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Vulnerability assessment is a vital component of wildfire management. This research focused on the
development of a framework to measure and map vulnerability levels in several areas within Mediter-
ranean Europe, where wildfires are a major concern. The framework followed a stepwise approach to
evaluate its main components, expressed by exposure, sensitivity and coping capacity. Data on popu-
lation density, fuel types, protected areas location, roads infrastructure and surveillance activities, among
others, were integrated to create composite indices, representing each component and articulated in
multiple dimensions. Maps were created for several test areas, in northwest Portugal, southwest Sardinia

Keywords: . .. . . . .. . .
Wﬁ dfire vulnerability in Italy and northeast Corsica in France, with the contribution of local participants from civil protection
Exposure institutions and forest services. Results showed the influence of fuel sensitivity levels, population dis-

tribution and protected areas coverage for the overall vulnerability classes. Reasonable levels of accuracy
were found on the maps provided through the validation procedure, with an overall match above 72% for
the several sites.

The systematic and flexible approach applied allowed for adjustments to local circumstances with
regards to data availability and fire management procedures, without compromising its consistency and
with substantial operational capabilities. The results obtained and the positive feedback of end-users
encourage its further application, as a means to improve wildfire management strategies at multiple
levels with the latest scientific outputs.

Stepwise procedure
Mediterranean Europe
Local users

© 2017 Elsevier Ltd. All rights reserved.

hottest season, and the predominance of Mediterranean-type
vegetation, result in fire-prone landscapes (Ganteaume et al.,
2013; Moreira et al., 2011; Roberts et al., 2001; Urbieta et al.,

1. Introduction

Wildland fires are recurrent events in southern Europe and a

major cause of land degradation in this region (Pausas et al., 2008;
Rodrigues et al., 2013; San-Miguel-Ayanz et al., 2013; Turco et al,,
2016). Particular physical and human circumstances contribute to
this high incidence of wildfires. In fact, the Mediterranean climatic
conditions, with the temporal coincidence of the driest with the
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2015). Moreover, the coexistence of urban settlements, infrastruc-
ture networks and vegetated areas in a complex and intimately
interconnected patchwork increase fire hazard. This is exacerbated
by the recent changes in demographic patterns and land use,
combined with the diminished control on traditional practices
involving fire as an instrument for land management (Badia et al.,
2011; Gomes, 2006; Lampin-Maillet et al., 2011; Moreira et al.,
2011; Nunes et al., 2016; Pausas et al., 2008; Ruiz-Mirazo et al.,
2012; San-Miguel-Ayanz et al., 2012a). Fire activity in this region is
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also likely to intensify due to climate change, aggravating its im-
pacts on the environment and society (Amatulli et al, 2009;
Amraoui et al., 2013; Carvalho et al.,, 2011; Giannakopoulos et al.,
2009; Kovats et al., 2014; Moreno, 2009; Moriondo et al., 2006).
In this context, evaluating the impacts of wildfire occurrence
and developing approaches to prevent potential damages are crit-
ical for fire management. Vulnerability assessment provides
particular tools to analyse the potential for loss and has received
growing attention at the international level (Cutter, 2015; UNISDR,
2015). Previous efforts have been made to define logical and
consistent vulnerability assessment approaches; some studies
focused specifically on the ecological dimension of wildfires
(Aretano et al., 2015; Duguy et al., 2012; Ibarra et al., 2007), whereas
others were centred around socio-economic aspects (Rodriguez
et al., 2013; Roman et al., 2013). Holistic frameworks have also
been tested, attempting to integrate the wide range of potential
impacts and interactions of wildfires (Birkmann et al., 2013;
Chuvieco et al., 2014; Ortega et al., 2012; Tedim et al., 2013).
These studies presented valuable alternatives to implement sys-
tematic approaches for evaluating vulnerability, however some
challenges persist. The lack of data for all the variables integrated,
in a suitable scale and format, and their consistent aggregation in
meaningful indicators, are relevant issues (Birkmann et al., 2013;
Chuvieco et al,, 2014; Kuhlicke et al., 2011). Other main challenge
regards the need to transfer the scientific knowledge resulting from
these complex approaches into technical and operational proced-
ures, required in other sectors linked to wildfire management.

