire evaluations, but also rep-
resents an opportunity as a preventive diagnostic of potential fire dam-
age, taking into account meteorological conditions (Chuvieco et al.,
2010), and the fact that these have a direct impact on the final condition
of the resources affected by wildfires.

Many studies around the world have focused on fire-related vari-
ables and modeling in Mediterranean ecosystems. Catchpole et al.
(1993), for example, evaluated different vegetation-based fuel types
to determine fire behavior to determine scales of intensity and effect,
considering the variety of species and plant types affected by different
wildfire intensities, concluding that the model used by the authors
(Rothermel) needed improvements. Morvan and Dupuy (2004), on
the other hand, simulated the propagation of wildfires through Medi-
terranean shrubs (Quercus coccifera) and grasses (Brachypodium
ramosum), showing the effects of wind on heat transfer between fire
front and vegetation. The authors also identified two fire-propagating
models. Similarly, Vilar et al. (2016) modeled the temporal evolution
of human-caused wildfires in the European Mediterranean basin (i.e.
Portugal, Spain, South-France, and Italy), finding that N90% of wildfires
in the region were caused by humans, with good correlations in most of
the countries (except Portugal). Finally, Piñol et al. (2005) studied the
relevance of fuel accumulation and meteorological variability as a con-
trol mechanism for the occurrence of large Mediterranean wildfires,
by developing a simple model of vegetation dynamics and fire spread
over homogeneous areas, incorporating variables such as meteorologi-
cal variability, rates of fuel accumulation, number of ignitions per year,
fire-fighting capacity, and prescribed burning. The authors concluded
that, for a given region and considering the above variables, the most
important factor to minimize the occurrence and spreading of wildfires
is to decrease fuel loads (i.e. prescribe burns) rather than fighting them.

Just like in the above investigations, as well as in many other studies
(e.g. Chafer et al., 2004), fire behavior-related research evaluate the ef-
fects of intensity and severity on fire development and the germination
of seeding (Chappell and Agee, 1996), the survival of trees (Dickinson
and Johnson, 2001), watershed processes (Doerr et al., 2006; Vega et
al., 2013), and the establishment of invasive plants (Keeley, 2006b),
just to name some of them. The concept of intensity and severity can
be evaluated based on the effects of fire behavior in the field (Keeley,
2009). The former concept is related to the energy released during the
process of combustion (normally expressed in units of temperature or
radiation), considering also how long the fuel burns (Bradstock, 1995;
Chafer et al., 2004). Fire severity, on the other hand, is related to the
damage caused by the event in property, the hydrologic cycle, and nat-
ural resources in general, i.e. measurable effects (Chappell and Agee,
1996; Chatto and Tolhurst, 2004). Bothe intensity and severity can be
measured and categorized either in the filed or through indirect
methods such as satellite image analysis and remote sensing (Bobbe
et al., 2004; Chuvieco et al., 2006).

In this study, intensity values have been identified spatially within
the study area, for each type of burned vegetation. Even though there
are studies focusing on this issue within the available literature (Julio,
2007), references for forestry-related developing countries continue to
be scarce. Being often necessary to adopt methods and results on differ-
ent environments and scenarios. For this particular study, the authors
propose an affecting scale applied to the simulation of wildfire propaga-
tion in wildland-human interface, which is a progressively common sit-
uation in countries with worldfires. Thus, this investigation intends to
study themagnitude of the energy release as a result of wildfire spread-
ing, checkingwhether it is possible to zone the different affecting levels,
based on a case study in Central Chile. As indicated in theMethods, such
checking process is based on the development of algorithms specifically
adapted to different types ofwildfires occurred in the country, aswell as
other areas around the world located under Mediterranean climates.
Additionally, this study was justified by the need to have better techni-
cal references for decision makers in terms of preventing and combat
wildfires. The closes references on fire behavior in Mediterranean for-
ests are represented by Rothermel (1972) and Albini (1976), who pro-
posed mathematical expressions to relate heat intensity with fire
spreading models, under different wind and topographic scenarios.
For the particular case of this manuscript, calculations were made
using the previously mentioned KITRAL model, statistically validated
by Castillo (1998) and widely used in Chilean wildfires (Julio et al.,
2012).

