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Foreword 

 

Fire has been in my life since an early age. I was born in Portugal, where wildland fire is a 

common phenomenon, especially during the hot and dry months, so I learned very early how it 

can affect peoples’ lives. As a daughter of a passionate volunteer firefighter, I dealt with the 

implications of fire since I was a child, particularly with their human side. For 20 years, every 

summer, I saw my father dart from home every time the siren rang in the village, calling all the 

available men to help save people, infrastructures and forests from the raging fire. He would 

come back exhausted, but satisfied, telling me and my brothers about the slopes he had climbed 

carrying the heavy water hoses, the muddy roads he had driven to get there and how many 

families had kept their house, thanks to his and his colleagues’ effort. I was fascinated by these 

stories, without really understanding their full meaning.  

Years later, after dedicating myself to other things completely different from fire, I had the urge 

to think about it again. I was literally on the other side of the world, doing my masters in 

Australia. In the framework of the course, the students were given the possibility to choose a 

topic for their final project, with a large range of options under the scope of environmental 

sciences. It didn’t take me long to choose. Being a common issue between my home country and 

the one I was living then, despite the distance that sets them apart, wildland fire was an obvious, 

although challenging, choice. That was the first time I realized the worldwide nature of fire and, 

at the same time, recognized the importance of the local settings where fire occurs, in both their 

physical and human elements. At this point, all the stories my father used to tell me started 

making sense, taking the form of scientific hypothesis and empirical observations that I could, 

later on, investigate in-depth. 

This is the main subject of this thesis: the spatial distribution of fire at broad scale, the common 

and different features across several countries and the reasons that explain these patterns. This 

thesis is, in part, a result of my personal and working experiences with fire, with the ultimate 

intention of putting science and its findings at the service of the people who dedicate their lives 

protecting us, and our valuable natural resources, from fire. 
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Abstract 

 

Wildland fires are recurrent events in Europe, with higher incidence in Southern 

Mediterranean countries. Despite the ancient relationship between fire and environment in 

this region, changes in fire regime and land use cause damaging impacts. This research 

investigates the structural factors that drive fire occurrence in Southern Europe and their 

variability across several countries, focusing on three key aspects: the interactions between 

fire and landcover, a fundamental component of fire dynamics; the modelling of fire 

likelihood in the long-term in the most affected-countries; the identification of the global and 

local drivers of fire density and burned area.  

The results evidenced the importance of climatic and vegetation conditions throughout the 

region. The geographical areas and vegetation-types most susceptible to burn were 

identified, as well as local and regional differences in the influencing factors. Non-summer 

precipitation and predominance of shrublands and grasslands are significant, at different 

levels according to the location. Human factors, among which roads density and agricultural 

activities, were mainly linked with fire ignitions.  

This research can contribute to the definition of targeted and more efficient fire management 

strategies for Southern Europe, besides fostering international collaboration, when shared 

issues among countries can benefit from transnational solutions. 
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Resumo 

 

Os incêndios florestais são frequentes na Europa, com maior incidência nos países 

mediterrânicos do Sul. Apesar da longa relação entre fogo e condições ambientais nesta 

região, alterações no regime de fogo e uso do solo causam impactes negativos. Este trabalho 

investiga os factores estruturais que influenciam a ocorrência de incêndios e a sua 

variabilidade no Sul da Europa, centrando-se em três aspectos fundamentais: a interacção 

entre incêndios e cobertura do solo, uma componente essencial da dinâmica do fogo; a 

modelação da probabilidade de incêndios a longo-prazo nos países mais afectados; a 

identificação dos factores globais e locais que influenciam o número de incêndios e a área 

ardida. 

Os resultados mostram a importância do clima e vegetação na região. As áreas geográficas e 

os tipos de vegetação mais susceptíveis a incêndios foram identificados e observaram-se 

diferenças locais nos factores determinantes. A precipitação antes do Verão e a 

predominância de matos arbustivos são variáveis significativas, a diferentes níveis consoante 

o local. Os factores humanos influenciam as ignições, entre os quais se destacam a densidade 

de estradas e as actividades agrícolas. 

Este estudo pode contribuir para definir estratégias de gestão de incêndios mais eficientes e 

promover a colaboração internacional, através da partilha de soluções para problemas 

comuns entre vários países. 

 

Palavras-chave: ocorrência de incêndios, probabilidade de incêndio, padrões espaciais, 

factores determinantes, Europa do Sul 
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Background 

The importance of fire in the earth system is widely recognized (e.g. Bond and Keeley 2005; 

Bowman et al. 2009; Chuvieco et al. 2008; Pausas and Keeley 2009). Fire affects many regions 

in the world (Bowman et al. 2009; Dwyer et al. 2000; FAO 2010; Flannigan et al. 2009, 2013; 

Pechony and Shindell 2010) and its impacts are evident in natural systems and human 

society. Fire improves nutrient cycling, productivity and diversity in many ecosystems 

(Armenteras-Pascual et al. 2011; Bowman et al. 2009), where vegetation adapted to specific 

fire regimes can resist, and even thrive, to fire effects (Bond and Keeley 2005; FAO 2010; 

Keeley et al. 2011; Le Page et al. 2007; McKenzie et al. 2011; Pausas et al. 2008). In a human 

perspective, fire has a fundamental role in the evolutionary story of human societies 

(Bowman et al. 2009; 2011; Pausas and Keeley 2009) and there is evidence that, in the last 

centuries, human activities have become a major driver of global fire activity (e.g. Bowman et 

al. 2009; Chuvieco et al. 2008; Marlon et al. 2009; Pechony and Shindell 2010). As an 

example, fire is widely used as a management tool for land clearance and pasture 

maintenance (Armenteras-Pascual et al. 2011; Bond and Keeley 2005; San-Miguel-Ayanz et 

al. 2012a), considered to be a primary cause of fire around the world. 

On the other hand, fire can cause soil erosion (González-Pérez et al. 2004) and reduce the 

provision of goods and services by forests (Mavsar et al. 2012); it changes land cover patterns 

and landscape dynamics (Moreira et al. 2009, 2011, 2012; San-Miguel-Ayanz et al. 2012a); 

Silva et al. 2011); increases atmospheric emissions and pollutants (Carvalho et al. 2011; 

Pechony and Shindell 2010) and affects human lives and livelihoods (Carvalho et al. 2010), 

resulting in high economic costs, associated not only with the damages, but also with the 

prevention and suppression measures put in place every year (Birot 2009).  

The wide range of impacts brought by fire fosters research, with the purpose of obtaining 

further understanding of the complex interactions between fires and the natural and human 

settings where they occur, as well as their environmental, social and economic implications. 

This need is further enhanced by the recent awareness of the potential impacts of climate 

change and global warming in fire activity (Amatulli et al. 2009; Carvalho et al. 2010; 

Flannigan et al. 2000, 2013; Lindner et al. 2010; Liu et al. 2010; Moriondo et al. 2006; Moreno 

2009), particularly the increased length of the season with high fire risk, the intensification in 

fire-proneness of certain areas, the increase of extreme weather events and the expected rise 

in fire intensity and severity. 
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In face of the challenges and opportunities brought by fire, either harmful or beneficial 

depending on the context where it occurs, the continuing development of fire research is 

encouraged, including the exploration of new approaches to manage fire. A comprehensive 

understanding of all aspects related to fire is required, to support the definition of efficient 

fire management strategies that integrate all sectors linked with fire activities (Birot 2009; 

Conedera et al. 2011; Silva et al. 2010).  

 

In Europe, wildland fires are a major natural hazard, particularly in southern Mediterranean 

countries, burning over half million hectares of forested areas a year (Martínez et al. 2009; 

San-Miguel and Camia 2009; San-Miguel-Ayanz et al. 2013). Although fire is an integral part 

of Mediterranean ecosystems (Pausas 2004; Pausas et al. 2008; San-Miguel-Ayanz et al. 

2012a), the natural fire regime has been modified in the past decades, mostly due to land 

abandonment and subsequent fuel accumulation, changes in traditional land use as a result of 

demographic and socio-economic changes, and to afforestation of former agricultural land 

(Badia et al. 2011; Bento-Gonçalves et al. 2012; Moreira et al. 2001, 2011, 2012; Pausas and 

Fernández-Muñoz 2011; San-Miguel-Ayanz et al. 2012a). Fire is nowadays the main cause of 

land degradation in this region (Amatulli and Camia 2007) and it is perceived as a disaster 

(Pausas et al. 2008). The potential impacts of climate change on fire activity in the European 

Mediterranean region, evidenced by several authors (Amatulli et al. 2009; Amraoui et al. 

2012; Carvalho et al. 2011; Giannakopoulos et al. 2009; Moreno 2009; Moriondo et al. 2006), 

have further underlined the hazardous nature of fire in Southern Europe.  

 

In spite of the remarkable technological and scientific advances regarding fire research in the 

last decades, and of the many studies available that focus on particular aspects of the fire 

phenomenon, a full understanding of what makes fire occur in specific areas is still lacking. 

The reasons that explain the occurrence of fire in Southern Mediterranean Europe, the most 

affected region overall in Europe (Moreira et al. 2012; San-Miguel and Camia 2009; San-

Miguel-Ayanz et al. 2013), but nonetheless evidencing strong variability in fire activity within 

the region (Koutsias et al. 2010; Oliveira et al. 2012; Sebastián-López et al. 2008), are yet to 

be thoroughly identified. This knowledge is of upmost importance for the definition of 

targeted fire prevention and management strategies, directed efficiently to particular 

features that determine fire occurrence in specific areas. This way, cost-effective measures 

could be applied, suitable to tackle the local causes and implications of fire, without 

compromising the preservation of the intrinsic relationship between fire and its underlying 

environment. 



Spatial patterns of fire occurrence in Southern Europe.   Background 
Long-term assessment and environmental drivers  
 

5 

It is recognized that, in Southern Europe, the dynamics of fire regimes is mainly determined 

by human factors (San-Miguel-Ayanz et al. 2012a). Indeed, over 90% of the fires occurring in 

this region are caused by human activities (Leone et al. 2009; Vélez 2009). Population 

density, livestock, unemployment rate, distance to roads, among others, have been pointed 

out as main drivers of fire in Southern Europe (Catry et al. 2009, 2010; Chuvieco et al. 2010; 

Koutsias et al. 2010; Oliveira et al. 2012; Romero-Calcerrada et al. 2008, 2010; Sebastián-

López et al. 2008; Vilar et al. 2010).  

Weather conditions are also known to be strong determinants of fire, with more evident 

effects in burned area (Armenteras-Pascual et al. 2011; Drever et al. 2008; Pausas 2004; San-

Miguel-Ayanz et al. 2013). Larger fires show a direct association with meteorological factors 

(San-Miguel-Ayanz et al. 2013) and extreme weather conditions were found to be the main 

cause of the exceptional events that affected Southern European countries, in 2003 in 

Portugal and in 2007 in Greece, for example (Birot 2009; Boschetti et al. 2008; San-Miguel 

and Camia 2009; Trigo et al. 2006).  

Land cover, representing the distribution of natural land features and their interaction with 

human elements, is also a main influencing factor of fire occurrence in the region (Moreira et 

al. 2009, 2011; Silva et al. 2011). Bearing in mind the particular context of fires in Southern 

Europe, where most events have anthropogenic causes, this relationship with land cover is 

somewhat expected, since land cover categories include natural vegetation types, such as 

forests and shrublands, as well as man-made landscapes, such as arable lands or urbanized 

areas (Heymann et al. 1994). Land cover represents, to some extent, the availability and type 

of burnable vegetation or fuel which, together with topography and climate, represent the 

physical factors that are more strongly associated with fires all over the world (Archibald et 

al. 2009; Armenteras-Pascual et al. 2011; Dwyer et al. 2000; Hély et al. 2001; Loepfe et al. 

2010; Podur and Martell 2009; Ustin et al. 2009). Land cover has also a mutual interaction 

with fire; on the one hand, the type of land cover influences the characteristics of a fire, its 

spread and intensity, and land cover modifications affect fire regimes. On the other hand, fire 

promotes changes in land cover type and distribution, which in turn affects subsequent fires.  

The comprehensive assessment of fire occurrence in Southern Europe implies the 

understanding of the interactions and resulting feedback loops between fire and 

environmental variables, including human factors. Fire occurrence relates to the likelihood of 

both fire ignitions and fire spread, representing the conditions for a fire to start and 

propagate in case an ignition occurs (Jappiot et al. 2009; Oliveira et al. 2012). These two 

components can be affected by different factors, at varied levels, thus an in-depth analysis of 

the level of influence of each determinant of fire, and their specific effects in different 

geographical areas, is required.  
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The scale of analysis can also vary and depends on the objectives of the assessment; 

considering the temporal scale, two main levels can be defined: short-term or dynamic, and 

long-term or structural fire assessment. 

Short-term or dynamic assessment is based on factors which are constantly changing, such as 

the meteorological variables that affect vegetation moisture. It is mainly used in the pre-

suppression and suppression phases and it intends to determine the probability of fire 

ignition and the capability of fire spread, usually for a specific geographic area. Dynamic 

indexes have been computed for several decades in Canada (Canadian Forest Fire Danger 

Rating System), United States (National Fire Danger Rating System) and Australia (McArthur 

Fire Danger Rating System), for example. The Fire Weather Index (FWI), one of the 

components of the Canadian System, is adapted and widely applied in other countries, 

including in Europe (e.g. Camia and Amatulli 2009; Camia et al. 2006, 2008; Chuvieco et al. 

2004; Viegas et al. 1999). From an operational point of view, the dynamic fire risk assessment 

is particularly valuable, allowing the preparation of fire-fighting services in case of potential 

extreme conditions predicted for the following days and it can be applied in alert services. 

Long-term assessment, on the other hand, is related to the structural factors, which remain 

relatively stable during at least one fire season, such as topography, vegetation structure, 

climatic parameters and roads network. It is usually intended to determine the most fire-

prone areas based on their intrinsic conditions, and provides indications of the stable 

conditions which favour fire occurrence. The assessment of structural fire occurrence is 

essential for the prevention phase and is an important input for forest fire defence plans, 

contributing to a better allocation of resources prior to the beginning of the fire season. 

(Jappiot et al. 2009; San-Miguel-Ayanz et al. 2003). Structural fire assessment has been less 

explored, even though some studies exist (e.g. Amatulli et al. 2006; Chuvieco et al. 2010; 

Girardin and Mudelsee 2008; Hély et al. 2010; Martínez et al. 2009). At the European level, 

the assessment of structural fire risk has not been carried out systematically. In 2002, 

Sebastián-López applied the Fire Potential Index (FPI, an integrated index which combines 

long-term and short-term variables to assess fire risk, by Burgan et al. 1998) in Europe. More 

recently, Sebastián-López et al. (2008) presented a methodology to integrate socio-economic 

and environmental variables to model long-term fire danger in southern Europe. These 

studies showed the relevance of long-term assessment for the identification of critical fire-

prone areas, regardless of the influence of dynamic factors, where fire prevention and 

management measures should be directed, before the start of the main fire season. 
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Objectives 

 

The development of the studies presented in this thesis was guided by a major objective: to 

contribute to a better understanding of the structural factors that explain fire occurrence 

distribution in Southern Europe. In view of the many potential factors and their complex 

interactions with fire, this research focused on particular aspects of the fire phenomenon in 

the study area, considered of key importance to help policy-makers and civil protection 

services defining fire management approaches and prioritise their interventions.  

The focal areas of research and the specific objectives of the studies were: 

1. Explore land cover and fire interactions in Southern Europe 

a) Assess fire hazard in view of land cover changes since 1990 

b) Analyse land cover transitions related to fire occurrence in different periods 

c) Explore the fire proneness of different land cover categories  

d) Investigate the influence of topographic conditions in fire proneness of land cover 

types 

 

2. Develop a model to assess fire occurrence likelihood in most-affected countries 

a) Identify  the factors that influence fire occurrence at a broad-scale 

b) Compare the performance of two different methods to model fire occurrence 

 

3. Investigate the spatial patterns of fire and the relative influence of its main 

drivers within the region 

a) Analyse the spatial variability of fire occurrence in Southern Europe, for both 

number of fires and burned area  

b) Explore the local and regional variations in the explanatory power of the main 

variables determining fire occurrence, throughout the study area 
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Structure  

 

This thesis is organised in three main chapters, besides the introduction and conclusions, 

following the focal areas of research described in the objectives. Each chapter includes two 

publications developed during the research; only chapter 3 includes papers still unpublished, 

all the others are already available in the scientific domain.  

The organisation of the chapters does not follow a chronological order; instead, the 

publications presented were arranged according to the topic they are dedicated to, and 

following a line of increasing complexity and added novelty of the approaches.  

Chapter 1 provides a description of the fire regimes in the most affected countries in 

Southern Europe, and their relationship with particular vegetation types. The relationship 

between fire and land cover, a primary component of the fire process, is further explored, as 

well as the spatial variability in the effects of this interaction, across several countries within 

the region.  

Two publications form the basis of this chapter: 

1.1. San-Miguel-Ayanz J, Rodrigues M, Oliveira SS, Pacheco CK, Moreira F, Duguy B, Camia A. 

2012. Land Cover Change and Fire Regime in the European Mediterranean Region. In 

Moreira F, Arianoutsou M, Corona P, De las Heras J (eds.), 2012. “Post-Fire Management 

and Restoration of Southern European Forests.” Managing Forest Ecosystems 24, pp.21–

43. Springer  

 

1.2. Oliveira S, Moreira F, Boca R, San-Miguel-Ayanz J, Pereira JMC (2013) Assessment of fire 

selectivity in relation to land cover and topography: a comparison between Southern 

European countries. International Journal of Wildland Fire. doi:10.1071/WF12053 (in 

press) 

 

Chapter 2 introduces modeling as a tool to assess fire occurrence likelihood, which is 

considered one of the pillars of fire risk. A model was developed for the 5 most-affected 

countries in Southern Europe, integrating structural variables available at European level, 

both physical and anthropogenic. A novel non-parametric method, Random Forest, was 

tested and its predictive ability compared with linear regression, widely used in fire research. 

The level of importance of the variables, identified as significant by each method, was 

assessed and the implications to fire prevention and planning were discussed.  
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Two publications are the core of this chapter: 

2.1. Oliveira S, Oehler F, Camia A, San-Miguel-Ayanz J, 2010. Modeling long-term forest fire 

risk at the European level: first assessment of fire probability and vulnerability. In Viegas 

D. X. (Ed.), Proceedings of the VI International Conference on Forest Fire Research, 

Coimbra, Portugal 

2.2. Oliveira S, Oehler F, San-Miguel-Ayanz J, Camia A, Pereira JMC (2012) Modeling spatial 

patterns of fire occurrence in Mediterranean Europe using Multiple Regression and 

Random Forest. Forest Ecology and Management 275, 117–129 

 

Chapter 3 presents the analysis of long-term fire occurrence with Geographically Weighted 

Regression (GWR). This method captures the non-stationarity of the variables and 

differentiates local spatial patterns, even when applied at broad scale. The distribution of 

number of fires and burned areas were both investigated, as well as the main drivers that 

explain their patterns in Southern Europe, with regional and local patterns of their influence 

being investigated. In this chapter, the area where the model is applied is extended for 

southeast Europe, and the analysis of burned areas, which partly represent fire behaviour, is 

incorporated.  

Two publications are part of this chapter: 

3.1 Oliveira S, Pereira JMC, San-Miguel-Ayanz J, Lourenço L. Exploring the spatial patterns of 

long-term fire occurrence in Southern Europe with Geographically Weighted Regression 

(under submission) 

3.2 Oliveira S, Pereira JMC, San-Miguel-Ayanz J, Lourenço L. Long-term drivers of burned area 

distribution in Southern Europe (under submission) 

 

The last section of the thesis presents the main conclusions, the potential implications of the 

results for fire management in Southern Europe and it outlines some perspectives for future 

studies.   