1.1. Background and objectives

The research here presented tried to respond to these chal-
lenges. The main purpose was to develop a structured approach for
vulnerability assessment of wildfires, based on recent scientific
outcomes and implemented for operational purposes, applicable
within the geographical context of Mediterranean Europe.

This study was integrated into the framework of an European
research project (PREFER — Space-based Information Support for
Prevention and Recovery of Forest Fires Emergency in the Mediterra-
nean area, G. A. nr. 312931), dedicated to the development of a
service infrastructure for the provision of EO-based (Earth Obser-
vation) cartographic products related to fire management activities
in the Southern European countries most affected by wildfires,
namely France, Greece, Italy, Portugal and Spain (EC, 2015; Turco
et al., 2016). Vulnerability assessment was part of the range of
services provided, together with fuel mapping, daily and seasonal
hazard maps and burned areas mapping at very high-resolution,
among others. Institutions working on wildfire management of
the participating countries, specifically Civil Protection De-
partments, Forest Services, Fire Brigades and regional Environ-
mental Agencies, were involved as stakeholders during the several
phases of the project, to ensure the operational application of the
outputs developed (Laneve et al., 2014; Oliveira et al., 2017a).

Following the outcomes of previous studies and the specific
goals of the PREFER project, this research was steered by three main
objectives:

i) the identification of common components and variables in
multi-hazard vulnerability assessments that are suitable for
wildland fire research;

ii) the delivery of cartographic products that represent wildfire
vulnerability and its multiple spatial interactions;

iii) the development of products adjusted to the needs of end-
users and with practical implementation, to contribute to
decision-making processes from an operational perspective.

The methodological procedure implemented and the results
obtained for different test sites are presented. The advantages and
limitations of this approach, the main challenges for its operational
use and the implications for further application in other areas, are
discussed.

2. Materials and methods
2.1. Study area

The vulnerability framework was designed to be implemented
in any area within the 5 Southern European countries most affected
by wildfires (Fig. 1). Within this region, several sites were selected
to test the framework developed, based on the following criteria: i)
the characteristics of the area with regards to fire occurrence; ii) the
availability of suitable data; iii) the possibility of obtaining feedback
from potential users, stakeholders of the project, in relation to the
outputs provided with the framework. The sites selected were the
Minho region, in northwest Portugal, and the southwest of Sardi-
nia, in Italy. Additionally, to evaluate the replicability of this
framework, the procedure was applied to another site in Northeast
Corsica, in France (Fig. 1).

Minho region, Portugal (Fig. 1, 1). Minho is one of the most fire-
affected regions in Portugal, with over 3.000 fire events and about
17.000 ha of burned area annually in recent years. This region oc-
cupies 4.700 km? and is composed of 24 municipalities. The eastern
side of the region is occupied by the protected area of Peneda-
Gerés, recognized at the international level.

SW Sardinia (Fig. 1, 2). This test site was located in the South-
western part of Sardinia island, covering about 3000 km?. It
comprised the whole province of Carbonia-Iglesias and part of the
Cagliari and Medio-Campidano provinces. Forest fires represent the
main source of risk for this area. It hosts the protected area of
Monte Arcosu Forest, one of the biggest holm oak forests of the
Mediterranean region.

NE Corsica (Fig. 1, 3) — The island of Corsica occupies an area of
8.680 km? and is composed of 2 departments: Corse-du-Sud (SW)
and Haute-Corse (NE), the test site being located in the latter. On
average, more than 500 fires burn over 1000 ha per year
throughout the region. The inner part of the island, predominantly
rural and intersecting both regions, is classified as a Regional Nat-
ural Park.

2.2. The wildfire vulnerability framework

The methodological approach was designed to accommodate
specific adjustments required for an operational application, asso-
ciated with fire management procedures already in place in the
participating countries. This was enabled by integrating the feed-
back of stakeholders and potential users in the development of the
service infrastructure from the beginning, and by delivering out-
puts which complied with a harmonized set of technical re-
quirements defined in view of users' needs and suitable scientific
options based on recent research.