Fire behavior is a key aspect in the progression of wildfires and, con-
sequently, the ultimate level of damage according to the vulnerability of
vegetation. Conceptually, this is expressed as the interrelationship be-
tween meteorological and topographical variables, fuels, and chemical,
physical, and mechanical processes derived from fire progression
(Byram, 1957; Finney, 1998; Julio, 2007). Fire behavior simulators
such as Behave Plus (Andrews and Queen, 2001), Farsite (Finney,
1998), FlamMap (Finney, 2007), Visual Cardin (Rodríguez y Silva et al.,
2010) or KITRAL (Julio et al., 1997) consider these variableswhen calcu-
latingfire behavior on the basis offire rate spread, flame length, fire-line
intensity, and heat per unit of surface area (Cheney, 1978). Fire behavior
simulation has great importance, since it provides valuable support for
decision-making processes on various fire management procedures, es-
pecially in terms of resource allocation and the definition of suppression
strategies and tactics (Julio et al., 1997). Consideration of fire behavior
and potential progression makes it possible to plan the necessary ap-
proaches and measures for wildfire suppression, determining an effec-
tive plan of attack (Albini, 1976; Rothermel, 1972). Wildfire spreading
rate is defined as the rate in which wildfires increase or the time wild-
fires take to reach from one geographical point from another, generally
expressed in m s−1 or m min−1. Thus, spreading rate is the result of a
complex association of variables, influenced by the heat flux absorbed
by fuels, density of surface fuels, pre-ignition temperatures, and vertical
gradient of intensity (Frandsen, 1971). Rothermel (1972) designed an
empirical model for lineal fire spreading rate, based on the principle of
energy conservation in one unit of fuel, immediately ahead of a wildfire
advancing front extended across a layer of homogenous vegetation.
Such model has been incorporated into numerous wildfire behavior
simulators, such as Behave, Farsite, FlamMap or Visual Cardin (Finney,
1998, 2007; Andrews and Queen, 2001; Rodríguez y Silva et al., 2010).
In this study, we chose this model instead of Behave, Farsite, or
FlamMap, because of the strong concordance that present field param-
eters' mathematical models, especially on heat release, flame length,
and burned area (and its perimeter), being all of them relevant variables
for the calculation of wildfire intensities. Spreading rate calculation was
undertaken using KITRALmodel (Julio et al., 1997), based on the type of
fuel, moisture content of fine and dead fuel material, wind speed, and
land topography.

Consequently, this study suggests a process to classify field post-fire
severity, resulting from mathematical relationships among calorific
power of affected fuels, average spreading of fire, average flame length,
and fuel load present on each evaluated area, considering as a reference
point an area of Valparaíso Region in Central Chile. The second objective
of this evaluation was to establish initial references for the appraisal of
direct damages, using the references of economic losses proposed and
calculated in the SEVEIF project (Rodríguez y Silva et al., 2010) for the
same area of study.

2. Methods

2.1. Study area

The study took placed in Valparaíso Province (Valparaiso Region of
Chile), considering an area of 176,000 ha. The selected zone comprises
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the greatest density of wildfires in Chile (Castillo, 2013). As an example,
during redflag conditions (summer), an average of 15wildfires per km2

commonly occur in the region, a number that has been increasing in the
past decade, especially in the urban-wildland interface (Rodríguez y
Silva et al., 2010). To validate the results, a 29,378-hectare quadrant
was defined within the study area, corresponding to the outskirts of
the city of Quilpué (Fig. 1).