 

The references consulted for the development of the studies are listed at the end of the 

corresponding publication, in each chapter. The page numbering of the publications does not 

follow the order of the remaining sections, showing instead the page numbers as they were 

published, except for chapter 3, which shows a different page numbering. 
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Data and Methods 

 

The data on fire events used throughout this research, either number of fires or burned areas, 

were obtained from the European Fire Database (EFD), which is part of the European Forest 

Fire Information System (EFFIS, San-Miguel-Ayanz et al. 2012b). This database results from a 

long collaboration between European countries and the European Commission, and it was 

created to support the national services in dealing with fire, besides providing up-to-date and 

harmonised data on forest fires to European Commission services and the Parliament (Camia 

et al. 2010). Currently, it comprises over 2 million records on individual fire events, from over 

20 countries in Europe, although the time-series varies per country. A common set of 

information is collected by the national sources and afterwards integrated in the database. 

This information has been expanded in recent years and includes the geo-referenced fire 

location (when available), date and time of the fire, category of land cover affected and fire 

causes, among other parameters.  

The response variables for all the studies presented were retrieved from this database, and 

were handled or transformed according to the requirements of the method applied, in order 

to obtain a sound and reliable statistical analysis. Regarding the explanatory variables, 

physical parameters and human-related information were collected from a wide range of 

different statistical or gridded sources. Since the research was done at broad-scale, the 

availability of the data at European level was one of the selection criteria, as well as the 

compatibility with the long-term scale, which requires a minimum number of available years 

to calculate average conditions over the period of time considered, or the use of indicators 

that represent static variables (Conedera et al. 2011; Jappiot et al. 2009). The type and 

number of variables collected depended on the specific objectives of the studies that are 

comprised in this thesis.  

 

The methods used in the development of this research were varied, adjusted to the type of 

data available and the specific objectives of each study. The methodological procedures were 

designed taking into account the possibility of model improvements as better data becomes 

available.  

The analysis of the fire regimes in the most-affected countries in Southern Europe, presented 

in chapter 1, was done with descriptive statistics at different levels: supranational, country 

and province. Temporal trends in number of fires and burned area were analysed for two 

different periods: 1980-2009 and 2000-2009, and compared by means of the Mann–Kendall 

test (Kendall 1975). To analyse fire-landcover interactions, the Corine Land Cover database 

(EEA-ETC/TE 2002) was used to create transition matrixes of land cover categories affected 
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by fire across time. Fire selectivity of land cover types was further assessed by calculating the 

selection ratio of land cover categories (Manly et al. 1993, 2002) between the fire perimeters 

available from EFFIS (from 2000 to 2008) and the corresponding buffer created around each 

fire perimeter. Confidence intervals at 95% level were calculated to assess the significance of 

the differences in fire selectivity between landcover categories. The same method was 

applied to analyse fire proneness of topographic classes. Principal components and cluster 

analysis were used to identify differences and similarities between countries and regions. 

 

For the analysis and modeling of fire occurrence likelihood, presented in detail in chapter 2, a 

different approach was followed. The response variable was obtained from the number of fire 

events available at NUTS3 level in the EFD and transformed to fire density (nr. fires/km2 of 

fire domain) by means of interpolation techniques, using an adaptive kernel and a calibration 

procedure to find the most suitable bandwidth (Amatulli et al. 2007). A large set of human 

and physical variables were collected and aggregated at 10km resolution. The model was 

subsequently developed by applying two different methods, whose predictive ability was 

compared: multiple linear regression, widely applied in fire studies (e.g.  Keeley et al. 2005; 

Syphard et al. 2007; Sebastian-Lopez et al. 2008) and random Forest, a non-parametric 

alternative based on ensembles of classification and regression trees, recently found in 

ecological applications (Breiman 2001; Cutler et al. 2007; Prasad et al. 2006). This rather 

innovative approach was essential to verify the suitability of random Forest method for fire 

occurrence studies.  

The two methods were applied to five different training and testing samples, creating 5 

intermediate models, and the importance of the variables were assessed in all the 

intermediate models, using specific statistical tools associated with each method. The final 

model included a reduced set of variables that were found to be important in most of the 

intermediate models, following specific criteria previously defined. The comparison of the 

observed and predicted values allowed the assessment of model fitness and spatial 

autocorrelation in the residuals of each model was evaluated with semivariograms.  

 

In chapter 3, the spatial patterns of number of fires and burned areas in Southern Europe 

were analysed with a method that could capture the spatial attributes of the variables. 

Geographically Weighted Regression (GWR, Fotheringham et al. 2002) was applied and its 

performance compared with global Ordinary Least Squares. The complexity of the 

methodological procedure increased regarding the previous approaches, since the amount 

and type of information obtained was largely amplified, and other challenges are expected in 

interpreting the results. However, this method can reveal variations in the importance of the 
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variables across the study area, a very important attribute of fire occurrence analysis in face 

of the need to implement more efficient strategies for fire management, which should be 

adapted to local conditions.   

 

These data and methods were applied in an attempt to answer some of the challenging 

questions that guide fire research nowadays. What are the most important environmental 

factors that drive fire occurrence in Southern Europe? Are the influencing factors the same 

across the entire region? Are the factors that affect fire ignitions similar to those that explain 

burned areas?  

The main responses to these questions, derived from the investigation that guided this thesis, 

are presented in the following chapters. 
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This chapter provides an overview of the interactions between fire and land cover in 

Southern Europe. As land cover is a fundamental component of fire dynamics, the knowledge 

of the fire-proneness of land cover types and how their characteristics affect the fire process, 

is paramount to understand fire occurrence. Furthermore, identifying the effects of fire 

occurrence in land cover and the resulting feedback mechanisms to fire dynamics, is critical 

to obtain a comprehensive view of land cover-fire interactions. 

 

First, the trends in number of fires and burned area since 1985 in the most-affected countries 

of Mediterranean Europe, are presented. The transitions in land cover types in fire-affected 

areas were then assessed for different periods. Results indicate an increase in number of fires 

until 2000 and a significant decrease afterwards, while burned areas have decreased during 

the entire period (1985-2009). Land cover analysis showed that the major land cover 

transition in burned areas was from forests to both shrublands and areas with no vegetation.  

 

Afterwards, a detailed assessment of fire selectivity in relation to land cover and topography 

is presented. The fire-proneness of nine different land cover categories was investigated in 

Southern Europe, and comparisons between countries and regions were carried out. 

Topographic classes were also assessed regarding fire selectivity and its potential association 

with land cover types was examined. 

Overall, shrublands and grasslands were the most fire-prone land cover types, forests 

displayed an intermediate position and agricultural areas and artificial surfaces showed the 

lowest selectivity regarding fire. Three distinct areas were defined based on the land cover 

types preferred by fire: the Mediterranean area in Western Europe, the Balkans and Turkey-

Cyprus. In relation to topography, higher slopes and north aspect were less susceptible to 

burning. 

 

The identification of the most fire-prone land cover types can provide guidance to the 

definition of fire prevention and management strategies, both at broad scale and country 

specific, bearing in mind that land cover, representative of vegetation or fuel, is the only 

physical factor that can be controlled by man.   
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           2.1   Introduction    

 Although fi re is an integral component of Mediterranean ecosystems, the dynamics 
of fi re regimes in Southern Europe is driven mainly by human factors. In fact, 
humans are responsible for over 95% of the fi res taking place in this region 
(San-Miguel Ayanz and Camia  2009  ) . Traditional usage of fi re in agricultural and 
cattle raising practices in the region is one of the main causes of forest fi res. 
Demographic changes related to the abandonment of rural areas are also related to 
increased fi re hazard. Fuel accumulation due to the lack of forest management 
practices in the region leads to uncontrolled forest fi res. Although, overall, the rural 
population in Southern Europe has decreased, peaks of high population density 
in recreational wildland areas during holiday periods increased fi re ignition in 
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summer months. This is further enhanced by the expansion of urban areas into 
wildland areas. This effect, which is due to either the expansion of cities or the 
construction of secondary houses in rural areas, has lead to an extended Wildland 
Urban Interface (WUI) in the region. The diffi cult fi re management of the extensive 
WUI in Southern Europe has been the cause of catastrophic fi res such as those in 
Portugal in 2003 or Greece in 2007. 

 Land cover is a fundamental component of fi re dynamics. It infl uences all the 
phases of the fi re, from ignition to fi re behavior and post-fi re restoration. The analysis 
of land cover changes in the last decades is tackled in the fi rst section of this chapter. 
This is followed by the analysis of fi re regimes in the region, both in terms of number 
of fi res and burned areas. The last two sections of the chapter are dedicated to an in 
depth analysis of land cover changes in areas affected by fi res and the effects of fi re 
on land cover dynamics.  

    2.2   Overview of Land Cover Changes in Europe 

 Land cover changes are related to fi re hazard through changes in fuel load which, 
along with topography and weather, are the main drivers of fi re intensity and rate of 
spread (Fernandes  2009 ; Moreira et al.  2009 ; Rothermel  1983  ) . Thus, increased fi re 
hazard is expected where land cover changes promote an increase in plant biomass 
(fuel load) while decreased fi re hazard is linked to changes associated with the 
removal of biomass. The CORINE Land Cover database (  http://www.eea.europa.
eu/data-and-maps    ) was used to analyze the changes in land cover in southern Europe 
between 1990 and 2006. The analysis was carried out in 4 out of the 5 European 
Mediterranean countries that are most signifi cantly affected by forest fi res, 
i.e. Portugal, Spain, France and Italy. Greece was excluded from this analysis due to 
the lack of CORINE 2006 data for this country. 
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 CORINE provides a thematic legend of 44 land cover classes grouped in three 
hierarchical levels. These land cover classes were grouped into six general categories: 
Urban, Artifi cial, Agriculture, Forest, Shrubland, and No-vegetation. The analysis 
of transition of areas among these categories was carried out. 

 The largest land cover change observed was the transition from forests to 
shrublands (over three million hectares) (Table  2.1 ), which could be interpreted as 
forest degradation due to several causes (e.g. logging, fi re, drought). Forests have also 
been replaced by urban, agricultural, artifi cial areas and areas with no vegetation. 
There were also signifi cant areas of shrublands that have been replaced by agricultural 
areas (over one million hectares), areas with no vegetation, artifi cial and urban 
areas. All these changes contributed to decrease fi re hazard.  

 On the other hand, a signifi cant proportion of shrublands have become forests 
(over two million hectares) and the transition of former agricultural areas to for-
ests (over 800,000 ha) and shrublands (over one million hectares) has also been 
signifi cant. The transition of areas with no vegetation to shrublands was also 
relevant (over 450,000 ha). These changes are probably the consequence of sec-
ondary succession in shrublands and abandoned agricultural fi elds, along with 
afforestation programs promoted by EU agricultural and forest policies during 
the study period. 

 A large number of regional studies have also provided evidence of increased fi re 
hazard in the Mediterranean areas in the last decades, mainly due to the increased 
cover of forests and shrublands in areas with former lower fuel loads. For example, 
Van Doorn and Baker  (  2007  ) , in a region of southern Portugal, registered a 75% 
decline in the area of agricultural fi elds during the period 1985–2000, and an increase 
in shrublands and forest plantations. Similarly, Falcucci et al.  (  2007  )  measured a 
74% increase in forest cover in Italy during the period 1960–2000, and a 20% 
decrease in agricultural areas. 

 The balance between land cover changes promoting an increase in fi re hazard 
(summing 4.9 million hectares) and the ones decreasing it (5.4 million hectares) would 
suggest that southern Europe has become less fi re prone in the period 1990–2006. 
These results are in line with those presented in the analysis of land cover changes 
during the period 1990–2000 in 24 European countries by Feranec et al.  (  2010  ) . 
These authors also found that the establishment of forests by planting or natural 
regeneration provoked a signifi cant proportion of land cover transitions corresponding 
to an increased fi re hazard, as they result in an increase in fuel load at the landscape 
level. The authors concluded that afforestation was the most prominent land cover 
fl ow across all Europe, during this time period, particularly in Portugal, Spain and 
France. In contrast, three fl ow types – deforestation, intensifi cation of agriculture 
and urbanization/ industrialization – included several transitions associated to 
decreased fi re hazard. The greatest losses in forest have been observed in Spain, 
France and Portugal, mainly because of disturbances such as fi re and wind. In the 
countries of Southern Europe, intensifi cation of agriculture was more prevalent in 
Spain, whereas urbanization processes were more extensive in Spain, France, Italy 
and Portugal (Feranec et al.  2010  ) .  
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    2.3   Overview of Changes in Number of Fires and Burned 
Area in the European Mediterranean Countries 

 The Mediterranean region of Europe is strongly affected by forest fi res. According 
to European Statistics (EC  2010  ) , from 1980 until 2009 fi res have burned an average 
of circa 478,900 ha of land per year in the fi ve Southern European countries most 
affected by fi re (Portugal, Spain, France, Italy and Greece). Data on the number of 
fi res and burned area in this region have been collected since the 1980s by each 
country and compiled in the European Fire Database (Camia et al.  2010  ) . The analysis 
of the spatial and temporal trends of fi res is crucial to understand the underlying 
causes of the fi res and their environmental and socio-economic impacts, assuming a 
key role in fi re prevention and management. The purpose of this section is to analyze 
the spatial and temporal trends of fi re frequency (number of fi res) and burned area 
size, two essential components of the fi re regime of an area. 

 The analysis of the number of fi res, total burned area and average fi re size was 
carried out at different spatial levels:

   At regional (supranational) level, considering the Euro-Mediterranean region as • 
a whole, with the purpose of characterizing its fi re regimes, known to be 
markedly different from the rest of Europe. The region under study, shortly 
referred to as EUMed in what follows, comprises Portugal, Spain, France, Italy 
and Greece;  
  At country level, by analyzing the data of each country individually in order to • 
assess differences between countries that may depend on national settings and 
policies;  
  At province level (NUTS3), to investigate the potential infl uence of local • 
environmental and socio-economic conditions.    

 Temporal trends were analyzed separately for the whole study period (1980–2009) 
and for the last 10 years (2000–2009). These trends were compared using the 
Mann–Kendall test, a non-parametric statistical test used to identify trends in time 
series data (Kendall  1975  ) . In addition, seasonal trends were also characterized both 
at regional and country levels, by examining separately the months corresponding 
to the main fi re season (June to October) and the other months. 

    2.3.1   Overall Trends for the EUMed Region 

 The general trend for the whole study period was a slight increase in the number of 
fi res (Fig.  2.1 ), even though annual fl uctuations are evident. In the 1990s a substan-
tial increase was observed, while in the last 10 years (since 2000), the number of 
fi res decreased, except for the years 2003 and 2005. The increase observed in the 
1990s can be partly due to the changes in the reporting systems in the countries, 
mostly driven by EC regulations. Other reasons for the rise in the number of fi res 
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during this period may be associated with fuel accumulation related to land cover 
changes such as the expansion of shrublands and abandonment of agricultural lands 
(Carmo et al.  2011 ; Lloret et al.  2002 ;    Romero-Calcerrada et al.  2008 ). The results 
of the Mann–Kendall test showed that, for the entire study period, the general trend 
is an increase, but not signifi cant ( S  = 64,  P  = 0.14). For the last 10 years, on the 
contrary, a signifi cant decreasing trend was observed ( S  = −25,  P  = 0.032).  

 The burned area, on the other hand, showed a decreasing trend since 1980, with 
strong annual fl uctuations (Fig.  2.2 ). The results of the Mann–Kendall test show 
that, for both periods, the general trend was a decrease, but signifi cant only when 
considering the entire time series ( S  = −88,  P  = 0.042). Besides the infl uence of 
weather conditions in fi re spread and burned area annually, this decrease is likely 
related to the implementation of fi re prevention strategies and to the improvement 
in fi re detection and fi re-fi ghting techniques observed during the last years.   

    2.3.2   Overall Trends by Country 

 The countries of the EUMed region showed different trends concerning the number 
of fi res (Fig.  2.3 ).  

 Comparing the entire time series with the last 10 years, different trends can be observed 
depending on the country (Table  2.2 ). Portugal, Spain and Greece showed an increasing 
trend for the whole study period, while France and Italy had a general decrease. 
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  Fig. 2.1    Total annual number of fi res in the EUMed region from 1985 until 2009, and resulting 
trend line       
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  Fig. 2.2    Total annual burned area (ha) in the EUMed region from 1985 until 2009, and resulting 
trend line       
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  Fig. 2.3    Annual number of fi res in the countries of the EUMed region from 1985 until 2009       
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Both the increasing trend observed for Portugal and the decreasing trend of Italy 
are signifi cant. In the last decade, a decrease was observed for all the countries, 
signifi cant only for Portugal, which had a median decrease of over 1,500 fi res per 
year (Sen slope).  

 In relation to the total burned area, the differences among the countries were also 
evident (Fig.  2.4 ). Until the end of the 1990s, Spain usually had the highest burned 
area, but since 2001 Portugal recorded the highest values, particularly in 2003 and 
2005, decreasing considerably afterwards. France and Greece showed, in general, 
the lowest values of area burned for the whole period, but in Greece the years 2000 
and 2007 showed a substantial increase in area burned, in the latter case exceeding 
all the other countries.  

 Results of the Mann–Kendall test (Sen  1968 ) suggests a decreasing trend in all 
countries during both periods (Table  2.3 ), with the exception of Greece, where an 
increasing trend was observed for the last decade. However, a signifi cant trend was 
observed only for Spain and Italy, which showed a median annual decrease in area 
burned of 5,175 ha for Spain and 3,243 ha for Italy, for the whole period. The test was 
not signifi cant for Portugal and France. It must be noted that the Mann–Kendall test, as 
a non-parametric test, does not consider the absolute change in magnitude from year to 
year, but just the tendency in a rank ordering of the burnt areas for sequential years.  

 The average fi re size showed a dissimilar spatial trend in relation to the number 
of fi res and burned area, with Greece showing the highest values for nearly all 
the years, with particular incidence in 2007 (Fig.  2.5 ). For all the other countries, 
the average fi re size decreased continuously since the 1980s, with annual oscillations 
more evident in Spain in 1994, in Portugal in 2003 and in Italy in 2007.   

    2.3.3   Overall Trends by Province (NUTS3) 

 The overall trend in the number of fi res is very irregular depending on the province, 
although general patterns can be observed by country (Fig.  2.6 ). Portugal and Spain 

   Table 2.2    Results of the Mann–Kendall test ( S ), associated probabilities ( P ), and Sen slope for the 
number of fi res by country in both periods   

 Time period  Portugal  Spain  France  Italy  Greece 

 1985–2009 
   S    110   82  −28   −164   22 
   P   0.011  0.058  0.528  <0.001  0.623 
 Sen slope  801.9  396.9  −33.0  −346.2  5.97 
 2000–2009 
   S    −27   −21  −7  −7  −17 
   P   0.020  0.073  0.592  0.592  0.152 
 Sen slope  −1554.0  −1134.0  −157.5  −201.2  −118.0 

   Note : Negative values mean a decrease and positive values mean an increase. Signifi cant values are 
signaled in bold  
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have the majority of provinces with a signifi cant increasing trend, while Italy and 
Greece have more provinces with a signifi cant decreasing trend. However it should 
be noted that the Greek data at NUTS3 level after 1998 are incomplete, because of 
changes in the reporting system in the country. In the case of Italy, an exception 
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  Fig. 2.4    Annual burned area (ha) in the countries of the EUMed region from 1985 until 2009       

   Table 2.3    Results of the Mann–Kendall test ( S ), associated probabilities ( P ), and Sen slope for the 
burned area by country in both periods   

 Time period  Portugal  Spain  France  Italy  Greece 

 1985–2009 
   S   −6  − 100   −52  − 96   −68 
   P   0.907  0.020  0.233  0.026  0.117 
 Sen slope  −101.6  −5175.0  −473.5  −3243  −1703 
 2000–2009 
   S   −19  −9  −21  −5  11 
   P   0.107  0.474  0.074  0.720  0.371 
 Sen slope  −14016.0  −6232.0  −2215.0  −1443.0  2127.0 

   Note : Negative values mean a decrease and positive values mean an increase. Signifi cant values are 
signaled in bold  
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occurs in Sicily, where all provinces showed increasing trend or no trend, while in 
Sardinia almost all the provinces had a decreasing trend. In France, most of the 
provinces with available data indicated no trend or a decreasing trend. The situation 
changed when considering only the data between 2000 and 2009. There are just few 
provinces in the whole study area with a signifi cant trend, either increasing or 
decreasing, possibly because the time series is too short at this scale of analysis.  