The vulnerability framework developed followed a compre-
hensive approach and inherited its main structure from recent
scientific studies (e.g. Birkmann et al., 2013; Chuvieco et al., 2014,
2010; Turner et al., 2003). It analyses the assets, or values-at-risk,
that can be affected by a wildfire, integrating variables that reflect
different dimensions: social (population), physical (buildings and
road infrastructure) and environmental (fuels/vegetation and pro-
tected areas). In addition, institutional resources which affect the
coping capacity of communities were included, such as surveillance
and fuel management activities.

The vulnerability assessment framework integrated three main
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Fig. 1. Overall geographical area for the implementation of the wildfire vulnerability framework. The 5 participating countries are individualized. Test sites (in black): 1- Minho

region, Portugal; 2- SW Sardinia, Italy; 3- NE Corsica, France.

components:

a) Exposure, representing the presence of assets (people, property,
ecosystems) in areas where wildfires may occur (Aubrecht et al.,
2013; Gallina et al., 2016; Salis et al., 2015, 2013; UNISDR, 2009);

b) Sensitivity, representing the degree to which these assets can be
affected by a wildfire, linked to their predisposition to suffer
certain type and magnitude of losses (Aretano et al., 2015;
Birkmann et al., 2013; Cutter, 2011; Murthy et al., 2015);

c) Coping capacity, related to the measures applied to anticipate
potential effects or to respond in case a fire occurs (Birkmann
et al., 2013; Tedim et al., 2013), based on institutional practices
within the several countries.

Each of these components was converted into a composite index
that could be provided separately. In view of different conceptual
approaches, exposure and coping capacity could be considered
separately from vulnerability (e.g., Ciurean et al., 2013; Costa and
Kropp, 2013; Oppenheimer et al., 2014; UNISDR, 2009), but since
they constitute crucial steps for the assessment of potential losses
they were integrated in the overall framework.

The final vulnerability index combines the three intermediate
components and provides a relative measure of the maximum
potential for loss, in case a fire occurs in a certain area, considering
the characteristics of the assets found in that area.

2.2.1. Processing chain

The framework was implemented with a stepwise approach,
with each step resulting in a specific output (Fig. 2). The processing
chain was developed using scripting techniques with python®
software with automated routines, to support its systematic
application to different areas and enable frequent updates, by
season or year. To ensure the consistency of the procedure
throughout the several steps, a set of technical rules was defined
(Table 1), to simplify its interpretation and enable further
implementation.

2.3. Data collection and analysis

The analysis of each component of vulnerability included a set of
variables representing the exposed assets and coping measures,
within specific dimensions (social, environmental, physical/in-
frastructures or institutional, Fig. 2). The selection of the variables
was based on extensive literature review and on the possibility to
obtain the required data in a suitable format, while keeping the
operational perspective. Different sources were screened and local
or regional datasets were used whenever possible, taking into ac-
count their resolution, scale and assembly time. When local data
were not available, European or worldwide datasets deemed
appropriate were used instead. A brief description of the variables
is presented below and further details are available as
supplementary material (Table 2).

2.4. Variable weighting and aggregation

The weighting of the variables was obtained from previous
studies outputs, a preliminary analysis of the data available and
through stakeholder engagement. The weighting represents a
relative measure of the contribution of each variable to the po-
tential for loss derived from wildfires. Based on the procedures
implemented in their institutions and their experience, stake-
holders defined social losses as the dominant concern, mainly the
human lives potentially lost, which are the top priority of fire
management strategies in all participating countries. Fuel types are
directly related to fire ignition and behavior and they have a strong
influence on the potential damage fire can cause. Therefore, pop-
ulation and fuels were evaluated as the most relevant values-at-risk
and received a higher weighting within the model.

For retrieving sensitivity values of the elements exposed, and
due to data constraints, only two dimensions were covered: human
and environmental, with fuel and population sensitivity receiving
higher and equivalent weights, following the stakeholder
consultation.
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Fig. 2. Stepwise approach of wildfire vulnerability assessment, with the elements (assets and resources), dimensions and components integrated.

Table 1

Processing rules defined to implement the framework, according to the specific purposes of the research.

Purpose

Processing rules

Obtain the best possible compromise between the spatial resolution of data
obtained from different sources (for example, remote sensing data at very
high resolution and statistical data at municipality level)

Ensure the consistent aggregation of data from different sources and formats

Provide cartographic products scientifically sound and technically robust, with
the systematic application of the stepwise processing chain.