Local climate is characterized by the presence of mists, which move
inland to form a temperate zonewith temperatures ranging between 17
and 25 °C. Mean annual precipitation is 370 mm. As described in
CONAF-CONAMA-BIRF (1999), native vegetation in the Valparaíso and
Viña del Mar counties is mainly Mediterranean woodlands, shrubs,
and bushes, with species adapted to repeated cycles of forest fires
during warm periods. The study area included important areas of
wildland-urban interface, which are of particular interest for the classi-
fication of fuel and potential fire behavior because these are vital factors
for risk assessments due to their position in areas with extreme gradi-
ents, high combustibility, and potential fire propagation.
2.2. Methodological process

Historical dataset of forest fires, including meteorological, topo-
graphical, and fuel modeling variables, were used to simulate fire be-
havior. A 25-year period of analysis was considered, with the first
10 years used for construction of the model (1987–1997) and the sub-
sequent 15 years (1998–2012) for validating themodel (Fig. 2). Howev-
er, it should be noted that the spatial resolution for both periods was
different; in the first period, the information was generated on a scale
of 1:50,000 because such dataset was generated only for the city of
Quilpué's quadrant. On the second period (validation), the scale
was 1:250,000 because the study zone corresponds to the SEVEIF
Fig. 1. Study area (Valparaiso Region of Chile), showing the are
project (Rodríguez y Silva et al., 2010). A total of 4116 wildfires
were considered and a density of 109.07 fires per annum ∗ 100 km2

(Table 1), for the validation period.
Modelingfire behavior for documentedwildfires required geo-refer-

enced information about meteorology, topography, and vegetation
(Table 2). Using this information, slope factor, fuelmoisture content fac-
tor, and fuel model factor were obtained (Julio et al., 1997) to further
simulate wildfire spreading rate, flame length, and heat intensity
using the KITRAL model (Castillo, 1998).

Mathematical equations from the KITRALmodel were used. Amath-
ematical equation includes the interaction between fuel model, fuel
moisture, and environmental variables, such as topography (slope)
and wind (velocity and direction), in the form of:

Vp ¼ Fmcð Þ � Fchð Þ Fpþ Fvð Þ ð1Þ

where Vp is the fire's spreading rate (m s−1), Fmc is the fuel model fac-
tor (classified into 34 categories, as described in Julio (2007)), Fch is the
fuel humidity factor, whose values range from 0.2 (maximum humidi-
ty) to 51.46 (minimumhumidity) (Castillo, 2013), Fp is the slope factor,
whose values range from 0.001 (−90%withminimum spread) to 4.199
(N90% with maximum spread), and Fv is the wind factor, whose values
range from 0 (for no wind) to 9.34 for wind speeds N25 m h−1.

Wildfire behavior also requires analysis of the behavior of energy
(flame length and fire-line intensity). Flame length is defined as the
distance between the base and the tip of the flame, whereas fire-
line intensity as the rate of energy released per unit of time and unit
of fire front length's advance. Fire-line intensity depends on the
availability of fuel to be burnt, fuel's calorific power, and fire spread-
ing rate (Eq. (2)). Flame length is also related directly to calorific in-
tensity (Eq. (3)) (Albini, 1976), affecting significantly the dynamics
of the convection column. Expressions for calculating fire-line
a where the classification was validated (top-right corner).



Fig. 2. Scheme used for the study.
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intensity are endorsed by the statistical revision of KITRAL, expres-
sions undertaken by Castillo (1998).

I ¼ H�W� Vp Julio et al:;1995ð Þ ð2Þ

L ¼ 0:1477� I0;46 Julio et al:;1995;Castillo;1998ð Þ ð3Þ

where I is fire-line intensity (kcal m−1 s−1), H is the fuel calorific
power (expressed as kcal kg−1), W is the quantity of fuel available
in the fire path (kcal m−2), which depends on the fuel type, fuel
moisture, and fire spread (m s−1) calculated according to Eq. 1, and
L is the flame length (m).

This model's mathematical equations (Eqs. (1), (2) (Julio et al.,
1995), and (3)) were applied to 4116 wildfires, indicating fire behavior
variables (fire spreading, flame length, and fire intensity) for a 25 ×
25mgrid size. Fuelmodels included in this study are related to a specific
Chilean classification that has been used for 20 years (Castillo, 2013),
which is based on fuel moisture, fuel load, horizontal and vertical fuel
continuity, fuel depth, and canopy closure, all of the above to include
different land uses: shrublands, forest plantations, native forests, and
wildland urban interface.
Table 1
Wildfire occurrence within the study area over time (1998–2012 period).