 The burned area, on the other hand, evidenced a general signifi cant decreasing 
trend for most provinces both between 1985 and 2009 and in recent years (Fig.  2.7 ).   

    2.3.4   Seasonal Trends 

 Seasonal trends were analyzed at country and regional levels. The average number 
of fi res and average burned area per month between 1985 and 2009 for the EUMed 
region (Table  2.4 ) showed that the months with higher number of fi res and burned 
area were August, July and September, respectively. Nearly 73% of the number of 
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fi res and nearly 85% of the burned area occurred between June and October. March 
showed a higher number of fi res and burned area in comparison with the other 
spring months.  

 At country level, the average trend across months is similar for all countries, 
even though the absolute number of fi res and burned area is highly variable (Figs.  2.8  
and  2.9 ).   

  Fig. 2.6    Trend in the number of fi res by province in the EUMed region between 1985–2009 ( top ) 
and between 2000–2009 ( bottom ) obtained with the Mann–Kendall test       
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 Portugal showed the highest average number of fi res between June and November, 
while in the other months it is surpassed by Spain and in January and February also 
by Italy. Greece had the lowest average number of fi res recorded in the database in 
all months; however it must be noted that the detailed data by month for the last 
2 years is not yet available for this country. 

  Fig. 2.7    Trend in the burned area (ha) by province in the EUMed region between 1985 and 2009 
( top ) and between 2000 and 2009 ( bottom ), obtained from the Mann–Kendall test       
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 The burned area had a different trend; Spain had the highest values for all months, 
followed by Portugal and Italy. France and Greece showed the lowest values 
(see Fig.  2.9 ). Between July and September the average burned area increased 
substantially in all the countries, refl ecting the general weather conditions of this 
period that promote fi re occurrence (hot and dry summer). 

 Based on these results, the data by country were divided in two different seasons: 
from June to October, corresponding to the season when most of the fi res occur, and 

   Table 2.4    Annual average (1985–2009) number of fi res and burned area per month in the fi ve 
countries of the EUMed region   

 Month 
 Number of 
fi res 

 % of total 
number of fi res 

 Burned 
area (ha) 

 % of total 
burned area 

 January  196  2.0  1,396  1.6 
 February  484  4.9  2,918  3.3 
 March  892  9.1  4,730  5.3 
 April  509  5.2  2,270  2.6 
 May  318  3.2  1,085  1.2 
 June  729  7.4  4,307  4.8 
 July  1,754  17.8  23,198  26.1 
 August  2,548  25.9  31,451  35.4 
 September  1,618  16.4  12,790  14.4 
 October  4,98  5.1  3,055  3.4 
 November  176  1.8  6,83  0.8 
 December  134  1.4  1,028  1.2 
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  Fig. 2.8    Average number of fi res per month in the EUMed countries       
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November to May. Comparing the whole time series with the last decade, the average 
number of fi res has increased in both seasons in Portugal and Spain (Fig.  2.10 ). In 
Italy it decreased in both periods. In France it increased in June-October but 
decreased in November-May, whereas the opposite trend was observed in Greece.  

 In relation to the burned area, Portugal showed an increase in the last decade in 
both seasons (although no signifi cant trend was found for the overall season in 
Table  2.3 , so this should be interpreted with caution) and Italy a slight increase in the 
June-October season (Fig.  2.11 ). In the season November-May, Spain and Italy have 
the highest average of burned area in both periods, while Portugal is in third position 
in spite of the observed increase.    
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  Fig. 2.9    Average burned area (ha) per month in the EUMed countries       
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    2.4   Land Cover Changes in Burned Areas 

 In this section we aimed to carry out a detailed analysis of land cover changes that 
occurred in areas affected by fi res during the period 2000–2006 in several Southern 
Europe countries. This was done using the CORINE land cover maps (CLC maps, 
hereafter) available for 2000 and 2006, and the European Fire Database (EFFIS) 
containing the annual forest fi re information compiled by EU Member States and 
other European countries (  http://effi s.jrc.ec.europa.eu    ). EFFIS database was used 
for the period 2000–2006. The countries studied included Portugal, Spain, France 
and Italy. Greece was excluded because the 2006 CLC map was not available for 
that country. 

 We worked with the second level of CORINE land cover data and when the 
results of the analysis indicated the occurrence of a major type of transition at a 
country level, the third level was used. The areas that were burned in each country 
and for each year throughout the studied period were obtained after the annual fi re 
maps of the EFFIS database. For each country, a set of seven masks was derived 
from these fi re maps; i.e. one mask for each year from 2000 to 2006. All fi res 
smaller than 50 ha were discarded for the creation of the mask. 

 Each year the mask was used for extracting two new layers from the two CLC 
maps of each country. The layer derived from the CLC 2000 map would represent 
the land cover pre-fi re situation in the areas burned that year, whereas the layer 
derived from the CLC 2006 map would represent the land cover post-fi re situation 
in those same areas. For each year, we combined the two corresponding layers, 
obtaining a fi nal fi le in which each polygon would correspond to a given transition 
of land covers between CLC2000 and CLC2006 and would refl ect this information 
in its attribute table. Based on these data, we generated seven transitional matrices 
for each country (one per year) and selected, in each case, the major transitional 
classes to be analyzed at the second CLC data level. An overall transition matrix was 
also calculated by pooling the data from all countries. Land cover transitions rep-
resenting less than 50 ha were excluded. 
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    2.4.1   Main Land Cover Types Affected by Wildfi res 

 During the study period (2000–2006), the total burned area in the four considered 
countries was 1,395,119 ha (only considering fi res larger than 50 ha). Half of 
this area (51%) consisted of CLC Level 2 class 32 (“Scrub and/or herbaceous 
associations”), followed by class 31 (“Forests”) (34%). At CLC Level 3 fi res 
affected mainly class 324 (“Transitional woodland-scrub”), corresponding to 23% 
of the total, class 312 (“Coniferous forest”) (15%), followed by classes 311 
(“Broad-leaved forest”) (12%) and classes 313 (“Mixed forest”), 321 (“Natural 
grassland”), 322 (“Moors and heathland”) and 323 (“Sclerophyllous vegetation”), 
representing each ca. 9% of the total burned area.  

    2.4.2   Land Cover Changes in Burned Areas 

 Overall, a total of 1,016,055 ha of burned areas (72.8% of the total) did not change 
their land cover after fi re. The land covers with less persistence in burned areas were 
Forests, Open spaces with little or no vegetation, and Inland wetlands (Table  2.5 ). 
Caution should be taken in interpreting the fi nding for the latter land cover, as the 
area with this land cover was very small (150 ha) and thus prone to signifi cant 
proportional changes even with small variations in polygon boundaries. From the 
remaining 379,064 ha in which changes occurred, 76.9% became class 32 (“Scrub 
and/or herbaceous associations”) and 19.6% became class 33 (“Open spaces with 
little or no vegetation”).  

 The transition matrix for the overall burned area (Table  2.5 ) showed that the 
main changes driven by fi re were the transition from forests to open spaces with 
little or no vegetation (over 50% of the forests in 2000 suffered this transition). The 
transition from Open spaces with little or no vegetation to Scrub and/or herbaceous 
vegetation was also relevant (45%), as well as Inland wetlands to Inland waters 
(46%) Other important transitions were from Arable land to Artifi cial, non-agricultural 
vegetated areas (15%). Of these transitions, only the former can be clearly attributed 
to fi re effects. 

 In Italy, the total area burned during the study period was 79,118 ha (5.7% of 
the total burned area in the four countries). Fires affected mainly class 211 
“Non-irrigated arable land” (22% of the total area burned in the country), class 321 
(“Natural grassland”) and class 323 (“Sclerophyllous vegetation”) representing 
each one ca. 19% of the total area burned, and class 311 (“Broad-leaved forest”) 
(15%). 68,621 ha of burned areas (86.7% of the total) did not change land cover 
after fi re. From the 10,497 ha that suffered land cover changes, 31% became class 
323 (“Sclerophyllous vegetation”), 19% became class 321 (“Natural grassland”), 
11% became class 333 (“Sparsely vegetated areas”), 10% became class 243 (“Land 
principally occupied by agriculture with signifi cant areas of natural vegetation”) 
and 8% became class 334 (“Burned areas”). 
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 In France, the total area burned during the study period was 67.727 ha (4.8% of 
the total area burned in the four countries). Fires affected mainly classes 323 
(“Sclerophyllous vegetation”) and 321 (“Natural grassland”), corresponding to 31% 
and 17%, respectively, of the total area burned in the country. In addition, fi res 
affected also classes 313 (“Mixed forest”) and 312 (“Coniferous forest”) represent-
ing each one ca. 10%. 41,740 ha of the burned areas (61.6% of the total) did not 
change land cover after fi re. From the 25,987 ha that changed land cover trype, 41% 
became class 334 (“Burned areas”), 30% became class 324 (“Transitional woodland 
scrub”) and 20% became class 323 (“Sclerophyllous vegetation”). 

 In Spain, the total area burned during the study period was 492,243 ha (35.3% of 
the total area burned in the four countries). Fires affected mainly class 324 
(“Transitional woodland scrub”), corresponding to 27% of the total area burned in 
the country, and class 323 (“Sclerophyllous vegetation”) (14%). Classes 321 
(“Natural grassland”), 312 (“Coniferous forest”) and 313 (“Mixed forest”) were 
also strongly subjected to fi res (12%, 11% and 10%, respectively, of the total burned 
area). 381,982 ha of the burned areas (77.6% of the total) did not change land 
cover after fi re, whereas 110,261 ha did. Among the latter, 47% became class 324 
(“Transitional woodland scrub”) and 29% became class 334 (“Burned areas”). 

 In Portugal, the total area burned during the study period was 756,031 ha. This 
country had, therefore, the largest proportion (54.2%) over the total area burned 

   Table 2.5    Transition matrix for the period 2000–2006 in the burned areas in Portugal, Spain, 
France and Italy   

 CLC2006 

 11  12  13  14  21  22  23  24  31  32  33  41  51 

 C
L

C
20

00
 

 11   1.00   0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
 12  0.00   1.00   0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
 13  0.00  0.00   1.00   0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
 14  0.00  0.00  0.00   1.00   0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
 21  0.00  0.00  0.00   0.15    0.82   0.00  0.00  0.01  0.00  0.01  0.00  0.00  0.00 
 22  0.00  0.00  0.00  0.00  0.00   0.87   0.01  0.05  0.00   0.07   0.01  0.00  0.00 
 23  0.00  0.00  0.00  0.00  0.00  0.00   1.00   0.00  0.00  0.00  0.00  0.00  0.00 
 24  0.00  0.00  0.00  0.00  0.01  0.00  0.00   0.96   0.00  0.02  0.01  0.00  0.00 
 31  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00   0.41    0.51    0.07   0.00  0.00 
 32  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00   0.94   0.05  0.00  0.00 
 33  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00   0.45    0.54   0.00  0.00 
 41  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00   0.54    0.46  
 51  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00   1.00  

   Note : Each row provides the proportion of the initial land cover (in 2000) that persisted or changed 
to other land cover in 2006. Italic cells indicate the persistence values (diagonal) and Bold 
indicate the main transitions (over 5%). Codes for land cover are: Urban fabric (11); Industrial, 
commercial and transport units (12); Mine, dump and construction sites (13); Artifi cial, non-agricultural 
vegetated areas (14); Arable land (21); Permanent crops (22); Pastures (23); Heterogeneous 
agricultural areas (24); Forest (31); Scrub and/or herbaceous associations (32); Open spaces with 
little or no vegetation (33); Inland wetlands (41); Inland waters (51)  
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in the four countries. Fires affected mainly class 324 (“Transitional woodland 
scrub”), corresponding to 24% of the burned area, class 312 (“Coniferous forest”) 
(19%), class 311 (“Broad-leaved forest”) (15%) and class 322 (“Moors and heath-
land”) (11%). 469,533 ha of burned areas (62.1% of the total) did not change land 
cover after fi re, whereas 286,498 ha did, of which 81% became class 324 
(“Transitional woodland scrub”), 7% class 334 (“Burned areas”) and 3% class 
322 (“Moors and heathland”). 

 Classifying all the CLC transition classes into agradative (any transition result-
ing in an increase of the vegetation cover or leading to a more advanced succes-
sional stage), degradative or stable categories, we found clear differences among 
the considered countries in the distribution of the total burned area among these 
three types (Table  2.6 ). In Portugal, Spain and France, the post-fi re land cover 
changes occurred in areas burned between 2000 and 2006 mostly favoured degra-
dative transitions. This degradation trend was particularly strong in Portugal and 
Spain. In France, agradative transitions represented a slightly larger area than 
degradative ones.  

 These results suggest a slow post-fi re vegetation dynamics in most of the coun-
tries studied. In all of them, except France, degradative transitions accounted for the 
largest part of the land cover changes that occurred on burned areas. Moreover, a 
large part of the areas classifi ed as 33 (“Open spaces with little or no vegetation”) in 
CLC 2000 had remained in that same class in CLC 2006, not evolving to classes 
with increased vegetation cover or towards more mature successional stages. This 
slow dynamics may be due to various factors. First of all, in Spain and Portugal 
(the two countries with the smallest proportion of agradative transitions), more 
adverse climatic conditions (i.e. dryer conditions) in many of the areas affected by 
fi res may have caused lower rates of post-fi re vegetation recovery. Secondly, in 
those two countries, a large part of the fi res occurred in the last 2 years of the studied 
period (2005 and 2006). In Spain and Portugal, these fi res accounted for 38% and 
33%, respectively, of the total burned area in each case, whereas in Italy and France, 
these values were much lower (26% and 11%, respectively). In the two former 
countries, thus, a larger extent of burned areas had a very short time to recover, 
which, obviously, infl uenced the results. 

 In general, the length of the study period was short, as the maximum post-fi re 
period that could be monitored was 6 years. We have to highlight, therefore, that in 
most cases our results are documenting post-fi re land cover dynamics on the short 
(or sometimes medium) term.   

   Table 2.6    Distribution of the total burned area per country between agradative, degradative and 
stable land cover transitions   

 Italy  France  Spain  Portugal 

 ha  %  ha  %  ha  %  ha  % 

 Agradative transitions   4,187   5.3  13,331  19.7   36,736   7.5   42,717   5.7 
 Degradative transitions   6,308   8.0  12,667  18.7   73,524  14.9  243,774  32.2 
 Stable transitions  68,621  86.7  41,740  61.6  381,982  77.6  469,533  62.1 
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    2.5   Fire Effects on Land Cover Change Dynamics 
in the Period 2000–2006 

 In this section our aim was to evaluate the role of fi re in the observed landscape 
dynamics at European level. The land cover dynamics analysis consisted in the 
comparison of the observed land cover change and transitions in burned and 
unburned areas. This analysis was carried out using CORINE Land Cover (CLC) 
data for 2000 and 2006 and the fi re perimeters for fi res larger than 500 ha obtained 
from the EFFIS database. 

 The results obtained for land cover dynamics analysis are presented in this section 
as transition matrices. For each of a total of 702 fi re perimeters, we considered a 
paired unburned area with a similar shape, and surrounding the burned patch. To 
characterize land cover change, the thematic legend (third level) of the CLC layer 
has been aggregated into a new one composed by six main categories (urban, artifi -
cial, agricultural, forest, shrubland and no vegetation areas) in order to simplify the 
land cover dynamics analysis. This has been done both for CLC 2000 and 2006, and 
as result two new land use layers were obtained. A transition matrix was computed 
separately for each burned – unburned patch pair. The differences between these 
two matrices were then summarized in a new matrix called change-intensity matrix 
which represented the rates of land cover change in burned versus unburned areas. 

 In unburned areas (Table  2.7 ), persistence of the land covers (diagonal values of 
the matrix) were always larger than 90% with the exception of forests and areas 
with no vegetation, where it decreased to ca. 70%. The main transitions were from 
forests to shrublands (26%) and no vegetation to shrublands (30%). The latter tran-
sition seems to refl ect the process of secondary succession and scrub encroachment, 
probably in former burned areas, sparsely vegetation areas or even bare ground. The 
former is probably a consequence of forest logging. In burned areas, the persistence 
pattern of the different land cover types was similar to the one of unburned areas: 
also always larger than 90% with the exception of forests and areas with no vegeta-
tion, but is this case it was even lower, ca. 35–50% (Table  2.7 ). Here the main transi-
tions were also from forests to shrublands (57%) but also to areas with no vegetation 
(6%), from areas with no vegetation to shrublands (49%), and, to a lesser extent, 
from shrublands to areas with no vegetation (6%). The transition of forests to shru-
blands and areas with no vegetation could be explained mainly by wildfi res. After 
fi res, in a period of 6 years (from 2000 to 2006) areas may not be able to have a 
signifi cant vegetation development, or only shrublands are able to grow in the early 
stages of succession. Even if there is forest recovery it will be in an earlier stage of 
development and would have a shrubland-like physiognomy, or would consist of a 
transition category between forest and shrub which in this work is categorized as 
shrubland (see proposed legend). The same driver (fi re) can explain the transition 
from shrublands to areas with no vegetation. In contrast, the signifi cant transition 
from areas with no vegetation to shrublands may be an evidence of post-fi re vegeta-
tion recovery, mainly in situations where the areas were burned in the beginning of 
the study period (2000). It must be taken into account that this land cover class 
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includes also burned areas and sparsely vegetated areas, thus the succession to 
shrubland-type vegetation is a possible explanation. Alternatively, misclassifi cation 
of the land cover types in the two different time periods could explain this result, if 
many areas with no vegetation in 2000 had been classifi ed as shrublands in 2006 
(but if that is the case this mistake must have been made also in unburned areas).  

 The intensity change matrix shows that wildfi res have caused changes in land 
cover dynamics (Table  2.7 ). In terms of persistence, fi re decreased the persistence for 
all land cover types except shrublands. So, fi re promoted faster land cover changes. 

 The more notorious decrease in persistence was for forests and areas with no 
vegetation. It is logical that forests are the land cover more easily changed by fi re, 
and thus less persistent. The trend for areas with no vegetation might again be 
explained by different criteria in classifying the same land cover in the two time 
periods. The major land cover transitions promoted by fi re were the forest to both 
shrubland cover (+30%) and to areas with no vegetation (+5%). So, as expected, fi re 
causes a much faster change from forests to areas with shrublands or no vegetation 
in the short term, compared to unburned areas. A similar trend was observed by for 
specifi c regions of Portugal and Spain (Lloret et al.  2002 ; Viedma et al.  2006 ; Silva 
et al.  2011 ). The other signifi cant transition was from shrublands to areas with no 
vegetation (+19%), although this could be interpreted as a simple maintenance of 
the same land cover in case the hypothesis of misclassifi cation is confi rmed. Other 
land cover transitions favored by fi re included shrublands to no vegetation (+3%) 
and agricultural areas to shrublands (+1.5%), the latter either refl ecting a trend for 
the abandonment of agriculture in burned areas, as hypothesized by Silva et al. 
( 2011 ) for three regions in Portugal, or the assignment of different categories to the 
same land cover (e.g. pastures versus natural grasslands). 

 Land cover transitions promoted by the absence of fi re were less notorious. 
Larger differences were registered for the transition from shrublands to forest 
(−4%), refl ecting secondary succession in the vegetation, from areas with no vege-
tation to artifi cial and agricultural areas (−0.8%), and from agricultural to urban 
areas (−0.8%). The latter transitions suggest that urbanization processes are more 
common in unburned areas, compared to the burned ones.  