Develop decision-making tools able to be applied at the operational level.

Spatial resolution of the maps was defined as 1 ha. A base grid at 100 m was
created for the overall study area based on the European grid available from the
EEA at 1 km using GIS tools (http://www.eea.europa.eu/data-and-maps/data/
eea-reference-grids-2)

All variables were, first, transformed to a numerical scale, as proportions
(protected areas coverage), densities (population) or ratios (for example nr.
firefighters in relation to fuels coverage)

All variables were normalized to a common scale (0—1) within each test site,
with the formula:

norm (var 0—1) = var(value) — min(var)/max(var)-min(var)

with norm(var 0—1) being the resulting normalized value in the scale 0 to 1; var
(value), the value of the variable obtained for the grid cell; min (var), the minimum
value of that variable in the test site; the max (var), the maximum value of that
variable obtained in the test site.

Each component (exposure, sensitivity and coping capacity) was, first, analyzed
individually, creating composite indices from the variables included. The three
indices were subsequently aggregated to compute the overall vulnerability level
Outputs were obtained at each step of the processing chain and can be updated
frequently, These intermediate products are useful for different stages of fire
management and for different users

Create cartographic products at the several steps, updated according to users'
needs and ensuring the possibility to integrate more or better data when
available

All the variables were spatialized based on the reference grid. Variables and
intermediate indices could be represented cartographically and aggregated at
different spatial scales.

The coping capacity index covered the institutional dimension
and, based on the practices of the different users and institutions
involved, each variable received an equal weight. Unlike exposure
and sensitivity, where higher values represent areas that require

more urgent attention, in coping capacity higher values represent
areas where more coping measures have been applied. To maintain
the consistency in the interpretation of the indexes and maps, the
coping capacity component was transformed in a reverse scale
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Variables used for vulnerability assessment, by dimension and component, data sources and scientific references that support their integration (see supplementary material for

further details).

Dimension Code Value-at-risk/Resource ~Component Variable Sources References
Human/Social A Population Exposure Population density (nr.  Census 2011 (PT) Aubrecht et al., 2013; Birkmann et al., 2013;
people/ha) mapas.ine.pt Cutter, 2011; Cutter et al., 2003; Gaither et al.,
Sensitivity % people > 64 years old Census 2011 (IT) 2011; Kuhlicke et al., 2011; Tapsell et al., 2010;
www.istat.it Taubenbock et al., 2008
Environment B Vegetation/fuel types Exposure % area covered by fuels Fuel map from PREFER  Barros and Pereira, 2014; Carmo et al., 2011;
or burnable land cover  project Chas-Amil et al., 2013; Chuvieco et al., 2010;
Sensitivity Weighting of fuel or Ganteaume et al., 2013; Laneve et al.,, 2014;
land cover types Moreira et al., 2011, 2001; Oliveira et al., 2014
according to fire
proneness and recover
ability
C Protected natural areas Exposure % area covered by any  Forest services (PT) Aretano et al.,, 2015; Chuvieco et al.,, 2014;
type of protected areas icnfpt Dudley and Stolton, 2008; Geldmann et al.,
Sardinia geodatabase 2013; Naughton-Treves et al., 2005; Salis et al.,
(IT) 2013
sardegnageoportale.it
Sensitivity Weighting of protected World Database on
areas according to Protected Areas WDPA
levels of protection and protectedplanet.net
IUCN category
Infrastructure D Buildings Exposure Building density Census 2011 (PT) Birkmann et al., 2013; Bowman et al., 2011;
(nr. buildings/ha) mapas.ine.pt Chuvieco et al., 2014
E Roads Exposure Road density Sardinia geodatabase Chas-Amil et al., 2013; Darques, 2015; Galiana-

(length/ha)

(IT)
sardegnageoportale.it

Martin and Karlsson, 2012; Ganteaume et al.,
2013; Lampin-Maillet et al., 2011;
Ortega et al., 2012; Tedim et al., 2013

Institutional F Nr. firefighters

Coping Capacity

Ratio of firefighters in
relation to exposed
fuels or land cover area

G Surveillance areas Coping Capacity Number of surveillance
towers/paths with
visibility over the area

H Fuel management Coping Capacity % of area subject to fuel

reduction in relation to
exposed fuels area

National or Regional
Civil Protection
Services

National or Regional
Forest Services

National or Regional
Forest Services

Carvalho et al., 2011
Moreira et al., 2011

Raftoyannis et al., 2014
Rego, 2004

Corona et al.,, 2015; Fernandes, 2013; Moreira
etal, 2011

(Table 3).