Year Number of fires Burnt area
(ha)

Fire density
(no./year ∗ 100 km2)

1998 293 127 131.90
1999 282 340 126.95
2000 303 94 136.41
2001 312 137 140.46
2002 372 162 167.47
2003 315 922 141.81
2004 202 1955 90.94
2005 189 212 85.09
2006 251 251 113.00
2007 227 247 102.19
2008 212 406 95.44
2009 277 315 77.02
2010 301 381 67.81
2011 331 274 83.17
2012 249 394 76.45
Average 274.40 ± 50.18 284.26 ± 207.22 109.07 ± 30.39
The process for organizing plots of land and acquiring data was the
following: 40 rectangular land plots of 200 m2 in area, based on the
methodology used by Julio et al. (2012) to evaluate field damage for
Mediterranean ecosystems between the summers of 2011 and 2012 in
the Valparaíso Region. Wildfires with a surface area greater than (or
equal to) 1 ha were considered in order to give a detailed description
of the different degrees of fire effects. The percent effect was established
by counting live branches and fire-killed branches, in all layers of vege-
tation and for all plant types (shrubs, and trees). Regenerationwasmea-
sured via the proportion of green and burnt areas to establish cover
values for each plot. Soil conditions were evaluated with 15-cm-deep
profile analyses (Castillo, 2013) to check for leaf litter, roots, and parent
material damage.

The results of the fire behavior variables were classified into catego-
ries or fire intensity levels (FIL) according to Jenks' classificationmethod
(Jenks, 1963). This method seeks to reduce the variance within classes,
maximizing the variance between levels. The results of Molina et al.
(2014) were used as a reference for associating simulation results for
each fire event. These results classify the level of fire damage in terms
of flame length, defining six categories of deterioration rates. The defini-
tion of each category (upper and lower limits) was undertaken using
the Jenks' algorithm application (Jenks, 1963), also tested by Castillo
(2013) to characterize post-fire intensity on different Mediterranean
ecosystems. The classification took into account the sample's standard
deviation and tested the area for all parameters of fire behavior consid-
ered in this experiment. The non-parametric Wilcoxon test for paired
data was used for fire propagation simulation,with statistical software's
support and considering two samples: records generated by the SEVEIF
project (1987–1997) (Rodríguez y Silva et al., 2010) and records gener-
ated for the validating period (1998–2012). The Wilcoxon test made
possible to establish whether there were significant differences be-
tween the population of data (p b 0.05) in variables such as flame
length, fire spreading rate, intensity, and FIL, between fires on the previ-
ouslymentioned scales. If therewere no significant differences between
both samples, an evaluation of levels of effect and socio-economic im-
pacts resulting from the fire could be carried out in combination.

The result of the above process was the creation of a GIS data matrix
to run an analysis of variance (ANOVA), with the purpose of identifying
significant differences (p b 0.05) in fire behavior parameters between
the different vegetation types affected by wildfires and the two geo-
graphical scales proposed in this study.



Table 2
Geographic layers and criteria used for fire behavior analysis.

Variable (see mathematical expressionsa) Database Units

Fire occurrence Forest fire database (1987–2012) Number of fires per year
Slope factor Digital elevation model (25 × 25 m) Percent (−90% to +90%).
Humidity content factor Calculation of average meteorological variables for the study area from

temperature and relative humidity data
Values between 0.52 and 51.46

Wind factor Calculation of average meteorological variables for the study area,
considering information for wind speed and direction

Values between 0 and 25 m h−1

Fuel model factor Fuel map from the SEVEIF project (Rodríguez y Silva et al., 2010) 34 categories, with fire spreading data (m h−1)
Classification of fire intensity level (FIL),
based on flame length (L)

Scale of intensity for different flame lengths in Mediterranean ecosystems
(Molina et al., 2014)