    2.6   Key Messages 

    Land cover changes in Southern Europe in the period 1990–2006 suggest a • 
decrease in fi re hazard in this region, as landscape changes corresponding to 
increased fi re hazard occur in a smaller geographic area (4.9 million hectares) 
than transitions corresponding to decreased fi re hazard (5.4 million hectares). 
This might be explained by disturbances such as logging, drought, wildfi res, as 
well as urbanization;  
  Compared with the overall period 1985–2009, changes in the fi re regime have • 
been observed in the last 10 years (2000–2009) in Southern Europe. The long-term 
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trend for the number of fi res was an increase, but in the last 10 years the trend 
was the opposite, a high decrease. In relation to the total burned area, the general 
trend is for a decrease, lower when considering the entire time series and more 
pronounced in the last 10 years. For the period 1980–2009, the provinces with a 
high increase in both number of fi res and burned area, were located in Portugal, 
Central Spain, Southern Sicily and Southeast France. The decreasing trends were 
found mostly in the Northern provinces of Spain and in Central Greece. The 
majority of the provinces of Italy and Greece showed no trend. For the period 
2000–2008, the majority of provinces in all the countries show a decreasing 
trend, with a few exceptions in France and Italy;  
  The average number of fi res has substantially increased in Portugal and Spain in • 
both the “fi re season” (June to October) and the rest of the year, while for the 
other countries the trend is more constant;  
  In the period 2000–2006, fi res burned mainly areas of forest and shrublands. The • 
main CORINE land cover categories affected were “Transitional woodland-
scrub” (23% of the total burned areas, “Coniferous forest” (15%), followed by 
“Broad-leaved forest”, “Mixed forest”, “Natural grassland”, “Moors and heath-
land” and “Sclerophyllous vegetation” (ca. 10% each). Almost 97% of the areas 
burned during 2000–2006 changed their land cover to “Scrub and/or herbaceous 
associations” or “Open spaces with little or no vegetation”;  
  Wildfi res affected landscape change dynamics. Fire decreased the persistence • 
for all land cover types except shrublands. The major land cover transitions 
promoted by fi re were the forest to both shrublands (+30%) and to areas with no 
vegetation (+5%). The other signifi cant transition was from shrublands to areas 
with no vegetation (+19%), although this could be interpreted as a simple 
maintenance of the same land cover that was classifi ed differently. Land cover 
transitions promoted by the absence of fi re were less obvious. Larger differences 
were registered for the transition from shrublands to forest (−4%), refl ecting 
secondary succession in the vegetation.         
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Abstract. Land cover distribution is one of the factors that influence fire behaviour and its consequences in the
landscape. The relation between land cover type and fire was investigated at a broad scale, in order to analyse land cover

differences in fire proneness. The selection ratio for nine different land cover categories was calculated for the fire
perimeters mapped in Southern Europe between 2000 and 2008. The results obtained were then compared per country and
region. The fire proneness of topographic classes and its potential association with land cover types were also assessed. At

a broad scale, shrublands and grasslands were the most preferred by fire, whereas artificial surfaces and agricultural areas
were less fire prone. Forests showed intermediate values of selection ratio. Principal components and cluster analysis
identified three regionswith significant differences among them: theMediterranean area, theBalkans andTurkey–Cyprus.

Slopes.25% and with a north aspect were also less susceptible to burning. The identification of common land cover and
topographic characteristics allows for the application of common management strategies in Southern Europe, coupled
with particular measures adjusted to the conditions that are country- and region-specific.

Additional keywords: burnt areas, fire proneness, selection ratio.
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Introduction

In Europe, wildfires are a major disturbance that causes

severe damage, particularly in the Mediterranean region
(e.g. Konstantinidis et al. 2005; Fernandes 2009). According to
European statistics (EC 2011), from 1980 to 2010 fires have
burnt an average of,471 700 ha of land per year just in the five

most affected countries (Portugal, Spain, France, Italy and
Greece – EUMed region). In the rest of Europe, the figures are
less alarming but still considerable, particularly in countries

such as Turkey, Croatia and Cyprus. It is widely acknowledged
that fire is an integral part of the landscape ecology in many
ecosystems (e.g. Bond and Keeley 2005;McKenzie et al. 2011),

but, in recent decades, rural abandonment and the subsequent
fuel accumulation has led to extremely damaging fires in
Mediterranean Europe (Lloret et al. 2002; Romero-Calcerrada

et al. 2010; Carmo et al. 2011).
The consequences of a fire are related to the underlying

characteristics of the area and the fire behaviour. Landscape
features, such as vegetation cover and land use patterns,

topography and weather conditions influence fire spread, size
and intensity (e.g. Pyne et al. 1996; Viegas 1998; Mermoz et al.

2005; Fernandes 2009; Viedma et al. 2009) and consequently
affect ecosystem resilience (Pezzatti et al. 2009). Landscape
heterogeneity, on the other hand, can hinder fire propagation
(Lloret et al. 2002; Moreira et al. 2011), by changing fuel

conditions in space, thus potentially reducing the extent of the
fire and its damaging effects.

The relationship between burnt areas and the underlying land

cover has been investigated in previous studies at regional or
national levels, focusing on the selectivity of fire towards
specific land cover types. In Mediterranean areas, croplands,

pastures and broadleaved forests were found to be less affected
by fire, whereas shrublands and coniferous forests were more
prone to burning (Moreira et al. 2001, 2009; Mouillot et al.

2003; Nunes et al. 2005; Carmo et al. 2011)). In Patagonia,
shrubland and woodland displayed higher fire incidence than
did forests (Mermoz et al. 2005). In Canada, black spruce forests
were more susceptible to fire, compared with deciduous forests
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(Cumming 2001). At a broader European level, the types of land
cover burnt in European countries have been assessed by the

European Forest Fire Information System (EFFIS), based on
Corine Land Cover information and the fire perimeters mapped
by the system during the main fire season (May to October). In

2009, in the EUMed countries and the Balkans, the most
affected land cover types were forest and other wooded land
(46%), followed by other natural lands (32%) and by agricultural

areas (23%) (EC 2010). In 2010, a similar trend was reported:
forest and other wooded land represented 41.2% of the burnt
areas, other natural lands 39.9% and agricultural areas 14.6%
(EC 2011).

The type and proportion of land cover burnt can also be
affected by topographic features (Mermoz et al. 2005; Carmo
et al. 2011; Moreira et al. 2011), as elevation and aspect

influence vegetation distribution, and slope affects fire spread.
Understanding the relationship between the underlying land
characteristics and fire behaviour allows for a better estimation

of the damages caused by the fire; furthermore, it also gives a
valuable contribution for fire prevention strategies by assessing
the most and the least fire-prone areas, information particularly

useful for fire managers and land planning managers to adjust
the landscape features that can be changed, such as vegetation
and land cover, to minimise the potential effects of future fires.

The main objective of this study was to analyse the relation-

ship between burnt areas and land cover types at the European
level, with the purpose of:

(i) Investigating the fire proneness of different land cover
types in Europe.

(ii) Analysing differences in the fire proneness of land cover
types in different European countries and regions.

(iii) Exploring the potential influence of topographic condi-

tions on the fire proneness of land cover types.
(iv) Improving knowledge of the implications of the existence

of different land cover types for landscape management

and fire prevention.

Data and methods

Study area

This study was carried out within the boundaries of European
countries where burnt areas have been mapped by EFFIS during

the period 2000–2008 (Fig. 1). This area extends over 6 bio-
geographical regions (Fig. 1) with different characteristics
(EEA 2012). The Mediterranean region predominates, occu-

pying 42%of the study area, followed by the Continental (19%),
Anatolian (15%), Atlantic (13%), Alpine (7%) and Black Sea
(4%) regions. The physical and biological conditions of the

biogeographical regions are highly heterogeneous, which is
reflected in the land cover distribution. A brief description of
their characteristics is hereafter presented, based on Corine

Land Cover (CLC) maps (EEA 1994) and on the report on
biogeographical regions in Europe (EEA 2002, 2006).

Alpine

In the Alpine region, 90% of the habitats are natural or semi-
natural, with forests and other wooded land covering over 40%
of the area, grasslands 25% and sparsely vegetated areas,13%.

Cropland, other than pastures and complex cultivation patterns,
is generally absent. According to CLC 2000, the most frequent
land cover is peat bogs (21%), followed by moors and heath-

lands (14%) and sparsely vegetated areas (12%). Broadleaved
forest occupies 10% of the area, coniferous 7% andmixed forest
5%. Transitional woodland–shrubland reaches 7% and bare
rocks 6%. Sclerophyllous vegetation and agro-forestry areas

are absent.

Anatolian

This region is located in inland Turkey and is characterised
by a large proportion of cultivated land (49%) and heathland and
scrub habitats (42%). Forests and other wooded lands cover only

4% of the region, and grasslands ,2%.

ALP ANA
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L
BLK
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M

ED

Biogeographical regions 0 300 km

Fig. 1. Study area, composed of 14 countries (PT, Portugal; ES, Spain; FR, France; IT, Italy; HR, Croatia; BH, Bosnia

and Herzegovina; SRB, Serbia; MN, Montenegro; AL, Albania; MK, Former Yugoslavian Republic of Macedonia,

FYROM;BG,Bulgaria;GR,Greece; TR, Turkey;CY,Cyprus) and the biogeographical regions represented (ALP,Alpine;

ANA, Anatolian; ATL, Atlantic; BLK, Black Sea; CON, Continental; MED, Mediterranean).
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Atlantic

Agricultural area is themost common land cover in this region
(38%), followed by grasslands (30%) which are mainly non-
natural. Forests occupy,13% of the region, increasing towards

the east. Broadleaved forests are more common (7%), whereas
conifers occupy 4% and mixed forest ,2% of the area. The
abandonment of agricultural and grazing activities has been
leading to the occupation of the land by scrub-type vegetation,

whichoccupies, togetherwithheathlands,,8%of the region.The
discontinuous urban fabric occupies nearly 5% of the territory.

Black Sea

This region occurs in Turkey and Bulgaria and is mainly
composed by grasslands (34%) and forest and other wooded

land (29%). Heathland and scrub habitats occupy 20% of the
area and cultivated land corresponds to 14%.

Continental

Agricultural areas are the most common land cover types,
particularly non-irrigated arable land (35%), pastures (10%) and
complex cultivation patterns (7%). Forests occupy nearly 30%

of the total area, with broadleaved being the most common
(14%), followed by conifers (11%) and mixed forest (5%).
Transitional woodland–shrubland represents 2% and the dis-
continuous urban fabric occupies over 4% of the territory.

Mediterranean

In theMediterranean biogeographic region, forests and other
wooded land occupy 25% of the area, with broadleaved repre-

senting 9%, conifers 5% and mixed forest 2% of the forest area.
The agricultural areas represent 36% of the total area, with non-
irrigated arable land reaching 15% and complex cultivation

patterns 6%. Grasslands occupy 6% of the territory and sparsely
vegetated areas ,1%.

To achieve a minimum sample size of fires for the fire
proneness analysis, data from some countries were aggregated
according to their geographical proximity: Croatia (HR),

Bosnia–Herzegovina (BH), Serbia (SRB), Montenegro (MN)
and Former Yugoslavian Republic of Macedonia, FYROM
(MK) were jointly considered as ‘Other Balkans’; Turkey and

Cyprus were also merged (‘TR-CY’). All the other countries
were analysed individually.

Data collection and analysis

Land cover

The land cover data were obtained from the CLC map for
the years 2000 and 2006 at a resolution of 100m (EEA 1994;

EEA-ETC/TE 2002). Previous studies have used different
classifications of land cover (e.g. Nunes et al. 2005; Bajocco
and Ricotta 2008; Moreira et al. 2009), depending on the

available data and the scale of the study. In our case, CLC was
selected because it is available at the European level and thus
allows comparisons between countries. Land cover categories

were based on the original 44 classes of the CORINEmapwhich
were grouped into nine broader categories (Table 1). Land cover
types considered to have a negligible influence on fire incidence
and spread (continuous urban surfaces, water bodies and non-

vegetated areas) were excluded from the analysis.
The analysis of land cover affected by fires was based on

CLC 2000 for the fires from 2000 to 2005, whereas CLC 2006

was used for the same type of analysis for the fires from 2006 to
2008. In the case of Greece, only CLC 2000 was available and
for Turkey only CLC 2006 was used owing to missing land

cover data for the year 2000.

Burnt areas

Burnt areas (BA) were obtained from EFFIS, which has been

mapping the burnt areas of at least 40 ha in size from MODIS
imagery, at a resolution of 250m, since the year 2000. Until
2004, the burnt areas of each year were obtained at the end of

the fire season and, thus, several fires that might have occurred
in the same area at different dates were considered as a
single event, based on the visible fire scars. After 2004, BA
datawere obtained in near-real time and are updated twice a day,

Table 1. Land cover categories used in this study, based on Corine Land Cover (CLC)

Note: the artificial surfaces are included because of the potential influence of the discontinuous urban surfaces, railways and

dump sites on fire occurrence

CLC code CLC class Land cover category New code

3.1.1 Broadleaved forest Broadleaved forest brl

3.1.2 Coniferous forest Coniferous forest cnf

3.1.3 Mixed forest Mixed forest mix

3.2.2 Moors and heathlands Shrubland srb

3.2.3 Sclerophyllous vegetation Shrubland

3.2.4 Transitional woodland–shrubland Shrubland

3.2.1 Natural grasslands Grassland grl

3.3.3 Sparsely vegetated areas Sparsely vegetated spar

3.3.4 Burnt areas Sparsely vegetated

2.4.3 Land principally occupied by agriculture, with

significant areas of natural vegetation

Transition natural–agriculture tna

2.4.4 Agro–forestry areas Transition natural–agriculture

2.1.1–2.4.4 Agricultural areas Agriculture agr

1.1.2–1.4.2 Artificial surfaces Artificial surfaces art
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increasing the accuracy in burnt area mapping. The burnt areas
were then transposed to polygon shape for further analysis; in
some cases for technical reasons the burnt area was divided into

several polygons, and the same burnt area could include several
polygons of different sizes. For this study, we selected all the
polygons of at least 5 ha that represent a part or a complete burnt

area mapped between 2000 and 2008 within the boundaries
of the study area. In total, we obtained 6656 polygons, here
called fire perimeters. The sparsely vegetated areas included the

burnt areas defined in CLC and this category was updated each
year with the fire perimeters retrieved from EFFIS of the
previous years.

Fire proneness of different land cover types

The methodology applied to assess the fire proneness of land
cover types in burnt areas was based on studies of resource

selection in wildlife ecology (Manly et al. 1993, 2002) and on
previous studies where similar methods were applied (Moreira
et al. 2001, 2009; Bond and Keeley 2005; Nunes et al. 2005;

Bajocco and Ricotta 2008; Carmo et al. 2011). Fire proneness
indicates the land cover categories that are most susceptible to
burn. The overall approach of this studywas to compare the land

cover burnt (used) with the land cover available before the fire
within the perimeter of the fire and in a buffer area around it. If
the proportion of a given land cover in the burnt area is higher
than the proportion available within the buffer of the fire

perimeter, the fire showed preference for that specific land cover
type. On the contrary, if the proportion of a land cover type
consumed by fire is lower than the proportion available, this type

of land cover was not preferred by the fire. Land cover use was
obtained by compositional vectors of the burnt areas, i.e. cal-
culating the proportion of each land cover type inside the fire

perimeters. To determine relative availability of the different
land cover types, a buffer around each fire perimeter was cre-
ated; the buffer represents the potential area burnt in case there
would be no interference fromother factors in the fire behaviour,

such as land cover pattern, topography, weather or fire-fighting
measures. To define the buffers, several approaches have been
previously applied; Nunes et al. (2005) created a buffer

approximately the same size (area) and shape around each BA.
This method had the advantage of representing an equivalent
sampling effort inside and outside the burnt areas. Composi-

tional vectors of land cover were then calculated, but only the
buffer outside the BA was considered as available land cover.
Moreira et al. (2009), on the other hand, created a circular buffer

around the centroid of each BA with a size equivalent to the
maximum burnt area that occurred in that specific ecological
region (previously defined), during the period considered.
According to Moreira and colleagues, the circular shape would

represent the shape of a fire in case there would be no influence
of other physical variables. In our case, we focussed on the
individual characteristics of each fire perimeter and a buffer

with approximately the same shape and twice the size of the
polygons was created around each fire perimeter, using GIS
tools; the area inside the BA was also considered part of the

available resources, based on the fact that the burnt perimeter
was also available to burn when the fire occurred.

A general overview of the land cover types available and
used in the entire study area was obtained through descriptive

statistics. The mean proportion of land cover type available
(found within the boundaries of the buffers) and the mean
proportion of land cover used (found inside the boundaries of

the fire perimeters) for the whole study period were calculated.
As previously described, the analysis of fire selectivity was

then carried out by calculating the (SR) ratio (Manly et al. 1993,

2002) as follows for each land cover type i:

SRðiÞ ¼ ðproportion of land cover type i used in the burnt areaÞ
ðproportion of land cover type i available in the bufferÞ

If the SR for a given land cover type equals 1, then that land
cover type was burnt in proportion to its availability (random).
If SR is lower than 1, the land cover type burnt less than expected;
in contrast, ifSR is higher than1, the landcover typewaspreferred

by fire and used more than expected, given its availability.
The SR can only be calculated when a land cover type is

available, thus a filtering procedure was applied in order to

exclude the fires from where the given land cover type was
absent.

We estimated the standardised SR, dividing each initial SR

value obtained per fire perimeter by the sum of all the SR of that
fire perimeter. In this case, the value of standardised SR ranges
from 0 to 1 and represents the estimated probability that a
specific land cover categorywould be selected, if itwere possible

to make each of the land cover categories equally available
(Manly et al. 2002). The standardised SRvalues obtained per fire
were then averaged per land cover category; the final SR of each

land cover type represents the average of the standardised SR of
all the fire perimeters where that land cover type was available.
Confidence intervals at 95% level were estimated, to compare

the different SR values. Initially we tried to explore potential
differences in SR considering fire size, but the analysis did not
yield significant results, probably due to the characteristics of the

data and the fact that the polygons (fire perimeters) may repre-
sent only a part of a fire. For this reason, this approach was
discarded and we pooled all fires irrespective of size.

Afterwards, with the aim of analysing potential differences

existing throughout the study area, the average SR for each land
cover category and the corresponding confidence intervals (at
95%) were calculated per country; a Friedman’s test and the

Kendall’s coefficient of concordance (Siegel and Castellan
1988) were used to compare the rank order of SRs across
countries. To summarise the between-country overall patterns

in SRs for the different land covers, we used principal compo-
nents analysis (PCA) based on a correlation matrix of the
average SRs for each land cover in each country (Legendre

and Legendre 1998). We retained only principal components
(PCs) with eigenvalues larger than 1, as factors with variances
smaller than unity are no better than a single variable (Legendre
and Legendre 1998). These new PC variables (expressing

country coordinates in the selected components) have the
advantage of being uncorrelated with each other and of sum-
marising most of the information contained in the original

variables. To obtain simpler and more interpretable compo-
nents, the factors were rotated using the varimax criteria, thus
minimising the number of variables with high loadings on a

given factor (Legendre and Legendre 1998). A cluster analysis
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of the countries, based on the squared Euclidean distance (and

average between-groups linkage as the cluster method) was also
carried out using the mean SRs as in the PCA.

Fire proneness of topographic classes

Classes of elevation, slope and aspectwere created from a digital
elevation model available for Europe, at 100m resolution
(Reuter et al. 2007; Jarvis et al. 2008). Elevation was divided

into four classes (0–500m; 500–1000m; 1000–1500m and
.1500m); slope was divided into five classes (0–5%, 5–10%,
10–15%, 15–25% and.25%) and aspect was divided into four

main directions (N¼ 315–458, E¼ 45–1358, S¼ 135–2258 and
W¼ 225–3158).

The fire proneness of each of these topographic classes was
explored in three different ways.

(1) Assessment of the fire proneness of different
topographic categories

The main purpose of this analysis was to assess the relative
fire proneness of the different topographic classes previously
defined. The proportion of each topographic class inside both

the fire perimeters and the buffers was retrieved and the
standardised SR calculated, following the same procedure
applied to land cover. Considering the highly uneven sample

size of the different topographic classes, particularly for eleva-
tion and slope, the SR was calculated only for the fires where all
classes were present in the buffers, i.e. where all the different
classes were available to burn; this alternative was not possible

to apply for land cover, as only very few fires had available all
land cover categories. Confidence intervals at 95% were esti-
mated to compare SRs across land cover categories.