The aggregation of the variables was done with an additive-type

Vulnerability = (Exposure*0.5) + (Sensitivity*0.3) + ((1-Coping

Capacity)*0.2)

model, to differentiate the effects of the individual variables in the
modelling approach and to streamline the interpretation of the
outputs, one of the requirements for their operational application.

The vulnerability index resulted from the combination of the
three intermediate indices, based on the relative importance of
each one for the overall vulnerability levels. Exposure was
considered the key component and received a higher weighting, an
option justified by the relevance of exposure analysis in wildfire
studies, which can be assessed separately (Ager et al., 2014;
Alcasena et al., 2015; Salis et al.,, 2015, 2013, Thompson et al.,
2015, 2013), and its relationship with the other components;
sensitivity to damages of a certain asset and the coping capacity of
the area are only calculated if exposure exists.

The final vulnerability map expresses the maximum potential
for loss, combined for all the assets present in an area. The relative
values obtained (scale 0—1) for the several components and the
final vulnerability map were divided in 5 classes, in agreement with
current operational tools within civil protection, fire brigades and
forest services in the countries involved: class 1 (low, 0—0.2); class
2 (moderate, 0.2—0.4); class 3 (high, 0.4—0.6); class 4 (very high,
0.6—0.8); class 5 (maximum, 0.8—1).

2.5. Validation

The validation procedure was guided by two main objectives:

Table 3
Weighting of variables (normalized to scale 0—1) and calculation of each component of vulnerability.
Component Dimension Variable Weight Calculation
Exposure Social population density 0.3 Exposure = [(population density*0.3] + (fuel
Environmental fuel coverage 0.3 *0.3) + (protected areas *0.2) + [(buildings *0.5 + roads*0.5)
protected areas coverage 0.2 *0.2]
Physical building density 0.1
roads density 0.1
Sensitivity Social population > 64 years 04 Sensitivity = (Population®0.4) + (fuel *0.4) + (protected
Environmental fuel sensitivity level 04 areas*0.2)
protected areas sensitivity 0.2
Coping capacity Institutional firefighters/fuels 0.33 Coping capacity = 1 — [(firefighters*1/
fuel management area/fuels 0.33 3) + (fuel_management*1/3) + (surveillance*1/3)]
visibility (surveillance/fuels) 033
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Fig. 3. Wildfire vulnerability maps for the test sites of Minho, Portugal (A) and SW Sardinia, Italy (B).

i) To verify the quality and reliability of the information provided
by the indexes and maps created;

ii) To test the consistency and replication of the assessment pro-
cedure developed and the possibility of application in other
areas.

For the first objective, the classes of vulnerability and its com-
ponents, attributed by the model, were evaluated against inde-
pendent data through visual interpretation. Firstly, a sample of 1%
of the grid cells from the test sites of Portugal and Italy was
selected. Stratified random sampling was applied based on the
distribution of each class within the test sites. Satellite imagery at
1 m resolution obtained from DigitalGlobe through ArcGIS® was
used to visually compare the density or coverage of the visible as-
sets with the classes assigned by the model. This procedure was
carried out essentially for the exposure maps, the only component
that could be directly validated with this procedure.

Regarding the second objective, the replicability and timely
application of the processing chain was evaluated by applying the
procedure to a different area and calculating the resources required
to complete each step, to ensure the delivery of consistent and
updated products in the shortest possible time to potential end-
users. Indices and maps regarding exposure and sensitivity pa-
rameters were computed for the region of Haute-Corse, in France,
with data provided by local users, who also evaluated the outputs.
Further details on the validation procedure can be found as
supplementary material.