The following categories were used:
L 0–2 m: FIL = I
L 2–3 m: FIL = II
L 3–6 m: FIL = III
L 6–9 m: FIL = IV
L 9–12 m: FIL = V
L N 12 m: FIL = VI

a Mathematical expressions in this table are expressed in Eqs. (1)–(3).
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3. Results

The different simulations indicated average fire spreading rate,
with values that ranged between 0.21 m s−1 in native woodlands, to
0.93 m s−1 in grasslands. Flame lengths ranged between 1.88 m in
grasslands to 34.04 m in interface areas (Table 3). The maximum and
minimum values of fire-line intensity were found in Rodríguez y Silva
et al. (2010) and Castillo (2013) for this type vegetation and study
zone. A geographic record of these results (Fig. 3) shows the scale of
effect of six levels of intensity. When comparing both geographical
scales, the classification of fire behavior parameters (fire spreading
rate, flame length, and fire-line intensity) presented no obvious differ-
ences. In general, indicators showed slightly higher values for the
1:50,000 scale. TheWilcoxon test did not indicate any significant differ-
ences between flame length (p = 0.249), fire rate spread (p = 0.833),
and fire intensity value (p = 0.338), for both work scales (Table 4).

The above means that the level of data entry detail (in this case, the
information collated from all wildfires) allows reliable results to be gen-
erated for fire behavior, independently of the used geographical scale,
also bearing inmind that the algorithmhas been validated by successive
software updates (Castillo, 1998, 2013). These records were previously
detailed according to the type of vegetation affected, with their respec-
tive fire behavior parameters, drawn from simulations that now consid-
er average values and their respective standard deviations in anANOVA.
The analysis of 4116 fires by an ANOVA indicates that, for a critical p
value of 0.087 (α = 0.05), there were no significant differences be-
tween the parameters of fire propagation, with these differences
(Tukey with a critical p value of 0.021; α = 0.05) being demonstrated
for parameters of intensity and flame length, as was expected for the
specific characteristics of the fuels involved in the simulation process.

Table 5 shows the relationship between the different heat intensity
levels developed in the presence of six groups of fuel models, to
whom heat intensity, fire spreading rate, and flame length were calcu-
lated. Heat intensity values calculated for plantations had an average
available fuel load of 35–55 t ha−1, approximately, a data corroborated
Table 3
Fire intensity levels (FIL), based on two spatial resolutions, considering data registry between

FIL Scale 1:50,000 (22,000 ha)

L (m) Vp (m s−1) I (kcal m−1 s−1)

Min Max Min Max Min Max

I 0.30 1.88 0.01 0.17 0.00 171.07
II 1.88 3.07 0. 17 0.21 171.07 444.52
III 3.07 5.49 0.21 0.41 444,52 1077.04
IV 5.49 7.12 0.41 0.60 1077.04 1812.37
V 7.12 12.01 0.60 2.67 1812.37 14,331.01
VI 12.01 34.04 2.67 6.61 14,331.01 70,000.00
by Pérez (2006), who analyzed fuel loads below the canopy in pine and
eucalyptus plantations subject to forestry treatments in Mediterranean
environments of southern Chile (Castillo, 2013). These values differ
from the values found in native woodland, where fuel load exceeds
150 t ha−1 (Julio et al., 2012; Castillo, 2013), thus giving a greater ener-
gy potential due to the combustion of species with greater calorific
power, as well as horizontal and vertical structures that are denser
than in plantations, where thinning and pruning occurs. These differ-
ences are evident in the statistical separation of groups. A similar situa-
tion occurs in the shrub-type, where available fuel values fluctuate
between 112.5 and 180 t ha−1 (Castillo, 2013). The characteristics of
highly flammable materials in homes located within the wildland-
urban interface and their respective calorific power values (studied in
Rodríguez y Silva et al., 2010), allowed another combustion risk group
to be identified, giving much greater field intensity results than for the
other fuel model groups.