(2) Assessment of the role of land cover composition
in explaining topographic class fire proneness

The purpose of this analysis was to verify if the fire proneness
of different topographic classes could be explained by land

cover composition. We would expect that a certain elevation,

slope or aspect class would be more likely to burn if a more fire-
prone land cover type wasmore available in the class. In order to
estimate this, the land cover composition of each topographic
class existing in the buffers where all the classes were available

to burn, was retrieved as proportions; this value was then
multiplied by the corresponding standardised SR directly calcu-
lated for each land cover class, following the procedure applied

by Carmo et al. (2011). The sum of the values from all the land
cover classes corresponds to a weighted index that reflects the
fire proneness of each elevation, slope and aspect category in

relation to its land cover composition. The weighted index was
compared with the standardised SR directly estimated for the
topographic categories, by means of the Spearman rank correla-
tion (Sokal and Rohlf 1995), using the R statistical software

(R Development Core Team 2010).

(3) Analysis of topographic effects on the fire
proneness of land cover types

To test the effect of topography on the fire proneness of each

land cover type, the proportion of available land cover category
in the study area that was burnt for each topographic category
was calculated. The tendency for specific topographic cate-

gories to systematically have higher or lower proportion of
burnt land cover across land cover classes was tested using the
Friedman’s test (Siegel and Castellan 1988).

Results

Land cover distribution in fire perimeters (used)
and buffers (available)

The majority of the fire perimeters were located in the
Mediterranean biogeographical region (80%) across several

countries; the Atlantic region had 15% of the fire perimeters and
the Continental ,2%, with the other 3% spread across the
remaining regions.
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Fig. 2. Proportion of land cover types available (buffers) by country or region in alphabetical order, based on Corine

Land Cover 2000. The land cover categories are as specified in Table 1.
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The more extensive land cover types in the entire study area
available in the buffers were, respectively, shrubland (33.6%),
agricultural areas (11.9%), broadleaved forests (10.8%) and

grasslands (9.6%). The distribution of land cover types available
varied slightly per country (Fig. 2). Shrubland was the most

widely available land cover in all the countries except Bulgaria,
where agricultural land was most extensively found in buffers.
Broadleaved forests were more common in the Balkans, where-

as in Turkey and Cyprus coniferous forests were dominant.
Grassland was also commonly available in all the countries,
except Portugal where the proportion of sparsely vegetated areas

was higher than grasslands, unlike the other countries.
In general, there was an association between the proportion

of available and used land cover types; shrubland (37.1%),

broadleaved (11.2%), grassland (10.7%) and agricultural areas
(10.4%) were the land cover types that burnt the most when
considering the total area of the fire perimeters.

Selection ratio per land cover type

Overall, the standardised SR was highest for shrubland (0.39),
followed by grassland (0.32) and sparsely vegetated areas (0.29)
(Fig. 3). The least fire-prone land cover types were artificial
surfaces (0.08) and agricultural areas (0.19). The forest types

showed intermediate and similar values of SR: broadleaved
0.27, conifers 0.26 and mixed forest 0.25. The confidence
intervals reveal that there was no significant difference between

the SRs of the forest types, but these were different from all the
other land covers. Shrubland, grassland, sparsely vegetated
areas and artificial surfaces were significantly different from

any other land cover type. Agriculture and transitional natural–
agriculture were not significantly different from each other.
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Fig. 3. Standardised selection ratio (SR) standardised per land cover

category for the whole study area (n¼ 6556 fire perimeters) and the

corresponding confidence intervals at 95%. The land cover categories are

as specified in Table 1.
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Fig. 4. Selection ratios per land cover category in each country or region and the corresponding confidence intervals at 95%. The land cover categories are as

specified in Table 1.
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Countrywide – regional assessment of selection
ratio per land cover type

At the country level, shrubland had the highest value of SR in all
the countries except Bulgaria and Turkey–Cyprus, where

respectively agricultural areas and coniferous forests had higher
values (Fig. 4). After shrubland, grassland was the most fire-
prone land cover in most countries, except Portugal, where

sparsely vegetated and broadleaved showed higher values.
Shrubland SR was significantly higher than the other land cover
types in Portugal, Spain, Greece andAlbania; the SR of artificial

surfaces were significantly lower in Portugal, Italy, Greece and
all the Balkan countries.

Rank order of selection ratio across countries

In spite of the variations described above, there were similarities
in the rank order of SRs for land covers across countries, with the
mean rank for agricultural land being the lowest (1.00) and that

for shrublands the highest (8.78) (x2¼ 57.1, d.f.¼ 8, P, 0.001;
Kendall’s W¼ 0.79).

Principal components and cluster analysis

The information on the SRs for the different land covers was
summarised in three PCs that captured 87.8% of the total vari-
ance (Table 2). The first PC axis (50.4% of the variance, con-

sidering the initial extraction) was a gradient of increasing fire
proneness of broadleaved and mixed forests, shrublands,
sparsely vegetated areas and transition natural–agriculture

areas. This fire proneness seemed to be lower in Eastern Europe
and increase towards central and Western European countries.
The second PC (20.4% of the variance) represented a gradient of
increasing fire proneness of conifer forests and artificial areas.

The third PC (16.9% of the variance) was mainly a gradient of
increased proneness in agricultural areas (and decreased
proneness in shrublands).

The cluster analysis revealed three distinct groups of coun-
tries (Figs 5, 6): (1) Turkey–Cyprus, (2) Bulgaria, Albania and
other Balkans, (3) the remaining countries. There was an evident

separation between the EUMed countries and the Balkans in
relation to the land cover types preferred by fire, although some
internal differences were found in relation to agricultural areas:
Italy (part of EUMed) and Bulgaria (part of the Balkan region)

showed higher SR values for this land cover than did the other
countries of the group. Turkey and Cyprus were also clearly
separated from the other two groups, as revealed by the PC2

gradient.

Table 2. Results of the principal components analysis for each land

cover type

Land cover types are: mix, mixed forest; spar, sparsely vegetated areas; grl,

grassland; brl, broadleaved forest; tna, transition natural, agriculture; srb,

shrubland; art, artificial surfaces; agr, agricultural areas; cnf, coniferous

forest. The proportion of the total variance explained in the first three axes

was respectively 50.5, 20.4 and 16.9%. Rotation method: varimax with

Kaiser normalisation. The rotation converged in six iterations. The values

are presented in ascending order of component 1 and the absolute values

.0.5 are highlighted in bold

Rotated component matrix

Land cover Component

1 2 3

mix 0.918 0.289 �0.132

spar 0.872 �0.111 �0.384

grl 0.834 �0.064 0.099

brl 0.825 0.055 �0.162

tna 0.742 �0.087 0.432

srb 0.719 0.219 20.609

art 0.494 0.848 0.124

agr �0.045 0.132 0.979

cnf �0.257 0.959 �0.003
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Fig. 5. Country coordinates in the first three axes of the principal components analysis (PCA). Polygons delineate the different country groups derived from

the cluster analysis.
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Assessment of the influence of topography
in fire proneness

(1) Fire proneness of different topographic categories

Fig. 7 shows the SR obtained for each topographic category.
The intermediate elevation classes showed higher values of SR
and they were not significantly different from each other. In the

case of slope, the class .25% showed the lowest SR, signifi-
cantly different from the other classes. North aspect had a
significantly lower SR value in relation to the other aspect
categories, which in turn showed no significant differences

between them.

(2) The role of land cover composition
in explaining topographic class fire proneness

The Spearman rank test revealed a strong negative correla-

tion for slope (r¼ –1.0,P, 0.001) between the standardised SR
directly estimated and the weighted index calculated from the
land cover composition. This means that land cover did not

explain variations in selectivity for slope categories as expected.
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Fig. 6. Dendogram of the cluster analysis using average linkage.
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For elevation (r¼ –1.0, P, 0.001) and aspect (r¼ –0.3,
P¼ 0.624), a similar pattern was found, i.e. the expected
positive correlation between topographic categories and land

cover was not confirmed.

(3) Topographic effects on the fire proneness
of land cover types

Although there was a tendency for the land cover types
available in the lower slope category (0–5%) to have a lower
proportion of burnt area, this trend was not significant

(x2¼ 3.82, d.f.¼ 4, P¼ 0.431; Kendall’s W¼ 0.11). A similar-
ly non-significant pattern was found for aspect (x2¼ 1.13,
d.f.¼ 3, P¼ 0.769; Kendall’s W¼ 0.04). For elevation, there
was a significant trend for land covers located at higher eleva-

tions to have a lower proportion of burnt area (mean rank
decreasing from 3.00 to 1.67 with increasing elevation)
(x2¼ 6.60, d.f.¼ 3, P¼ 0.086; Kendall’s W¼ 0.24).

Discussion

As with previous literature on the topic, our results confirm that
fires are selective regarding different land cover types in Europe.

Shrubland, grassland and sparsely vegetated areas are more fire
prone, whereas artificial surfaces, agricultural areas and tran-
sitional natural–agricultural areas are generally less preferred.
The forest-type land covers showed intermediate values of SR.

These findings are in accordance with previous studies; Moreira
et al. (2011) mentioned that forests are usually more fire prone
than are agricultural areas and are less susceptible than shrub-

lands. In Portugal shrubland areas were found to be more sus-
ceptible to burning, followed by coniferous forests (Moreira
et al. 2001, 2009; Nunes et al. 2005; Silva et al. 2009; Carmo

et al. 2011), whereas agricultural areas were less burnt, due to
their low flammability. In Patagonia, shrubland and woodland
were also found to bemore fire prone thanwere forests (Mermoz
et al. 2005). Shrubland and grassland are naturally more fire

prone due to their intrinsic characteristics related to ease of
ignition and flammability; Mermoz and colleagues also sug-
gested that the fire proneness of shrubland might be related to

plant regeneration rates, because shrublands recover fast after
fire and allow for fuel accumulation in a short time, whereas
forests take longer to recover and colonise an area. This idea was

also supported by Viedma (2008), who mentioned that fire
effects will be different in diverse land cover types, depending
on regeneration abilities. Another study carried out in the USA

Great Lakes region, pointed out that fires were more likely to
occur in areas more accessible to humans, particularly grassland
and agricultural land (Cardille andVentura 2001). The influence
of agricultural activities on fire occurrence is well known and

the high SR for grasslands may also be related to their agricul-
tural use; agricultural areas, on the contrary, were less preferred
by fire, in spite of differences at country and regional levels.

The high SR value obtained for sparsely vegetated areas may
instead be related to the inclusion of the burnt areas of previous
years in this land cover category, indicating the recurrence of

fire in certain areas, particularly in the EUMed countries, as was
evident in the countrywide assessment.

At country and regional levels, a general tendency of fire
selectivity in favour of shrublands, grasslands and sparsely

vegetated areas was found for nearly all the countries, following
the results obtained for the whole study area. Artificial surfaces
and agricultural areas were generally the least preferred. The

exceptions were found for Turkey–Cyprus, where conifer for-
ests were more fire prone, and Bulgaria, where grasslands
showed the highest SR value. National or regional availability

of land cover types may explain some of the results obtained; in
Turkey–Cyprus, conifers were the most common forest type
available, which may explain why it is extensively burnt; on the

contrary, when a land cover type is geographically scarse
compared with others, it may be considered less fire prone
(Moreira et al. 2009). Moreover, the type of conifer forests
existing in these countries shows structural and compositional

differences in relation to the conifer forests of Western Europe
(EEA 2006), which may favour fire occurrence. For example,
the Palla’s pine (Pinus nigra spp. group) forests of the Balkan

Peninsula, Cyprus and Anatolia contain many herbaceous spe-
cies in the understorey and include species with steppic char-
acteristics in a denser structure than in the Salzmann’s pine

(P. nigra salzmannii) forests in Spain and France, which are
characterised by standswith open tree coverage. Furthermore, in
the western part of Europe forests dominated by P. pinaster and

P. pinea spp. are common, whereas in the Eastern side these
species are much less frequent (EEA 2006).

The preference for grasslands in Bulgaria is likely related to
agricultural activities; in 2010, the majority of burnt areas

mapped in Bulgaria by EFFIS occurred in other natural lands
(55%) and agricultural areas (45%), with no fires being mapped
in forest and other wooded land (EC 2011). Italy showed a

similar trend in relation to agricultural areas; also for this
country the mapped burnt areas of recent years were found to
occur mainly in agricultural areas (41%) and other natural lands

(40%) (EC 2011). Another interesting result is the relatively
high SR obtained for broadleaved forests in Portugal, most
likely related to the abundance of eucalypt forests in the country,
a fire-prone species (Silva et al. 2009).

In spite of the general trends of fire selectivity towards
shrubland and grassland, associated with the characteristics of
the vegetation available to burn, it was possible to define three

groups of countries where fire showed preference for particular
land cover types: EUMed, Balkans and Turkey–Cyprus. The
dissimilar biogeographic characteristics of the countries, the

various fire regimes existing in the study area, the ignition
patterns, the management practices applied to the vegetation
types and fire-fighting strategies are some of the drivers that

may affect the geographical distribution of the selection patterns
of land cover (Moreira et al. 2009; Silva et al. 2009). Knowledge
of the specific factors that explain this dissimilarity in fire
preferences provides the opportunity to adjust fire management

strategies to the country’s conditions, such as potential applica-
tions in landscape management for the purpose of reducing fire
occurrence probability and severity (e.g. Mermoz et al. 2005;

Moreira et al. 2009). For example, less fire-prone land covers
can serve as natural fire breaks in areas where fire occurrence
probability is known to be high. Besides, land cover diversity

has been pointed out as a potential factor for fire hazard
reduction (Lloret et al. 2002; Viedma et al. 2009), because fire
spread and intensity are affected by the type of fuel available and
the creation of discontinuous areas (fuel break) in relation to
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land cover may hinder fire progression (Moreira et al. 2011).
For example, in areas where coniferous forests are known to
burn the most (e.g. Turkey–Cyprus), intermingling with mixed

or broadleaved forests could be an effective way to reduce
fire spread, particularly when included in a fire management
plan at landscape level where other complementary actions are

also anticipated.
In relation to topography, areas with slope.25%were found

to be significantly less fire prone compared to lower slopes, a

relationship not associated with the type of land cover found in
this class. Areas with higher slopes are less accessible, which
may explain the lower occurrence of fire; human-caused fires
were found to occur more frequently on gentler slopes

(Conedera et al. 2011) in mountainous areas. North aspect
was also found to be less preferred in relation to the other
directions. Nunes (2004, cited by Carmo et al. 2011) found

contrasting results: in their study carried out in northern
Portugal, northern slopes were instead more fire prone, due to
the heavier fuel loads that result from the higher water avail-

ability. In our case, the results obtained are consistent with an
assumption that, unlike southern slopes, north-facing slopes
receive less direct and prolonged solar exposure, increasing

the moisture content of the vegetation and reducing its flamma-
bility (Mouillot et al. 2003; Mermoz et al. 2005).

Differences in the relationship between topographic features
and burnt areas are likely to exist among countries and regions,

as was found for land cover, although it was not possible to
investigate at this stage. Future work should focus on analysing
in detail these relationships at different spatial scales and

identifying the factors that vary among countries, in order to
adjust the fire prevention and management strategies to the land
cover and topographic conditions of each area.

Conclusion

This research showed that there were differences in fire selec-

tivity in relation to land cover. Shrubland and grassland were
preferred by fire, whereas artificial surfaces and agricultural
areas were found to be less fire prone. Fire preferences in rela-

tion to land cover vary among countries, depending on several
potential drivers, such as: land cover distribution and avail-
ability, climatic conditions, fire regimes and topographic fea-
tures. Steeper and north-facing slopes were found to be less

preferred by fire at a broad scale, indicating that land cover
treatments for fire prevention should be coupled with the
selection of suitable topographic categories.

This study constituted the first attempt to characterise fire
selectivity at a broad scale, revealing common features of land
cover types in different areas that indicate the possibility of

applying common fire management strategies in several coun-
tries. Nonetheless, the results obtained at the country level
suggest the influence of the country’s own environmental

conditions in fire occurrence and in the characteristics of the
burnt areas, features that should be investigated more deeply in
future studies.
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topografia (Fire selectivity in relation to land cover and topography).

PhD thesis, Cartography Center, Institute for Cientific and Tropical

Investigation, Lisbon. [In Portuguese]

Nunes MC, Vasconcelos MJ, Pereira JMC, Dasgupta N, Alldredge RJ,

Rego FJ (2005) Land cover type and fire in Portugal: do fires burn land

cover selectively? Landscape Ecology 20, 661–673. doi:10.1007/

S10980-005-0070-8

Pezzatti GB, Bajocco S, Torriani D, Conedera M (2009) Selective burning

of forest vegetation in Canton Ticino (southern Switzerland). Plant

Biosystems 143(3), 609–620. doi:10.1080/11263500903233292

Pyne S, Andrews PL, Laven RD (1996) ‘Introduction to Wildland Fire.’

(Wiley: New York)

R Development Core Team (2010) R: a language and environment for

statistical computing. (R Foundation for Statistical Computing: Vienna,

Austria) Available at http://www.R-project.org/ [Verified 1 January

2013]

Reuter HI, Nelson A, Jarvis A (2007) An evaluation of void-filling

interpolation methods for SRTM data. International Journal of Geo-

graphical Information Science 21(9), 983–1008. doi:10.1080/

13658810601169899

Romero-Calcerrada R, Barrio-Parra F, Millington JDA, Novillo CJ (2010)

Spatial modelling of socioeconomic data to understand patterns of

human-caused wildfire ignition risk in the SW ofMadrid, Central Spain.

Ecological Modelling 221, 34–45. doi:10.1016/J.ECOLMODEL.2009.

08.008

Siegel S, Castellan NJ (1988) ‘Nonparametric Statistics for the Behavioral

Sciences’ (McGraw-Hill, Inc.: New York)

Silva JS, Moreira F, Vaz P, Catry F, Godinho-Ferreira P (2009) Assessing

the relative fire-proneness of different forest types in Portugal. Plant

Biosystems 143(3), 597–608. doi:10.1080/11263500903233250

Sokal RR, Rohlf FJ (1995) ‘Biometry: The Principles and Practice of

Statistics in Biological Research’, 3rd edn. (W.H. Freeman: New York)

Viedma O (2008) The influence of topography and fire in controlling

landscape composition and structure in Sierra deGredos (Central Spain).

Landscape Ecology 23, 657–672. doi:10.1007/S10980-008-9228-5

Viedma O, Angeler DG, Moreno JM (2009) Landscape structural features

control fire size in a Mediterranean forest area of central Spain.

International Journal of Wildland Fire 18, 575–583. doi:10.1071/

WF08030

Viegas DX (1998) Forest fire propagation. Philosophical Transactions of

the Royal Society of London. Series A, Mathematical and Physical

Sciences 356, 2907–2928. doi:10.1098/RSTA.1998.0303

www.publish.csiro.au/journals/ijwf

Fire selectivity of land cover and topography Int. J. Wildland Fire K



 



 

 

 

 

 

 

 

 

Chapter 2. Modeling fire likelihood 



 

 

 



Spatial patterns of fire occurrence in Southern Europe.   Chapter 2 
Long-term assessment and environmental drivers  Modeling fire likelihood 
 

29 

 

This chapter is dedicated to modeling fire occurrence in the Western Mediterranean region. 

Focusing on the 5 countries most-affected by fire (from Portugal to Greece) and in the main 

fire season (summer), a model was developed to evaluate fire occurrence likelihood, in a 

long-term perspective. The model allowed for the assessment of the key structural factors 

that influence fire occurrence in the region, as well as the identification of the most fire-prone 

areas, which can assist the implementation of fire prevention strategies and the efficient 

allocation of resources prior to the start of the main fire season. 

 

The methodology applied to obtain the dependent variable for the model is first presented. 