3. Results and discussion
3.1. Wildfire vulnerability levels and intermediate indices

3.1.1. Minho region, NW Portugal

Moderate wildfire vulnerability (class 2) predominated in Por-
tugal's test site (Fig. 1, site 1), covering nearly 60% of the total area.
High vulnerability levels (class 3) were found in 27.6% of the area
and low vulnerability (class 1) was found in 12.5% of the test site.

The very high class was barely present and the maximum class was
not assigned. Wildfire vulnerability levels were higher in the
northeastern part (Fig. 3), partly reflecting the presence of the
protected area of Peneda-Gerés, which occupies about 20% of the
region. Despite the lower weighting, the importance of protected
areas for vulnerability level within this framework is visible, based
on scientific evidence that emphasizes the positive outcomes pro-
vided by protected areas regarding, for example, habitat and spe-
cies conservation and ecosystems services (Geldmann et al., 2013),
the support to local livelihoods and national development
(Naughton-Treves et al., 2005) and the economic value associated
with recreation and social benefits (Ninan and Inoue, 2013),
including in Mediterranean areas (Molina et al., 2016). Regarding
fire impacts, San-Miguel-Ayanz et al. (2012b) have estimated that
approximately 80.000 ha of Natura 2000 sites have burned every
year between 2000 and 2012, with Portugal and Spain being the
most affected countries. Within the boundaries of this protected
area in Minho region, the differences in wildfire vulnerability can
be due to varying sensitivity levels related to differing fire-
proneness, fuel susceptibility to damages or resilience of existing
vegetation communities (Proenca et al., 2010). Around 36% of
Peneda-Gerés national park is occupied by shrubland, 20% is forest
and 34% is covered with no fuels (corresponding to water or bare
rocks). Aretano et al. (2015) also found differing sensitivity levels in
a natural protected area depending on the susceptibility to dam-
ages of the vegetation or on the tourist vocation, and consequently
higher human stressors, of the different land cover types.

The southwestern part of the region showed, in contrast, lower
vulnerability to wildfires, due to the higher presence of urbanized
areas. Also, the resources of firefighters in Portugal, as in other
countries, are mostly concentrated in urban centers, where more
people live (Fig. 4, C). Therefore, the coping capacity regarding
firefighting resources is higher in urbanized areas than in rural ones
(Brotons et al., 2013; Pinol et al., 2005) despite the larger prevalence
of fuels in the latter.

The spatial patterns of exposure and sensitivity indices showed
substantial differences (Fig. 4A and B). Sensitivity levels have a
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Fig. 4. Spatial representation of the intermediate indices obtained in vulnerability assessment for the test site of Minho, NW Portugal: A. Exposure; B. Sensitivity; C. Coping Capacity

(reverse scale).

dispersed pattern, whereas exposure levels appear clustered. The
exposure map represents, on one hand, the relative importance of
each asset exposed and, on the other hand, the number of exposed
assets present in each grid cell and the mutual exclusion of specific
elements. For example, it is expected that natural protected areas
have lower buildings density, or that areas with more population
have a lower density of fuels.

Population sensitivity (Fig. 5, A) showed a heterogeneous
pattern. The areas with lower population sensitivity largely coin-
cide with the areas of higher fuel sensitivity (Fig. 5, B). Clusters of
high population sensitivity are scattered inland, near the limits of
the national park Peneda-Gerés. This trend is most likely associated
with the socio-economic and demographic changes verified in the
last decades in Portugal; rural and inland areas have suffered a
substantial decline in population density, due to migration to
coastal regions or other countries, mainly by younger people;
therefore, population sensitivity reflects the ageing process of rural
areas in Portugal (Moreira et al., 2011, 2001; Oliveira et al., 2017b).

The co-existence of population, buildings and infrastructures
and wildland fuels, a strong pattern found in Minho region, brings
specific challenges to fire managers, increasing exposure levels and
hampering fire suppression activities (Chas-Amil et al., 2013;
Herrero-Corral et al., 2012; Lampin-Maillet et al., 2011).

3.1.2. SW Sardinia, Italy

In the Italian test area, low wildfire vulnerability (class 1) was
found in 42.8% of the area whilst high vulnerability levels (class 3)
covered 29.6% of the area. Moderate levels (class 2) were found in
27.7% of the cells, high wildfire vulnerability (class 4) was scarcely
represented and maximum level (class 5) was not found (Fig. 3).
The lowest vulnerability levels are mainly concentrated in the NE

part and the intermediate levels are spread through the NW and SE
sides.