Given that there may be no direct links between fire intensity and
fire severity (since the latter depends on residence time based on fire
spread and fuel availability), severity level is based on field indicators.
Fire behavior performs a stakeholder analysis to identify fire damages
based on fire severity. Morgan et al. (2014)'s approach carried out se-
verity evaluations using remote sensing at landscape level (Heward et
al., 2013). In this sense, differences between fire intensity and fire sever-
ity should be considered to field inventories (Keeley, 2009). Field indi-
cators enable the direct impact of wildfires on each type of vegetation
to be easily evaluated. Field indicators (Table 6) include parameters
for both, the condition of different vegetation layers (aerial, surface, ver-
tical, and underground) and the soil, as well as the proportion of avail-
able fuel and post-fire regeneration after 6 weeks.

4. Discussion

By incorporating interface areas and the use of historic records over
25 years into the land analysis, a great variability of meteorological and
fire spreading rate scenarios can be included in the fire behavior
1987 and 1997 (1:50,000) and between 1998 and 2012 (1:250,000).

Scale 1:250,000 (176,000 ha)

L (m) Vp (m s−1) I (kcal m−1 s−1)

Min Max Min Max Min Max

0.05 1.77 0.06 0.22 0.01 158.41
1.77 3.59 0.22 0.29 158.41 506.31
3.59 5.72 0.29 0.44 506.31 1022.98
5.72 7.85 0.44 0.58 1022.98 2070.87
7.85 12.45 0.58 3.45 2070.87 16,770.00
12.45 30.03 3.45 5.70 16,770.00 62,428.00



Fig. 3. Fire intensity levels (FIL) based on forest fire simulation using KITRAL, for the validating area (Valparaíso). The greatest fire intensity values were found in the Wildland-urban
interface zones, where values reached around 62,000 kcal m−1 s−1. Classification was based on flame length values from fire behavior analysis.

Table 4
Wilcoxon statistical test for significant differences in flame length, fire spreading rate, and
fire-line advance, between the two spatial resolutions used (1:50,000 and 1:250,000).

Differences between scales

Wilcoxon La Vpa Ia

Zo 1.153 0.211 −1.153
Zc 1.282 1.282 1.282
p 0.249 0.833 0.241

Zo = observed value; Zc = critical value; p= bilateral p value.
a α = 0.02. Bilateral test.
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analysis. From the ecological perspective of vegetation affected by fire
and the field indicators described in Table 6, fire intensity is usually
evaluated from two viewpoints: via calculation of temperatures
Table 5
Fire intensity values, flame length, and fire spreading rate for different types of plant fuels in th

Vegetation Heat intensity (kcal m−1 s−1) Fire s

Pine plantations1 626.21 ± 112.22a 0.31
Eucalyptus plantations2 1821.52 ± 51.05 0.50
Native woodland 1084.15 ± 72.11b 0.27
Shrubs 388.94 ± 43.33b 0.31
Mixed grasslands 135.14 ± 74.05c 0.93
Interface areas 12,155.01 ± 1634.04d 0.67

Superscript letters indicate significance at p N 0.05.
1 Pinus radiata (D. Don), with forestry management, aged 4–11 years.
2 Eucalyptus globulus (Labill), without forestry management, aged 8–18 years.
3 Description of ranges proposed by Molina et al. (2014) and explained in Table 2.
generated by the passage of fire over the soil (Alexander, 1982) or by
evaluating fire impacts on the ecosystem's structure and dynamics
(Bradstock, 1995). This former approach compares different situations
of burnt soils in southeast Australia, in relation to the response of legu-
minous plants, assigning response and survival percent for the area af-
fected and recovered, as expressed in the scales of effect (Table 6). In
general, there was a direct link between FIL and the interface areas
(Fig. 3), agreeing with similar studies (Castillo, 2013), due to the pres-
ence of steep and very deep areas with scrubland and buildings made
out of highly flammablematerial (Rodríguez y Silva et al., 2010). The in-
terface zones in the study area were directly associated with greater
amounts of released energy, compared to plant matter (Table 5), due
to the combustion of materials with higher flammability than the sur-
rounding plant species, agreeing with other studies (Hammer et al.,
e area of Valparaíso, Central Chile.