The number of fire events in the European Fire Database, for the period 2000-2007, was used 

to estimate fire density at 10km resolution for the countries under study. Results show 

evidence of a high variability between and within countries. Portugal showed the highest fire 

density overall, followed by Spain. Northwest Portugal and Spain were identified as the most 

affected areas, while northern France and Greece showed the lowest values of fire density. 

The years 2003 and 2005 showed the highest values of fire density in most countries. 

 

Afterwards, the procedure to develop the model and the results obtained are described. A 

large set of physical, socio-economic and demographic variables was selected as independent 

variables, considering their potential influence in fire occurrence and their availability at the 

European level. Two different methods, multiple linear regression and random forest, the 

latter a non-parametric alternative, were applied and compared. Overall, random forest 

showed better performance and predictive ability. From the variables included in the models, 

precipitation outside the main fire season, soil moisture, unemployment rate, livestock 

density and density of local roads were found significant in both models, demonstrating their 

importance in explaining the variance in fire density in the region, regardless of the method 

applied.  

 

 

 

 

 

 

 

 



Chapter 2  Spatial patterns of fire occurrence in Southern Europe. 
Modeling fire likelihood  Long-term assessment and environmental drivers 

 

30 

 

Publications 

 

2.1 Modeling long-term forest fire risk at the European level: first assessment of fire probability 

and vulnerability 

Oliveira S, Oehler F, Camia A, San-Miguel-Ayanz J (2010) Modeling long-term forest fire risk at the 

European level: first assessment of fire probability and vulnerability. In D. X. Viegas (Ed.), 

Proceedings of the VI International Conference on Forest Fire Research, Coimbra, Portugal 

 

 

2.2 Modeling spatial patterns of fire occurrence in Mediterranean Europe using Multiple 

Regression and Random Forest 

Oliveira S, Oehler F, San-Miguel-Ayanz J, Camia A, Pereira JMC (2012) Modeling spatial patterns of fire 

occurrence in Mediterranean Europe using Multiple Regression and Random Forest. Forest 

Ecology and Management 275, 117-129 

  



Spatial patterns of fire occurrence in Southern Europe.   Chapter 2 
Long-term assessment and environmental drivers  Modeling fire likelihood 
 

31 

 

 

 

 

 

2.1 

Modeling long-term forest fire risk at the European level:  

first assessment of fire probability and vulnerability 

 

 

Oliveira S, Oehler F, Camia A, San-Miguel-Ayanz J (2010) Modeling long-term forest fire risk at the 

European level: first assessment of fire probability and vulnerability. In D. X. Viegas (Ed.), 

Proceedings of the VI International Conference on Forest Fire Research, Coimbra, Portugal 

 

  



Chapter 2  Spatial patterns of fire occurrence in Southern Europe. 
Modeling fire likelihood  Long-term assessment and environmental drivers 

 

32 

  



VI International Conference on Forest Fire Research 
D. X. Viegas  (Ed.), 2010 

 

Modeling long-term forest fire risk at the European level:  
first assessment of fire probability and vulnerability  

 
Sandra Oliveira, Friderike Oehler, Andrea Camia, Jesús San-Miguel Ayanz 

 
Joint Research Centre of the European Commission, Institute for Environment and 

Sustainability , Via E. Fermi, 27f9 - 21027 Ispra (VA), Italy. 
sandra.santos-de-oliveira@jrc.ec.europa.eu; friderike.oehler@jrc.ec.europa.eu 

 
 

Abstract 
Long-term forest fire risk is based on factors that remain stable for at least one fire season, giving 
a valuable contribution to the improvement of fire prevention systems and to the management of 
fire resources. This paper presents the methodology and first results for the development of a long-
term forest fire risk model at the European level, based on the combination of three pillars: fire 
probability, fire behaviour potential and vulnerability (expected fire outcome). The methodology 
applied to assess fire probability and the results obtained so far for the Euro-Mediterranean region 
for the period 2000-2007 are described and the approach to assess vulnerability is briefly 
explained. 
Fire probability was assessed considering ignitions and the conditions for fire to spread in case an 
ignition occurs. Taking into account the geo-location inaccuracy associated with the fire events, 
fire density was used as a proxy for fire ignition and it was calculated with kernel density 
estimation methods. Results show that there is a high variability between and within countries, 
with the Northern parts of Portugal and Spain having the highest values, while Northern France 
and Greece have the lowest density. Portugal is the country with the highest fire density values for 
the whole period, 5 times higher than Spain, which has the second highest values. Temporal 
differences were also found: the years 2003 and 2005 showed the higher values of fire density for 
most of the countries, except for Greece, where the higher values were estimated for the years 
2004 and 2006. To assess the factors that influence the spatial and temporal distribution of fire 
density, several variables were selected based on previous knowledge of fire occurrence and 
extensive literature review, such as topographic variables (elevation, slope, aspect and roughness), 
fuel types, weather data, population density, unemployment rate and agricultural data. These 
variables were pre-processed to be included in the model as predictors. 
Vulnerability is considered as the maximum impact that fires might have at the time of their 
occurrence onto goods and services provided by ecosystems. The limitation of data at the 
European level poses a serious constraint to this assessment and requires a step-wise approach that 
allows the incorporation of new data as it becomes available. In a first step, qualitative values are 
assigned to the potential soil erosion, loss of growing stock, recreation and protected areas. A 
method for weighting and aggregating these parameters is under development. 
 
Keywords: Long-term forest fire risk, fire probability, fire vulnerability, fire density 
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1. Introduction 
 

Fire is a major disturbance for forests in Europe, particularly in the Mediterranean 
region. Despite national and international fire management and policy efforts, statistics on 
European forest fires show no significant decrease in the number of fires or burnt area since 
the 1980’s. According to the European Fire Database, an average of circa 65.000 fires occur 
in Europe per year. Of these, 65% occur in the 5 southern European countries most affected 
by fire (Portugal, Spain, France, Italy and Greece), here defined as the Euro-Mediterranean 
region (EUMED, including the islands close to the mainland). Only in the EUMED area, 
forest fires burn between 300 000 and 950 000 hectares every year (Martinez et al., 2009). 
Furthermore, around 70% of the fires recorded between 1985 and 2007 in this region 
occurred from June to September, considered as the main fire season. 

Fire risk assessment constitutes a valuable tool for fire managers and policy-makers, 
assisting in the temporal and spatial allocation of fire management resources and helping in 
the improvement of forest fire prevention systems. Taking into consideration the impacts of 
forest fires in Europe and with the aim of further improving and harmonizing policy 
support, a long-term forest fire risk model is being developed at the Joint Research Centre 
of the European Commission. Long-term forest fire risk is assessed by focusing on those 
factors that can be either taken or transformed as static variables during at least one fire 
season. For the purpose of this research, long-term fire risk is considered as a combination 
of three pillars: fire probability, fire behaviour potential and vulnerability. Fire probability 
is defined as the likelihood of a fire to occur, given the joint probabilities of an ignition 
source and the adequate conditions for the fire to spread (fuel availability and moisture 
conditions). Fire behaviour potential is considered as the potential fireline intensity level 
expected should a fire occur in given weather scenarios. Vulnerability refers to the potential 
social, economic and environmental impacts of forest fires (also referred to as expected fire 
outcome). The present study thus seeks to develop a methodology for assigning each spatial 
unit in Europe values of fire probability, fire behaviour potential and vulnerability, to be 
aggregated into one common risk indicator which can be used as a reference to support 
European forest fire related policies and fire management guidelines. In this paper, the 
exploratory analysis and the results obtained so far in relation to fire probability are 
described and the approach adopted to assess vulnerability is explained. 

 
2. Fire Probability 
 

Materials and methods 
 Fire probability was assessed in view of the spatial and temporal distribution of the 
fire events recorded in the European Fire Database (Camia et al., 2010). The database 
currently includes data of 21 countries and about 1.87 million individual fire event records. 
For each individual fire event, specific information is added by the Forest Department 
and/or the Civil Protection Services of the Member-States, such as the date of the fire, the 
burned area type, the burned area size and the administrative region where it occurred. The 
geographical location of each fire event is given, in most cases, as descriptive information 
based on the administrative region, frequently at NUTS3 level1. In recent years, 
geographical coordinates have been added to the database; however this information is 
                                                 
1 The Nomenclature of Territorial Units for Statistics (NUTS) is a breakdown of territorial units established by the 
European Office for Statistics (EuroStat) for the production of regional statistics for the European Union. NUTS level 3 
corresponds in most EU countries to the administrative level of provinces. 
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incomplete and lacks harmonization between countries. The number of geo-referenced fire 
events available is variable among and within countries and correspond so far to a small 
proportion of the total number of fires.  

Due to the geo-location inaccuracy associated with the fire records, the individual 
fire events were transformed into a continuous variable, measured in number of fires/km2, 
here defined as fire density. This transformation was done using kernel density methods, as 
explained below. Fire density was used as a proxy of fire ignition and represents the 
response variable to include in the model for the assessment of fire probability. 

 

Fire density estimation 
In this first stage, fire data from 2000 until 2007 was used. The data was stratified 

by year and divided into main fire season (June to September) and other season (the other 
months), to verify temporal trends. 

An exploratory analysis of fire distribution was carried out based on the geo-
referenced fire events, in order to find out the proportion of fires that fall into wildland and 
non-wildland areas inside each NUTS3 region. Wildland and non-wildland areas were 
defined based on Corine Land Cover (CLC) (Table 2), a database of land cover information 
available for most European countries. CLC classes were grouped into 3 categories, 
depending on the characteristics of the land cover types and their potential influence on fire 
occurrence: Wildland, Non-Wildland and Excluded. Wildland areas were selected taking 
into account their potential influence in fire spread. The excluded classes are those that 
have a low contribution to fire occurrence, either by absence of vegetation or due to their 
low flammability. Non-Wildland areas include the other CLC classes whose conditions are 
not typically related to fire occurrence but where a proportion of the fires can occur (or at 
least start) mainly due to human causes.  
 

Table 1 – CLC classes aggregated in Wildland, Non-Wildland and Excluded 
 

Wildland Non-Wildland Excluded

Broadleaved forest Discontinuous urban fabric Continuous urban fabric

Coniferous forest Industrial or commercial units Port areas

Mixed forest Road and rail networks and associated land Airports

Sclerophyllous vegetation Dump sites Permanently irrigated land

Natural grasslands Construction sites Rice fields

Moors and heathlands Green urban areas Bare rocks

Transitional Woodland-Shrubland Sport and leisure facilities Glaciers and perpetual snow

Sparsely vegetated areas Non-irrigated arable land Inland marshes

Burnt areas Vineyards Peat bogs

Agro-forestry areas Fruit trees and berry plantations Salt marshes
Land principally occupied by agriculture with 
significant areas of natural vegetation Olive grooves Salines

Pastures Intertidal flats

Annual crops associated with permanent crops Water courses

Complex cultivation patterns Water bodies

Beaches, dunes, sand Coastal lagoons

Estuaries  
 

The results of this analysis were afterwards used to distribute the correspondent 
proportion of fires in the Wildland and Non-Wildland area of each NUTS3, via a random 
process using ArcGIS tools. For the countries with the highest number of points and to 
simplify the methodology, a sample of 20% of the number of points was used instead.  
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Subsequently, fire density was calculated using kernel density estimation methods. 

Previous authors (de la Riva et al., 2004; Koutsias et al. 2004; Allgower et al., 2005; 
Amatulli et al., 2007) found that these methods were suitable to estimate fire density. Since 
the spatial distribution of fires is highly irregular, the adaptive kernel density estimation 
was applied, with the bandwidth being defined on the basis of the kth nearest-neighbour 
(KNN). This means that the size of the bandwidth is defined according to the distance 
between the point and its kth nearest-neighbour, thus varying with point concentration. The 
density is therefore calculated using a variable bandwidth which depends on the KNN 
distance in each point. The software CrimeStat III (Levine, 2007) was used to create the 
density surfaces with bandwidths ranging from 2 to 30 KNN, for each season in each year 
and per country. A calibration procedure was used in order to find the most suitable 
bandwidth size (Breiman et al., 1977). This procedure is based on the total number of 
points and the distance between them to select the bandwidth that minimizes the most the 
effect of under/overestimation for that specific set of points. The procedure was adjusted to 
country areas, since it had so far only been applied at regional level. Density surfaces for 
both the sample and the complete datasets were computed and checked for Pearson’s 
correlation, which was over 95% for all the surfaces tested. 

 
Predictors selection and pre-processing 
The variables collected so far and the pre-processing technique applied in order to 

adjust them to a resolution suitable for the model are described in Table 2 and explained in 
the following section. In this first stage, considering only the EUMED region, all the 
variables were transformed at 1 km resolution, as a compromise between maintaining 
important details of the information and the resolution of the other datasets available; a grid 
covering the EUMED region was created and a value per variable was assigned to each 
pixel.  
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Table 2 – Description of the variables to use as predictors 

 

Variable type Variable name Source and resolution Pre-processing

Elevation DEM Europe (Jarvis et al., 2008), 1km and 100 m Elevation values at 1km assigned to each pixel

Slope DEM Europe (Jarvis et al., 2008), 100 m
Slope values aggregated at 1km resolution. Two layers created: average slope, 
weighted by area; maximum slope, to assign a worst-case scenario.

Aspect DEM Europe (Jarvis et al., 2008), 100 m

Reclassified into 8 different directions. Aggregation based on the modal value (the 

most frequent direction) found inside the boundaries of each 1km2 pixel.

Roughness DEM Europe (Jarvis et al., 2008), 1km and 100 m
Calculated as the ratio between the surface area and the planimetric area using GIS 
tools.

Percentage Fuel type 1

Percentage Fuel type 2

Percentage Fuel type (…)
Monthly average temperature 
Monthly maximum temperature
Precipitation
Relative Humidity

Density highways Tele Atlas, 2007 (level 00), 1/100.000
Density main roads Tele Atlas, 2007 (levels 01 to 03), 1/100.000
Density local roads Tele Atlas, 2007 (levels 04 to 06), 1/100.000

Socio-economic Population Density Gallego (2010), 100 m Aggregated at 1 km based on average value

Proportion of Utilisable Agricultural Land 
Proportion of arable land
Proportion of fodder crops and grass
Proportion of permanent grasslands and meadows
Proportion of permanent crops
Proportion of irrigated area

Proportion of Livestock Units Proportion of Livestock Units in relation to the total Livestock Units of the country. 

Socio-economic Unemployment rate EUROSTAT Regional Statistics, NUTS3
Values of unemployment rate at NUTS3 level were assigned to each raster cell that 
falls into the respective NUTS area

Farm Structure Survey, EUROSTAT, 2000, NUTS3

Percentage of the area (ha) of each NUTS3 occupied by that specific type of 
agricultural land. The values were then assigned to each 1 km x 1 km cell based on 
the data of the NUTS3 where it belongs

Road length divided by the area of the NUTS3. 5 classes created based on natural 
breaks. Each pixel assigned the corresponding class of the NUTS3 where it belongs

 Socio-economic (Agriculture)

Environmental (climatic) ERA-40, ECMWF Aggregated at 1km based on average values.

Spatial/Social

Environmental (Topographic)

Environmental Fuel types (Sebastián-Lopéz et al., 2002), 100 m

Proportion of the 1km2 pixel area occupied by each fuel type was extracted. A new 
raster layer was created per fuel type, with the value of each cell representing the 
proportion of the pixel area occupied by that specific fuel. 13 new layers/fuel types 
considered.
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Topographic variables - Elevation, slope, aspect and roughness were obtained from 
the most recent Digital Elevation Model available at the European level. This DEM is 
based on SRTM images from NASA, further processed in order to fill in no-data voids 
existing in the original images (Reuter et al., 2007; Jarvis et al., 2008). Elevation values at 1 
km resolution were directly available and were assigned to each pixel. Slope values, only 
available at 100 m resolution, were aggregated at 1 km resolution. Due to slope variability 
and to avoid loosing important information, two different slope layers were created: 
average slope, weighted by area, and maximum slope, to assign a worst-case scenario to the 
model. Aspect was reclassified into 8 different directions: N, NE, NW, S, SE, SW, E and 
W. Since the data was available at 100 m resolution, the aggregation was done on the basis 
of the modal value (the most frequent direction) found inside the boundaries of each 1 km2 
pixel. According to Stambaugh and Guyette (2008), topographic roughness is the amount of 
land surface variability of a particular area and is a proxy for describing the potential of 
terrestrial propagation related to topographic variability. Roughness was calculated as the 
ratio between the surface area and the planimetric area using GIS tools. 

Road density - The road network data from Tele Atlas (Tele Atlas, 2007) was used 
to calculate road density, defined as road length per unit area. TeleAtlas data was analysed 
by road layer, which ranges from 00 (highways) to 08 (roads of minor importance). Due to 
technical limitations and to avoid the inclusion of less relevant information, the levels 07 
and 08, corresponding to local roads of minor importance, such as the streets inside urban 
areas, were excluded from the analysis. The calculation of road length per NUTS3 was 
done per each road layer and the density was then calculated dividing the road length by the 
NUTS3 area (in km2). Afterwards, roads layers were aggregated into 3 levels: highways 
(level 00), main roads (levels 01 to 03) and local roads (levels 04 to 06). Each road level 
was converted into a 1km2 raster file, assigning to each pixel the corresponding value of 
road density of the NUTS3 where it belongs. Thus, 3 new variables with the corresponding 
road density value, one per road level, were created. 

Fuel - Fuel maps have been developed for different areas in Europe, mostly at 
national or local scales (e.g. Cruz, 2005; Fernandes et al., 2006; ICONA, 1987). At the 
European level, Sebastián-Lopéz et al. (2002) developed a fuel map for Europe based on 
Corine Land Cover categories and the Map of Natural Vegetation of Europe, later used by 
Barbosa et al. (2009). The fuel types are described in table 3: 

 
Table 3 – Fuel types obtained from Corine Land Cover and the Map of Natural Vegetation of Europe 

(Sebastián-Lopéz et al., 2002; Barbosa et al., 2009) 

Fuel class Description
1 Grassland vegetated by annual grasses and forbs
3 Open pine stands with perennial grasses and forbs
4 Shrubland understory and pine overstory
6 Sclerophylous oakwood vegetation
8 Short-needled conifers with sparse undergrowth and thin layer of ground fuels
12 Grassland vegetated by perennial grasses
14 Inland and coastland Marshes'
15 Broadleaved forests of Quercus ilex, rotundifolia, and suber
16 Coniferous forest with Iberian-Atlantic oak-ash woods and Cantabrian beechwoods
18 Broadleaved forest
19 Sparsely vegetated areas
20 Transitional Woodland-Shrubland
24 Non forest class
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 The proportion of the 1km2 pixel area occupied by each fuel type was extracted 
from the fuel map (at 100 m resolution). Then, following the methodology applied by 
Sebastián-Lopéz et al. (2008), a new raster layer was created per fuel type, with the value of 
each cell representing the proportion of the pixel area occupied by that specific fuel. 13 new 
layers were created, one per fuel type as defined in table 3. 

Population density - Data on population density at European level was obtained 
from the dasymetric grid of population density disaggregated with Corine Land Cover and 
point survey data, as described in Gallego (2010), combined at 1 km resolution based on the 
average value. 

Agricultural Variables - Agricultural data was obtained from the Farm Structure Survey 
of EUROSTAT. The survey was done in 2000 and it is assumed that these variables 
remained relatively stable for the period in analysis. From the available data, 7 different 
layers were obtained: 

a) Proportion of Utilisable Agricultural Land  
b) Proportion of arable land 
c) Proportion of fodder crops and grass 
d) Proportion of permanent grasslands and meadows 
e) Proportion of permanent crops 
f) Proportion of irrigated area 
g) Proportion of Livestock Units 

The variables a) to f) correspond to the percentage of the area (ha) of each NUTS3 
occupied by that specific type of agricultural land. The values were then assigned to each 1 
km2 cell based on the data of the NUTS3 where it belongs. Variable g) corresponds to the 
proportion of Livestock Units in relation to the total Livestock Units of the country. 