The spatial distribution of wildfire vulnerability seems to be
closely related to fuel patterns, as previously found by other au-
thors (Salis et al., 2013). Shrubland-type fuels cover over a third of
the Italian site (36%) and are found mainly in the northwest and
southeast parts of the region. Non-wildland fuels, less fire-prone,
occupy mostly the northeastern side.

Regarding population, it is evident a higher concentration of
people and associated buildings in few urban centers within the
territory (Fig. 6A, B and C), in opposition to the dispersed pattern
found in Minho. In SW Sardinia, protected areas were less relevant
than for Minho region, both in surface area and classification cat-
egories, although their influence was still seen in exposure levels.

3.2. Validation
i) Quality and reliability of the information

The exposure component was validated for 4921 and 3130 cells
for Portugal and Italy, respectively. For test site 1 in Portugal, there
was an overall match of 82% between the estimated classes and the
observation of ground assets, whereas for the test area of Italy the
correspondence was 72%. For both areas, the proportion of positive
match was lower for the moderate class (67.9% and 66.8% for
Portugal and Italy, respectively) and the accuracy was higher for
class 1 (Low, 90.3% for Portugal site 1 and 76.1% for Italy site 2). For
test site 1, 72% of misclassified cells corresponded to over-
estimation, being classified by the model with a higher level than
expected. For test site 2, the proportion of overestimation was 43%.

Fuel coverage and density presented the highest differences
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Fig. 5. Spatial representation of the variables included in sensitivity assessment for the test site of Minho, NW Portugal: A. Population; B. Fuels; C. Protected Areas.
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between estimated and observed classes. This can be associated
with misinterpretation of specific fuel categories, from inaccuracies
of the original fuel dataset or from the transformation of the data
integrated in the model, issues that must be explored in further
applications of this model. The main difference between the
moderate and the high classes is the pertaining to a protected area,
which increases exposure, assuming their high socio-economic and
environmental value (Molina et al., 2016), higher susceptibility to
damages and associated recovery costs.

All the cells classified by the model as high vulnerability (class 3)
presented increased levels in the human dimension (above class 3),
which shows the relevance of population variables in the model.
Overall, the model showed a lower performance in estimating the
higher classes of exposure and vulnerability levels.

ii) Consistency and replication of the vulnerability assessment
procedure

The procedure developed was applied in NE Corsica, France
(Fig. 1, site 3), following a request from stakeholders, and the
exposure and sensitivity components were generated. The local
users demonstrated a high level of confidence on the results,
particularly for the exposure maps. Outputs could be provided in a
timely manner, up to 3 days for ca. 300.000 cells at 1 ha resolution,
given the input data is obtained in a suitable format and with
modest technological capacity. Results showed that the lack of data,
one of the challenges in holistic vulnerability assessment, does not
preclude the application of specific steps of this procedure.

3.3. Opportunities and challenges of the framework

The access to spatial data for different regions and countries
with the precision and accuracy required, becomes a significant
barrier and adds uncertainty to the results, as it has been found by
other authors (Aldersley et al, 2011; Birkmann et al., 2013;
Chuvieco et al., 2014; Fekete et al., 2014; Gallina et al., 2016; Salis
et al.,, 2013). The integration of variables that represent different
realities at country and regional level required, as well, a strong
consensus between participating users, not always easy to reach.
This was partially overcome by implementing the framework as a
stepwise procedure.

The application of a stepwise procedure allowed for the devel-
opment of multiple outputs which can be tailored to the particular
needs of different users. Previous research on vulnerability argued
on the need to adapt the assessment framework to specific pur-
poses (e.g., Ciurean et al., 2013; Costa and Kropp, 2013). Regarding
wildfires, it is also expected that diverse landscapes will show
different effects (Chuvieco et al., 2014; Koutsias et al., 2015; Moreira
et al., 2011; Turco et al., 2016), thus an adjustable vulnerability
framework is valuable.