preading rate (ms−1) Flame length (m) Intensity level3

± 0.04a 4.23 ± 1.32a III
± 0.11a 5.51 ± 2.22a V
± 0.0a 3.77 ± 0.16a IV
± 0.21a 2.41 ± 0.15a II
± 0.02a 1.88 ± 0.21b I
± 0.16a 27.72 ± 5.36c VI



Table 6
Severity field indicators forMediterranean vegetation affected by wildfires, considering fire behavior variables (Keeley, 2006a; Julio et al., 2012). Intensity levels (I to VI) were classified in
line with heat fire intensity (kcal m−1 s−1). Values are based on a test area of 200 m2 (Julio et al., 2012).

I
(0–171.07)

II
(171.07–506.31)

III
(506.31–1077.04)

IV
(1077.04–2070.87)

V
(2070.87–16,770.00)

VI
(16,770.00–62,428.00)

Type of fire Surface one-dimensional Surface bidimensional Tridimensional Tridimensional Tridimensional Tridimensional

Fire propagation
Aerial layer Not apparent Bursts of fire. Minimal

damage to crowns, b10%
Damage
concentrated in
sectors, 11–20%

Irregular damage,
20%–50%

Extensive damage.
N50%. Enclaves of
live vegetation.

Total damage (100%)

Surface layer Partial combustion, b10% Partial combustion,
11–25%

Extensive
combustion, 25% -
75%.

Extensive
combustion,
75%–90%

Total combustion.
N90%

Total combustion.
100%

Vertical layer Without apparent
damage

Superficial combustion of
branches and stems

Superficial
combustion of
stems and total
combustion of
branches

Combustion with
cracks in stems and
branches

Combustion, cracks
and ruptures in
stems and branches

Ruptures and total
combustion

Underground layer 0.5–1.0 cm of soil with
thin roots partially burnt

0.5–2.0 cm of soil with
thin and thick roots
partially burnt

0.5–3.0 cm of soil
with burnt roots.
Soil with lots of
ash and
fragmentation

0.5–3.0 cm of soil
with total root
destruction. Traces
of charred soil

0.5–3.0 cm of soil
with total root
destruction. Partially
Charred soil

0.5–3.0 cm of soil with
total root destruction.
Totally charred soil

Proportion of affected vegetation according to layer
Aerial b10% 10–25% 25–40% 40–75% 75–90% N90%
Surface 5–15% 15–35% 35–50% 50–75% 75–90% N90%
Underground Not apparent 1–10% 10–35% 35–50% 50–75% 50–75%

Proportion of total fuel burnt b 5% 6–15% 15–50% 50–70% 70–90% 90–100%
Initial post-fire regenerationa Not apparent 25% presence in relation to

burnt plot area (200 m2),
herbaceous and shrub
layers

25–70% presence
in relation to
burnt plot area
(200 m2),
herbaceous and
shrub layers

Moderate
regeneration
(30–50%) in
herbaceous layer;
N70% in shrub
layer

Scant regeneration
(b15%) in all vegetal
layers

Null

Effects on soil Without apparent
damage.

Apparent damage 0.5–1.0
cm.

Damage deeper
than 1.0 cm into
the soil.
Superficial cracks.

Charring up to
2.0 cm of soil.
Deep cracks.
Exposed roots and
stones.

Charring deeper
than 2.0 cm into the
soil. Moderate
cracks. Exposed
roots and stones.

Charring deeper than
2.0 cm into the soil.
Deep cracks. Exposed
roots and stones.