Unemployment rate - Unemployment rate at NUTS3 level was obtained from the 
regional statistics of Eurostat (Eurostat, 2010). Annual data are available from 1999 until 
2008. When the values at NUTS3 level were inexistent, the dataset was completed with the 
values of the correspondent NUTS2 for the year. The average rate between 2000 and 2007 
was calculated, assuming the rather stable nature of this variable. Similarly to the other 
variables, the average values of unemployment rate at NUTS3 level for the whole period in 
analysis were assigned to each raster cell that falls into the respective NUTS area.  

Climatic variables - Initial weather data were extracted from the 40 years ERA-40 Data 
Archive of the European Centre for Medium Range Weather Forecast (ECMWF). Besides, 
the components of the Canadian Fire Weather Index (FWI) system were considered to 
complement the climatic variables. 

 

Results and discussion 

The statistical analysis of fire distribution by Wildland and Non-Wildland showed 
that the proportion of fires occurring in Wildland areas reaches circa 65% in most countries, 
while Non-Wildland areas comprise around 30% of the fires. Some differences were found 
among countries, which can be due to different methodologies applied to georeference the 
fire events and to the fact that the sample size differs among countries. Based on these 
results, the following thresholds were defined: 72% of fires in Wildland and 28% in Non-
Wildland for Greece, and 65% and 35% respectively for the other countries.  
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The application of the calibration procedure allowed for the selection of the most 
suitable bandwidth for the points distribution of each season, year and country, with the 
corresponding fire density values being estimated accordingly. The maximum values of fire 
density obtained for each of the EUMED countries for the main fire season between 2000 
and 2007 are presented in table 4. 

 
Table 4 – Maximum fire density values (nr.fires/km2) per country achieved in the fire seasons between 2000 and 2007, 

obtained from kernel density estimation. 
 

Years Portugal Spain France Italy Greece
2000 2.66 0.65 0.1 0.11 0.08
2001 2.17 0.39 0.09 0.11 0.07
2002 2.15 0.51 0.02 0.08 0.02
2003 2.91 0.38 0.13 0.18 0.04
2004 1.59 0.38 0.07 0.11 0.09
2005 2.59 0.42 0.12 0.15 0.06
2006 2.21 0.34 0.08 0.08 0.09
2007 0.87 0.07 0.07 0.19 0.06  

 
Fire density is highly variable among and within countries. Portugal is the country 

with the highest fire density for all the years in analysis, followed by Spain. Greece has the 
lowest density of all the 5 countries, but we remark it can be due to incomplete data. These 
results are in accordance with the statistics published yearly by the European Commission 
(EC, 2008). The average number of forest fires observed in Portugal between 2000 and 
2007 is higher than in any other EUMED country, corresponding to circa 44% of the total. 
Spain shows the second highest average and Greece has the lowest average number of fires.  

Temporal trends are also evident from the data. In Portugal, the years 2003, 2000 
and 2005 have the higher values of maximum densities estimated. In France, were the years 
2003 and 2005, respectively. In Spain, the years 2000 and 2005 show higher fire density 
values, while in Italy were the years 2007 and 2003. In Greece, the highest values of fire 
density were estimated for 2004 and 2006.  

The spatial distribution of fire density in each country is also highly variable. The 
cumulative values of fire density (sum of yearly values) for the period in analysis were 
calculated and are shown in the following figures. In both Portugal and Spain, the 
northwestern regions are the most affected. The cumulative fire density in Portugal exceeds 
15 fires/km2 and in Spain reaches instead 2.65 fires/km2, 5 times lower than in Portugal 
(Figs. 1a, 1b and 2a, 2b). 
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Fig. 1a – Fire density 2000-2007 in Portugal 
 
 

 
Fig. 1b – 3D perspective of the spatial distribution of fire density in Portugal. Each point represents the cumulative fire 
density found for the corresponding 1km2 pixel cell. It is clearly visible the higher density in the northwestern region and 
around Lisbon. 

±
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Fig. 2a – Fire density 2000-2007 in Spain 

 
 

 
Fig. 2b – 3D perspective of the spatial distribution of fire density in Spain. Each point represents the cumulative fire 
density found for the corresponding 1km2 pixel cell. It is evident the concentration of fires in the northwestern regions. 

±
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The heterogeneous spatial distribution of fires in Portugal and Spain was also 
verified in previous studies carried out at country level; Catry et al. (2009) created a model 
of fire ignition risk for Portugal and found out that the areas with higher risk of ignition 
were the northwestern and central coastal regions. Martinéz et al. (2009) created a logistic 
regression model of fire ignition in Spain and verified that the northwestern region showed 
the highest values, results which were also confirmed by the calculation of the historical 
fire ignition danger.  
 

For France, Italy and Greece, the maximum cumulative values are below 0.7 but it 
is also visible an uneven distribution throughout each country (Fig. 3a, 3b, 3c). In France, 
as expected, the highest values were found in the southern regions and a similar trend was 
observed in Italy. In Greece, the higher values were observed in the central-west part of the 
mainland, although with values below 0.35 fires/km-2 

   
 

 
 

Fig. 3 – Cumulative fire density (2000-2007) in France (a), Italy (b) and Greece (c). 

a. b. 

c. 
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The next step is to assess the influence of the independent variables, previously 
described, in the distribution of fire density in the EUMED region and within each country. 
These variables were chosen according to our previous knowledge on forest fire 
occurrence, an extended literature review and on their availability at the European level. 
Prior studies suggest that human variables are essential to understand fire occurrence in the 
Southern European area, since 95% of the fires in this region are human-caused (FAO, 
2007; Leone et al., 2009). Different authors included environmental and socio-economic 
variables in models of fire ignition or fire danger risk (Sebastián-López et al., 2008; Catry 
et al., 2009; Martínez et al., 2009; Chuvieco et al., 2010; Romero-Calcerrada et al., 2010), 
most of them at regional or country level. One of the constraints concerning this task was 
the availability of data at the European scale in a time-series sufficient for long-term 
analysis. In addition, most of the human variables exist at NUTS3 level, but not as a 
continuous grid. Other variables may be added in the process, depending on their 
availability at the European level. 

 
3. Vulnerability 

At the present stage of the research, forest fire outcome was assessed as the 
maximum impact that fires might have onto goods and services provided by ecosystems in 
case of a complete burning of all vegetation. Further steps will consider scenarios of partial 
burning as a consequence of the resistance of different fuel classes and of varying fire 
danger. Likewise, the resilience of ecosystems, i.e. their potential recovering capacity, will 
be taken into account as the project continues. 

Within certain limits, wildland fires can have positive effects on ecosystems in a 
mid- and long-term. Vulnerability, however, is regarded here foremost as the potential loss 
of human values of forests and other wildland areas. As such, qualitative values were 
assigned to the protection of soil, wood supply, areas of recreation and areas protected for 
reasons of biodiversity conservation, water conservation and similar. Settlements and 
infrastructure assets potentially endangered by wildland fires were also considered. 

A particular challenge faced in this task of the project is the restriction of data 
availability at the European level and the need to incorporate new data as it becomes 
available. To begin with, the European forest fire vulnerability is thus assessed on an 
ordinal scale using the following data layers transformed into categorical variables. 

Soil protection – As an equivalent of the soil protection value of forests the potential 
risk of water-driven soil erosion in case of a complete removal of the protecting above-
ground vegetation was used. This potential soil erosion risk in t/ha*yr had been estimated 
by Selvaradjou et al. (2007) based on the Pan-European Soil Erosion Risk Assessment 
(PESERA) (Kirkby et al., 2004). The “Estimated Soil Erosion Map for un-vegetated 
surfaces in Europe” was used in its original 1 km resolution and divided into 5 classes. 

Wood value - The economic value of wood depends on the tree species, the size and 
quality of trees, the utilization of wood and on strongly fluctuating market prices. Since 
market prices are mostly confidential and vary greatly over space and time, their estimation 
is not useful for the creation of a static map of forest fire vulnerability. Wood quality 
information is also unavailable at the European scale. Thus, wood value was categorised 
based on wood volume data for broadleaves and conifers taken from national forest 
inventories (NFIs) at regional or provincial level.  

Areas of recreational value - Several studies have shown that the travel time from 
populated areas to natural areas is one of the major factors significantly explaining the 
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recreational value of a site (Lovett et al., 1997; Hill and Courtney, 2006; Zandersen and Tol, 
2009). Lovett et al. (1997) found that population density and travel time explained 71 % of 
the variance of the total number of visitors to a forest site. The recreational value of 
wildland areas in Europe was thus approximated by creating a spatial layer of travel cost 
from cities to natural areas which was then weighted by the assumed attractiveness of the 
natural area and a factor of the population size within a distance of 200 km. Input data used 
for this analysis were the Built-up Areas of the EuroRegionalMap (EuroGeographics, 
2007), the Corine Land Cover 2000 (EEA, 1994), road network data from Tele Atlas (Tele 
Atlas, 2007), the Natura2000 sites and nationally designated areas (see below).  

Protected areas - An important benefit of forests and other natural areas is their 
potentially rich contribution to species, habitat and genetic biodiversity. However, there is a 
broad range in the actual biodiversity value of forests depending on the forest type, age and 
management, the biogeographic region and other factors. To date there is no continuous 
European map on biodiversity richness. For this reason, protected area data are used to 
account for areas of high ecological value. As such, the Natura2000 database contains areas 
that have been selected Europe-wide in a harmonised way to protect Europe’s most 
valuable and threatened species and habitats. In addition, the Common Database on 
Designated Areas (CDDA) provides information on nationally designated protected areas 
ranging from national parks to water protection zones.  

Infrastructure assets - The vulnerability of settlements and infrastructure assets was 
based on the population density map by Gallego (2010) (see above) and the European 
Interactive Disaster Analysis System (IDAS) database, containing datasets on gas pipelines, 
electricity networks, industrial sites and alike. 

Since there is no known response variable for vulnerability, it will be necessary to 
weight and aggregate the described indicators by expert judgement. A procedure for 
weighting the described components using the Analytic Hierarchy Process (Nardo et al., 
2008) is under development. Results are still outstanding. 
 
4. Conclusion 

In this study, the methodology being applied to model long-term fire risk at the 
European level was described. Long-term fire risk modeling is a valuable tool for fire 
prevention and fire resource management and is based on the assessment of three pillars: 
fire occurrence, fire behavior potential and vulnerability. Some of the constraints and 
challenges on data collection and analysis at the European scale were also pointed out. 

Fire occurrence was assessed in view of the spatial and temporal distribution of fire 
density, a proxy of fire ignition, estimated with the adaptive kernel method. Fire density is 
highly variable among and within countries, with the northwestern regions of Portugal and 
Spain showing the higher values and Greece the lowest. Environmental and socio-economic 
variables with potential influence on fire probability, such as proportion of agricultural land 
types, topographic features, fuel and unemployment rate were collected and pre-processed, 
in order to be used as predictors in the statistical analysis to be developed subsequently. 

The assessment of vulnerability in terms of potential forest fire outcome has to take 
various factors into account. As an assessment of potential outcome, it has to be conducted 
without known response variable. The problem of limited explanatory data availability at 
the European level, and the need to incorporate newly available data in the future, also need 
to be accommodated. Furthermore, many ecosystem services can only be valued on ordinal, 
not ratio, scales. Given these constraints, a step-wise approach has been chosen to consider 
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different aspects of vulnerability and incorporate evolving data. As a first step, ordinal 
valuations of potential soil erosion, wood losses, loss of recreation value and damage of 
protected areas are under development.  
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Fire occurrence, which results from the presence of an ignition source and the conditions for a fire to
spread, is an essential component of fire risk assessment. In this paper, we present and compare the
results of the application of two different methods to identify the main structural factors that explain
the likelihood of fire occurrence at European scale.

Data on the number of fires for the countries of the European Mediterranean region during the main
fire season (June–September) were obtained from the European Fire Database of the European Forest Fire
Information System. Fire density (number of fires/km2) was estimated based on interpolation techniques
and was used as the dependent variable in the model. As predictors, different physical, socio-economic
and demographic variables were selected based on their potential influence in fire occurrence and on
their availability at the European level. Two different methods were applied for the analysis: traditional
Multiple Linear Regression and Random Forest, the latter being a non-parametric alternative based on an
ensemble of classification and regression trees. The predictive ability of the two models, the variables
selected by each method and their level of importance were compared and the potential implications
to forest management and fire prevention were discussed.

The Random Forest model showed a higher predictive ability than Multiple Linear Regression. Further-
more, the analysis of the residuals also indicated a better performance of the Random Forest model,
showing that this method has potentiality to be applied in the assessment of fire-related phenomena
at a broad scale. Some of the variables selected are common to both models; precipitation and soil mois-
ture seem to influence fire occurrence to a large extent. Unemployment rate, livestock density and den-
sity of local roads were also found significant by both methods. Maps of the likelihood of fire occurrence
were obtained from each method at 10 km resolution, based on the selected variables. Both models show
that the spatial distribution of fire occurrence likelihood is highly variable in this region: highest fire like-
lihood is prevalent in the northwest region of the Iberian Peninsula and southern Italy, whereas it is low
in northern France, northeast Italy and north of Greece. In the most fire-prone areas, preventive measures
could be implemented, associated to the factors identified by both models.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Forest fires are a major hazard in Mediterranean Europe, where
an average of ca. 45.000 fires occur per year (European Commis-
sion, 2011). The sustainable management of forests in Europe,
which occupy nearly half of Europe’s total area (FOREST EUROPE,
UNECE and FAO, 2011), requires the understanding of the factors
that influence fire occurrence and its environmental and socio-eco-
nomic consequences. The probability of a fire to occur results from
the joint combination of the existence of an ignition source and the
ll rights reserved.

da do Crasto, nr. 5, Casal do
6744; fax: +351 244 765515.
.

adequate conditions for the fire to spread. The conditions for fire to
occur can be assessed prior to the fire season taking into consider-
ation the structural factors which remain relatively stable during at
least one fire season (San-Miguel-Ayanz et al., 2003), such as
topography, climate and infrastructures (road density etc.), provid-
ing a long-term evaluation of the most fire-prone areas. The assess-
ment of the conditions for fire occurrence is fundamental to
understand the spatial and temporal distribution of fires as well
as their causes. Furthermore, fire occurrence is an essential compo-
nent of fire risk, according to the terminology that considers risk as
a combination of probability of occurrence and potential outcome
(e.g. Bachmann and Allgöwer, 2000; Chuvieco et al., 2010; Finney,
2005). From this point of view quantitative long-term fire risk
assessment is relevant for fire managers, since it supports forest

http://dx.doi.org/10.1016/j.foreco.2012.03.003
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fire prevention planning, the setting up of fire-fighting organiza-
tions and also the restoration of fire affected areas (e.g. San-Mig-
uel-Ayanz et al., 2003).

Previous studies have investigated the factors influencing long-
term fire occurrence, fire danger and risk in Europe, mainly at local
and regional level. For example, at a local scale, Amatulli et al.
(2006) applied classification and regression trees to assess long-
term fire risk in a particular area in the southeast of Italy. Martínez
et al. (2009) focused their research on the human factors of fire risk
in Spain based on structural variables such as unemployment rate,
average distance to roads and agrarian landscape patterns. At the
European scale, Sebastián-López et al. (2002) applied the fire po-
tential index (FPI), an integrated index which combines long-term
and short-term variables to assess fire danger, developed initially
by Burgan et al. (1998) for the USA. More recently, Sebastián-López
et al. (2008) presented a methodology to integrate socio-economic
and environmental variables to model long-term fire danger in
southern Europe, using stepwise regression. Koutsias et al. (2005,
2010) describe the results obtained with Geographically Weighted
Regression in Southern Europe, using structural human variables in
the model.

In this study, we present a novel approach to identify the factors
that influence fire occurrence at a broad scale and to model the
likelihood of fire occurrence, in the European Mediterranean region
(EUMed) where this phenomenon is recurrent. The assessment of
fire occurrence at this scale can provide guidance for the planning
and implementation of fire prevention measures, in particular the
design of forest management strategies adjusted to the conditions
of different ecosystems.

The proposed model considers physical and human variables.
Physical variables are assumed to reflect the intrinsic natural condi-
tions of the study area, while the importance of the human factors in
forest fire occurrence assessment and risk modelling in the EUMed
region is widely recognized (Catry et al., 2009; Chuvieco et al.,
2010; Koutsias et al., 2005; Leone et al., 2009; Martínez et al.,
2009; Chuvieco et al., 2003; Romero-Calcerrada et al., 2008, 2010;
Sebastián-López et al., 2008; Vilar et al., 2010). Two different statis-
tical methods were applied to model fire occurrence: Multiple Lin-
ear Regression (LR), a technique widely used in similar studies
(e.g. Sebastián-López et al., 2008; Syphard et al., 2008) and Random
Forest (RF), a non-parametric technique, which has been previously
used in ecological applications (Breiman, 2001; Cutler et al., 2007).
We investigated the potential applicability of the Random Forest
method in the assessment of fire occurrence by comparing the re-
sults obtained from both methods. The predictive ability of the mod-
els and the level of importance of the selected variables are
presented and discussed, focusing on the common variables in both
models and the identification of the factors that influence fire occur-
rence throughout Southern Europe. Maps of the likelihood of fire
occurrence in the EUMed region according to the presence of the se-
lected variables were also derived with each method.

2. Materials and methods

2.1. Dependent variable

Data on the number of fires were obtained from the European
Fire Database (Camia et al., 2010). The study area covered the five
European countries most affected by fire: Portugal, Spain, France,
Italy and Greece. The islands close to the mainland and with suffi-
cient fire records were also included (Corsica, in France and Sicily
and Sardinia, in Italy). We used a subset of the total dataset corre-
sponding to the data from 2000 until 2007 for the months between
June and September (here called the main fire season), which cor-
responds to the most recent and complete data available for all
these five countries that are harmonized in the database.
In the database, records for each individual fire event include
the date of the fire, the type of land cover burned, the burned-area
size and the administrative region where it occurred. In most cases,
the geographical location of each fire event is given as descriptive
information based on the administrative region, frequently at
NUTS3 level, which corresponds in most EU countries to the
administrative level of provinces. In recent years, geographical
coordinates have been added to the database; however this infor-
mation is incomplete and lacks harmonization between countries.
The number of geo-referenced fire events available is variable
among and within countries and corresponds so far to a small pro-
portion of the total number of fires. The location inaccuracy asso-
ciated with the fire records made it necessary to transform the
individual fire events into a continuous variable using kernel den-
sity methods. Previous authors (Allgower et al., 2005; Amatulli
et al., 2007; de la Riva et al., 2004; Koutsias et al., 2004) found that
these methods were suitable to estimate fire density. As a proxy of
fire ignition, fire density forms the dependent variable here.

The fire events with high-resolution geographical information
in the database were used for an exploratory analysis of fire distri-
bution, in order to find out the proportion of fires that fall into
Wildland and Non-Wildland areas inside each NUTS3 region. Wild-
land and Non-Wildland areas were defined based on Corine Land
Cover (CLC) (Table 1), the only database of land cover information
available for most European countries, thus comparable between
countries and regions. CLC classes were grouped into three catego-
ries, depending on the characteristics of the land cover types and
their potential influence on fire occurrence: Wildland, Non-Wild-
land and Excluded. Wildland areas were selected taking into ac-
count their potential influence in fire occurrence and spread
under a conservative approach. The excluded classes are those that
have a neglectable contribution to fire occurrence, either by ab-
sence of vegetation or due to their low flammability. Non-Wildland
areas include the other CLC classes whose conditions are not typi-
cally related to fire occurrence but where a proportion of the fires
can occur (or at least start) mainly due to human causes, such as
agricultural areas (e.g. Catry et al., 2009; Leone et al., 2009; Martí-
nez et al., 2009). The results showed that, in Greece, 72% of fires
started in Wildland and 28% started in Non-Wildland areas, while
in the other countries the proportions were 65% and 35%, respec-
tively. These shares were used to proportionally assign the fire
events to the Wildland and Non-Wildland areas of each NUTS3
and randomly distributing the resulting ignition points using GIS
tools.