The stepwise approach, and the creation of indices and maps
along several steps of the processing chain, simplified the inter-
pretation of results. In addition to the vulnerability map, the
development of intermediate outputs allowed for a deeper under-
standing of the final outcome, since the spatial representation of
each variable and component of the framework enabled a better
perception of the characteristics of the assets and resources
analyzed. Previous studies (Birkmann et al., 2013; Chuvieco et al,,
2014; Kuhlicke et al., 2011), consider that the implementation of
such procedure contributes to improve the systematic imple-
mentation of a holistic assessment of wildfire vulnerability, which
is difficult to operationalize but required for applied research and
for encouraging its use beyond the scientific domain. In fact, the
improvement of fire management strategies requires from the
science, which attempts to increase the understanding of systems

and their multiple interactions, a simplified knowledge able to be
transferred to the stakeholders, such as operational users, in order
to develop pragmatic solutions to cope with specific threats (Costa
and Kropp, 2013).

Despite the limitations on data availability and the fine-tuning
required to ensure the applicability of the outputs in different
areas and countries, the overall structure of the processing chain
could be maintained. This option was possible due to the flexibility
given by the stepwise procedure, as each step can be implemented
separately and modified to some extent, without altering the
overall framework arrangement. This flexibility extends to the
input data, as additional or updated data can be integrated when it
becomes available, while preserving the stability of the overall
procedure, allowing for comparisons between regions and moni-
toring over time.

The assessment of the coping capacity component proved
challenging. The activities and prevention measures vary among
countries, as for example, the surveillance options with towers
used in Portugal and paths by vehicle in France. It is likely that not
all the required data exist for the different countries, nor that they
will be directly available to researchers, thus the processing of this
index may include a different number of variables in each area,
implying an additional effort of data harmonization between
countries.

3.4. Implications for operational use and further application

Following the results obtained and the feedback of the stake-
holders, several recommendations were drawn for further
improvement:

e The classification system implemented and the thresholds
defined for vulnerability classes, as well as for the other com-
ponents, can be refined to accommodate particular circum-
stances in different areas and to improve the representativeness
of the resulting products with regards to local conditions;

e Additional data on seasonal population variation must be inte-

grated in the framework when applied to areas where tourism is

a major activity, as it is common in summertime in Greece or in

southern Iberian peninsula;

The clear definition of the Wildland-Urban Interface in the Eu-

ropean Mediterranean region, considered a major concern in

fire management activities, should be included in future appli-
cations of the framework when suitable data becomes available;

e The use of scientific research outputs at the operational level,

although challenging, is facilitated by considering in the process

the procedures already in place and the suggestions of potential
end-users.

In order to maintain the core characteristics of the framework,

any adjustment implemented must be clearly defined and

justified, to enable comparisons between areas and countries.

Additional data can be integrated and may imply an adjustment

to the weighting given to the variables, which should be tested

and validated prior to any further application.

The further use of the mapping tools provided by the framework

for decision-making, may require aggregation at the adminis-

trative level, according to the practices implemented in each
country.

4. Conclusions

Vulnerability assessment is of utmost importance in wildfire
management and scientific research can provide valuable tools
useful in other sectors. In this context, a holistic vulnerability
assessment framework has been tested in several areas within
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Mediterranean Europe, taking into account specific requirements at
the operational level from different regional and national stake-
holders. This framework followed a stepwise procedure that allows
for local or regional adjustments while maintaining consistent and
comparable steps. Also, it provided a set of cartographic tools and
different outputs besides the overall vulnerability map, such as
exposure maps, environmental sensitivity or coping capacity
evaluation, depending on users' needs and considering current
institutional procedures. Therefore, the framework implemented
has a strong relevance for fire managers and civil protection ac-
tivities, contributing to define a systematic evaluation of wildfire
vulnerability that can be easily translated into operational
practices.

Some challenges remain regarding data availability, the diffi-
culty in capturing certain dimensions through measurable vari-
ables and the incomplete analysis of coping capacity. As well, the
validation of the outputs and the full implementation of the
framework in context-specific areas require further research.

The application of efficient fire prevention and coping strategies
depend on robust and consistent evaluations of damage potential.
Vulnerability assessment should not be stalled by lack of data or
rigid structures and, despite the challenges ahead, this approach
encouraged the use of scientific research outputs allied with
operational practices, implemented in different countries with
common issues.
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