a Regeneration evaluation period: up to 6 weeks, using the records from Julio et al. (2014) for tracking the recovery of plant landscapes affected by fire in the same study zone.
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2007; Mell et al., 2010; Weise and Wotton, 2010; Suzuki et al., 2012;
Chas-Amil et al., 2013) where the effect of fire on different types of
building materials for homes, home densities, and the location of
them within areas with high risk for forest fires is assessed. Evaluating
fire impacts is a complicated process, generally based on satellite imag-
ery and supported by indirectfield inventorymethods to extrapolate re-
sults into the whole area under study (Brewer et al., 2005; Cocke et al.,
2005; Molina et al., 2014). Studies showing direct damage from fire
propagation are normally concentrated in the final quantification of
losses, according to the degree of fire effects measured directly in the
field (Chatto and Tolhurst, 2004). Thus, such an evaluationmust be sup-
ported directly by experts who must characterize damage intensity for
each type of fuel (Vega et al., 2013). If average economic value for
each land use in the study zone (average information obtained from
the SEVEIF project, Rodríguez y Silva et al., 2010) was known, economic
appraisal algorithms developed for plantations and nativewoodlands of
Chile by Castillo (2013) could be complemented. The value obtained
from the SEVEIF project includes the appraisal of tangible and intangible
(e.g. scenic beauty, biodiversity, or protection against soil erosion)
resources.

The great diversity of intensities present in a forest fire is normal in
Mediterranean landscapes (González-Pelayo et al., 2006), corroborated
by Keeley et al. (2005 and also Keeley, 2006a) in studies on the
multitemporal effects of fire in Mediterranean chaparral landscapes,
which show scales of effect based on fire intensity levels. In terms of
the usefulness of intensity scales in economic evaluations, field indica-
tors can directly support the evaluation of the net-value change of the
resource (NVC). The difficulty imposed in determining NVC in the
field leads to the use of indirect techniques. Accordingly, economic eval-
uations supported by the identification of FIL has been used for other
appraisal-related studies (Rodríguez y Silva and González-Cabán,
2010; Rodríguez y Silva et al., 2012). The use of depreciation intervals
for each FIL responds to the prerequisite of clarity and dynamism re-
quired by forest managers to carry out and test appraisals in the field
(Zamora et al., 2010; Molina et al., 2011). Depreciation intervals were
established based on records from the SEVEIF project and from
Castillo (2013). Whilst values above 4000 kcal m−1 s−1 (with flame
lengths N7 m and associated with three-dimensional fires) cause total
damage to bush vegetation comprising scrub and native woodland,
the total combustion of pasture reaches around 200 kcal m−1 s−1. The
highest values are concentrated in mixed materials with high flamma-
bility, associated with wooden constructions and the high combustion
present in eucalyptus plantations, usually exceeding 700 kcal m−1

s−1. These records aloud for the establishment of a direct relationship
between each type of flammable plant cover and also the interface
zones (homes made of different types of materials) and FIL category.
In doing so, it is possible to obtain the actual losses caused by wildfires.
The intensity level matrix (Table 6), with the help of GIS packages, al-
lows for a quick and easy evaluation of the potential or actual economic
impact of a fire, hence constitutes an excellent support tool in the deci-
sion-making process for restoration, as well as land management.

5. Conclusions

The inclusion of the amount of energy released in the combustion
process, brought into an evaluation scale, allows for the identification
of different fire intensity levels. In this sense, our results point out the
impact of different environmental variables, fuel model characteristics,
andfire spread conditions for resources affectation. Results are fully rep-
resentative for the wooded and scrubland region in Mediterranean
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Chile, since they consider a wide variety of vegetation type, climate, and
topography conditions, which have a direct bearing on the characteris-
tics offire propagation. Using computer-based simulations and studying
records of more than four thousand wildfires, it was possible to define
evaluation scales that support field severity characterization.

This fire intensity proposal and its relationship to potential impacts
may also be employed as a decision-making tool in a preventive context,
by incorporating it into the analyses of risk and loss potentials from for-
estry agencies and authorities. The methodological process is not local-
ized and thus may be replicated in other countries, if entry data is
updated and validated in the field. All of the above requires information
for meteorological and topographical variables, as well as tree, shrub,
and herbaceous vegetation types, which may also be replicated by
other forest fire simulations, since they are able to characterize the fire
spread variables expressed here. References derived from fire behavior
modeling in wildland-urban interface areas are of particular relevance,
due to the constant increase of these types of fires in other parts of the
world, especially in countries with Mediterranean climates.
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