Subsequently, fire density was calculated using kernel density
estimation methods. Since the spatial distribution of fires is highly
irregular (clustered), adaptive kernel density estimation was ap-
plied, with the bandwidth being defined on the basis of the kth
nearest-neighbour (KNN). This means that the size of the band-
width is defined according to the distance between each point
and its kth nearest-neighbour, thus varying with point concentra-
tion. The density is therefore calculated using a variable bandwidth
that depends on the KNN distance for each point. The software Cri-
meStat III� (Levine, 2007) was used to create single density sur-
faces, at 1 km resolution, using bandwidths from 2 to 30 KNN, for
each season in each year and per country. Afterwards, a calibration
procedure was applied in order to find the most suitable band-
width size (Amatulli et al., 2007; Breiman et al., 1977). This proce-
dure is based on the total number of points and the distance
between them to select the bandwidth that minimizes the effect
of under/overestimation for that specific set of points. Amatulli
et al. (2007) found that the results obtained with this method show
low sensitivity to the precise point location, thus allowing for the
random positioning of the fire events when their exact location is
unknown. The results obtained per country were then aggregated
for the entire EUMed region. The edge effect between neighbouring



Table 1
Corine Land Cover (CLC) classes aggregated in Wildland, Non-Wildland and Excluded.

CLC code Wildland CLC code Non-wildland CLC code Excluded

2.4.3 Land principally occupied by agriculture,
with significant areas of natural vegetation

1.1.2 Discontinuous urban surfaces 1.1.1 Continuous urban fabric

2.4.4 Agro-forestry areas 1.2.1 Industrial or commercial units 1.2.3 Port areas
3.1.1 Broadleaved forest 1.2.2 Road and rail networks and assoc. land 1.2.4 Airports
3.1.2 Coniferous forest 1.3.1 Mineral extraction sites 2.1.2 Permanently irrigated land
3.1.3 Mixed forest 1.3.2 Dump sites 2.1.3 Rice fields
3.2.1 Natural grasslands 1.3.3 Construction sites 3.3.2 Bare rocks
3.2.2 Moors and heathlands 1.4.1 Green urban areas 3.3.5 Glaciers and perpetual snow
3.2.3 Sclerophyllous vegetation 1.4.2 Sport and leisure facilities 4.1.1 Inland marshes
3.2.4 Transitional woodland-shrub 2.1.1 Non-irrigated arable land 4.1.2 Peat bogs
3.3.3 Sparsely vegetated areas 2.2.1 Vineyards 4.2.1 Salt marshes
3.3.4 Burnt areas 2.2.2 Fruit tree and berry plantations 4.2.2 Salines

2.2.3 Olive groves 4.2.3 Intertidal flats
2.3.1 Pastures 5.1.1 Water courses
2.4.1 Annual crops associated with permanent crops 5.1.2 Water bodies
2.4.2 Complex cultivation patterns 5.2.1 Coastal lagoons
3.3.1 Beaches, dunes, sand 5.2.2 Estuaries
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countries was reduced by averaging the density within a buffer of
2 km in each side of the border. This buffer size was found to be the
best compromise between maintaining the specific density values
of each country while allowing for a smoothing effect near the bor-
der, after an exploratory analysis with buffers sized 2, 5 and 10 km.

Afterwards, the average fire density for the period 2000–2007
was calculated and corrected for the fire domain extent. It was as-
sumed that there are spatial limitations to the occurrence of fire
that derive from the physical or the human characteristics of land
cover. The fire domain area, i.e. the area exposed to fire, was de-
fined based on the selection of the Corine Land Cover classes and
topographic regions where the conditions for the occurrence of fire
are known to exist (Wildland and Non-Wildland in Table 1), while
the land cover types where fire cannot occur were excluded (Ex-
cluded in Table 1 and all the areas above 2000 m elevation) This
is an important step for the analysis, considering the spatial nature
of this phenomenon. The fire density values previously obtained
from the interpolation method were corrected accordingly; for
example, a grid cell where 40% of the area is urban (where no forest
fire can occur) will have a higher value of fire density when cor-
rected because fires could only occur in 60% of the area of the grid
cell. The average fire density 2000–2007, corrected by the fire do-
main extent, was used as the dependent variable. This variable was
up-scaled to a 10 km resolution by averaging the 1 km cells to a
10 � 10 km grid covering the EUMed region. This resolution was
found to be the best compromise considering the resolution of
the different available datasets. The base grid was composed of
ca. 16,000 pixel cells covering the study area.
2.2. Explanatory variables: selection and pre-processing

A total of 37 variables were extracted from several databases
covering physical, socio-economic and demographic aspects (Ta-
ble 2). The variables were selected considering both their potential
relevance for fire occurrence, based on extensive literature review
and experts’ knowledge, and their availability at the European le-
vel. All the variables were integrated in a Geographic Information
System (GIS) and transformed to a continuous scale at 10 km res-
olution, following the procedures described ahead.
2.2.1. Topography
The topographic features affect vegetation distribution, compo-

sition and flammability and have also an influence on local climate
variations (Syphard et al., 2008; Whelan, 1995). Topographic vari-
ables were obtained from the Digital Elevation Model (DEM) avail-
able at the European level. This DEM is based on SRTM images from
NASA, further processed in order to fill in no-data voids existing in
the original images (Jarvis et al., 2008; Reuter et al., 2007). Eleva-
tion values at 1 km resolution were aggregated at 10 km based
on average and on maximum values, creating two layers. Slope
may affect ignitions by limiting accessibility, with a threshold of
20� (36%) being mentioned as a restrictive factor for harvesting
in forest conservation studies (Widayati et al., 2010). Conedera
et al. (2011) also found that anthropogenic fires occurred more fre-
quently in gentler slopes, defining a threshold below 33� (approx-
imately 64%) for a study area in Switzerland. In view of these
results and after an exploratory analysis of the frequency of slope
ranges existing in the EUMed region, slope values were divided
in two categories: below 30 percent and above 30 percent. The pro-
portion of area with slope below and above 30 percent in each pix-
el cell was retrieved, creating two layers. Aspect was reclassified
into four main directions: N (293–67�), E (67–113�), S (113–
248�) and W (248–293�). Since the data were available at 100 m
resolution, taking into account the circular nature of this variable
and to avoid losing crucial information when upscaling to 10 km,
it was preferred to retrieve the proportion of each pixel occupied
by each different aspect, thus creating four other layers (proportion
of aspect N, E, S, W).Topographic roughness is considered the
amount of land surface variability of a particular area (Stambaugh
and Guyette, 2008) and is a proxy for describing the potential of
terrestrial propagation (in this case fire spread) related to topo-
graphic variability. Roughness was calculated as the ratio between
the surface area and the planimetric area based on the DEM at
1 km resolution and using GIS tools. Roughness values were aggre-
gated at 10 km based on average values and on maximum values,
creating two new layers.
2.2.2. Land cover
Land cover, which represents the landscape features of the

Earth’s surface has been previously associated with fire occurrence
(e.g. Catry et al., 2009; Martínez et al., 2009; Syphard et al., 2008;
Vilar et al., 2010). Considering the specific context of the study area
in relation to the causes of fire ignitions, with over 90% being
anthropogenic, land cover maps were used as representative of
the type of vegetation available to burn, i.e. as a proxy of fuel types,
because they reflect the potential interaction with the human com-
ponents. We used the land cover inventory provided by the Corine
database (European Commission, 1994; EEA-ETC/TE, JRC, 2002) to
define the land cover variables. From the original 44 classes (level
3) of Corine only those classes with potential influence in fire
occurrence (thus matching the fire domain area) were selected
and aggregated in seven larger categories (Table 3). The proportion



Table 2
Variables collected to be included as predictors in the model. The codes chosen may not include the whole description of the variable for simplicity purposes.

Variable type Variable name Code Source and reference Resolution/scale

Environmental – Topographic Average elevation Elev_avg DEM Europe (Jarvis et al., 2008; Reuter et al., 2007) 1 km
Maximum elevation Elev_max 1 km
Proportion of slope < 30% Slope_below_30perc 100 m
Proportion of slope > 30% Slope_above_30perc 100 m
Proportion of aspect N Aspect_N 100 m
Proportion of aspect E Aspect_E 100 m
Proportion of aspect S Aspect_S 100 m
Proportion of aspect W Aspect_W 100 m
Average roughness Roughness_avg 1 km
Maximum roughness Roughness_max 1 km

Environmental – Land cover Proportion Forest Forest Corine Land Cover 2000 (European Commission, 1994;
EEA, 1994; EEA-ETC/TE, JRC, 2002)

100 m
Proportion Shrubland Shrubland
Proportion Grassland Grassland
Proportion Other Natural Areas Other_natur_areas
Proportion Land with agriculture and natural vegetation Land_agric_natur
Proportion Agricultural land Agriculture
Proportion Wildland-Urban Interface WUI

Environmental – Climatic Average temperature (fire season) Tavg WorldClim (normals 1961–1990) (Hijmans et al., 2005) 1 km (30 arc s)
Minimum temperature (fire season) Tmin

Maximum temperature (fire season) Tmax

Cumulative precipitation fire season Total_prec_fireseason
Cumulative precipitation other season Total_prec_nofireseason
Average Relative Humidity (fire season) RH Climate Research Unit (CRU) and Tyndall Centre

(normals 1961–1990) (New et al., 2002)
18.5 km (100)

Average soil moisture anomaly (fire season) Soil_moisture_anom JRC, Soil Moisture Archive (2010) 5 km

Infrastructure Density highways Dens_highways Tele Atlas (2007) (level 00) 1/100.000
Density main roads Dens_main_roads Tele Atlas (2007) (levels 01–03) 1/100.000
Density local roads Dens_local_roads Tele Atlas (2007) (levels 04–06) 1/100.000
Density railways Dens_railways Tele Atlas (2007) 1/100.000
Density electric stations Dens_electric_stations Platts, McGraw-Hill Research and Analytics, USA (2006) Vector
Density electric lines Dens_electric_lines Platts, McGraw-Hill Research and Analytics, USA (2006) Vector

Demographic Average population density Popdens_avg Gallego (2010) 100 m
Maximum population density Popdens_max Gallego (2010) 100 m
Proportion of high urban density area High_urban_dens EUROSTAT, GISCO (2001) 1:3 million
Proportion of intermediate urban density area Intermed_urban_dens EUROSTAT, GISCO (2001) 1:3 million
Proportion of low urban density area Thinly_urban_dens EUROSTAT, GISCO (2001) 1:3 million

Socio-economic Average unemployment rate 2000–2007 Unemployment EUROSTAT Regional Statistics (2010, annual data) NUTS3
Density of livestock Livestock_dens Farm Structure Survey, EUROSTAT (2000) NUTS3
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of the 10 km pixels occupied by each land cover type was extracted
from the Corine map. Then, a new raster layer was created per land
cover type, with the value of each cell representing the proportion
of the pixel area occupied by that specific land cover. Seven new
layers were created, one per land cover category.

2.2.3. Climate
Weather conditions are known to affect fuel accumulation and

moisture (e.g. Syphard et al., 2008; Vilar et al., 2010), thus having
an effect on the probability of a fire to occur. Considering the tem-
poral scale of our study, climatic variables derived from averages of
weather conditions over a period of at least 10 years, were used.
Temperature, relative humidity and precipitation values were re-
trieved from the databases mentioned above (Table 2) and trans-
formed at 10 km resolution. Temperature and relative humidity
were considered for the main fire season months. Precipitation val-
ues, on the other hand, were divided by fire season (June–Septem-
ber) and off-season. It was hypothesized that also the precipitation
occurring outside the fire season may affect fire occurrence by
favouring seasonal growth of vegetation resulting in an increase
availability of fine fuels (notably in grasslands), where fires can
more easily start and spread during the main fire season; on the
contrary, precipitation during the fire season may hinder fire
occurrence by increasing fuel moisture content and limiting fire
ignition and spread (Bravo et al., 2010; Drever et al., 2008; Moreno
et al., 2011; Pausas, 2004; Pereira et al., 2005). Soil moisture anom-
aly was included because it is related to the plant physiological
activity and is an indicator of drought (Laguardia and Niemeyer,
2008). The moisture content of live fuels is influenced by soil mois-
ture (Chuvieco et al., 2004) and, thus, it affects the amount of heat
required for plants to ignite (Bartsch et al., 2009). The soil moisture
anomaly was obtained as the difference of the average value for the
period 2000–2007 (for the fire season) in relation to the long-term
average 1990–2004. Values below zero mean wetter than average,
while values above zero mean drier than average (JRC, 2010).

2.2.4. Infrastructures
Roads represent the accessibility to the areas where fires can

occur. Road density and distance to roads have been pointed out
as important factors in fire occurrence studies (Catry et al., 2009;
Martínez et al., 2009; Romero-Calcerrada et al., 2008; Vilar et al.,
2010). The road network data from Tele Atlas (Tele Atlas, 2007)
was used to calculate road density, defined as road length per unit
area. Road density was calculated per grid cell at 10 km resolution,
dividing Tele Atlas data in three levels: highways (00), main roads
(01–03) and local roads (04–06). Railway density was also calcu-
lated as length per 10 km2 cell. The same was done for the density
of electric lines, while the density of electric stations was calcu-
lated as number of stations per grid cell.

2.2.5. Demographic variables
Population density represents the distribution of potential

causative agents, considering that fires in Europe are mainly
Table 3
Corine classes aggregated in land cover categories.

Corine codes Land cover categories

3.1.1, 3.1.2, 3.1.3 Forest
3.2.2, 3.2.3, 3.2.4 Shrubland
2.3.1, 3.2.1 Grassland
2.4.4, 3.3.3, 3.3.4 Other natural areas
2.1.1, 2.2.1, 2.2.2, 2.2.3, 2.4.1, 2.4.2 Agricultural land
2.4.3 Land with agriculture and natural areas
1.1.2 Wildland–Urban Interface

Based on expert’s knowledge, the discontinuous urban surfaces class (code 1.1.2)
was considered to represent the Wildland–Urban Interface (WUI) in Europe.
human-caused. Data on population density at European level was
obtained from the dasymetric grid of population density disaggre-
gated with Corine Land Cover and point survey data, as described
in Gallego (2010), combined at 10 km resolution based both on
the average and on the maximum value. The degree of urbaniza-
tion was also included because it classifies each commune (NUTS5)
according to its urban nature (densely, intermediate and thinly),
combining population density with total population values and
considering the characteristics of surrounding areas (EUROSTAT,
2001). The proportion of each grid cell occupied by each level of ur-
ban density was calculated.

2.2.6. Socio-economic variables
Unemployment rate has been previously found in the European

Mediterranean environment as a contributing factor to fire occur-
rence and fire risk (Ferreira de Almeida and Vilaça e Moura,
1992; Leone, 1999; Martínez et al., 2009; Sebastián-López et al.,
2008; Velez, 2000), even though the reasons for this association
are not clear. In some interpretations it is considered either as a
generic indicator of social conflict, which in turn would increase
vandalisms in country areas, or as affecting deliberate fire occur-
rence due to the enhanced opportunities of seasonal employments
on fire prevention and fighting. Unemployment rate at NUTS3 level
was obtained from the regional statistics of Eurostat (2010); when
the values at NUTS3 level were inexistent, the dataset was com-
pleted with the values of the correspondent NUTS2 for the year.
The average rate between 2000 and 2007 was calculated and was
assigned to each cell that falls into the respective NUTS3 area.
The density of livestock refers to the ratio of the number of live-
stock units per hectare of Utilisable Agricultural Area (UAA) and
it is a proxy of agricultural intensification in animal husbandry
(Eurostat, 2000). Livestock density was referred to 10 km resolu-
tion by calculating the UAA and the number of livestock units
per grid cell according to the NUTS3 where it belongs to.

2.3. Models

The exploratory analysis of the data revealed unequal variances
in the dependent variable. Different transformations were tested in
order to obtain a normal distribution in the residuals, as required
by the Multiple Linear Regression model. As a result, a square root
transformation was applied to the fire density values. The predic-
tors were assessed for multicollinearity using the Pearson’s corre-
lation coefficient; the threshold of 0.75 was applied as criteria for
the removal of one of the correlated variables.

The original dataset was randomly divided into calibration
(60%) and validation (the remaining 40%) samples; this procedure
was repeated five times applying a sampling with replacement
method, thus obtaining five random sub-samples of the data, each
one with a calibration and a validation dataset. Each sub-sample
was composed of a high number of observations (ca. 9500 for cal-
ibration and approximately 6500 for validation) and each grid cell
of 10 � 10 km corresponds to one observation. Subsequently, two
different methods of analysis were applied: Multiple Linear
Regression (LR) and Random Forest (RF), using the R Statistical
Software (R Development Core Team, 2010).

Regression techniques have been widely applied in fire model-
ing, such as linear regression (e.g. Keeley et al., 2005; Syphard
et al., 2007; Sebastián-López et al., 2008) or logistic regression
(e.g. Catry et al., 2009; Martínez et al., 2009). Usually these models
are built with the goal of using the fewest predictors to explain the
greatest variability in the response variable (Graham, 2003). There
are several approaches to select the most relevant predictors in
regression models, such as stepwise procedures, Akaike’s informa-
tion criterion, Schwarz’s Bayesian information criterion or F Statis-
tics (Murtaugh, 2009). In our study, we applied Multiple
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Regression to each training sample, creating five intermediate
models. In order to be included in the final model, the predictors
had to fulfill the criteria of having a p value < 0. 05 and a t value
higher than two in at least three of the five intermediate models.
To validate the intermediate models, each of them was tested with
the corresponding validation sample set aside at the beginning of
the analysis. Then, the correlation coefficient was calculated be-
tween the observed and the estimated values in the validation
samples, assuming that the predictive capacity of the model would
be good if there would be a significant correlation between the ob-
served and the predicted values in the independent sample.

The final model was built with the variables selected in the pre-
vious step and applied to the complete dataset. The contribution of
each variable to the regression model was assessed by means of
relative importance measures calculated with the package Relaim-
po of the R software (Gromping, 2006). The metrics ‘‘lmg’’ (Lind-
eman et al., 1980) was selected because it represents the R2

contribution of each variable averaged over orderings among
regressors, i.e., the results of this metrics are not dependent on
the order of the predictors in the model.

The exploratory analysis of the results revealed, however, non-
linear trends. Furthermore, considering the large study area, it may
be expected that the same variables would operate differently
depending on the location (Prasad et al., 2006), thus traditional
parametric methods might not provide satisfactory results.

The second proposed method was applied to the same data:
Random Forest, a nonparametric technique derived from classifica-
tion and regression trees (CART). Previous studies (Amatulli et al.,
2006; Lozano et al., 2008; McKenzie et al., 2000) highlighted the
potential capability of CART for fire risk prediction. RF consists of
a combination of many trees, where each tree is generated by boot-
strap samples, leaving about a third of the overall sample for vali-
dation (the out-of-bag predictions – OOB). Each split of the tree is
determined using a randomized subset of the predictors at each
node. The final outcome is the average of the results of all the trees
(Breiman, 2001; Cutler et al., 2007). This method has been applied
in ecological studies (Cutler et al., 2007; Prasad et al., 2006), show-
ing high accuracy and the ability to model complex interactions
between variables. In addition, since it uses the OOB samples
(independent observations from those used to grow the tree) to
calculate error rates and variable importance, no test data or
cross-validation is required. However, this method behaves as a
‘‘black box’’ since the individual trees cannot be examined sepa-
rately (Prasad et al., 2006) and it does not calculate regression coef-
ficients nor confidence intervals (Cutler et al., 2007). Nevertheless,
it allows the computation of variable importance measures that
can be compared to other regression techniques (Gromping, 2009).

In order to maintain a similar procedure between the two meth-
ods, RF was applied to each subset of samples, using the training
datasets. Even though independent validation samples are not re-
quired in RF, they provide the opportunity to assess the generaliza-
tion capability of this method (Cutler et al., 2007), thus they were
maintained. To run the model, it was necessary to define a priori
two essential parameters: the number of variables to try at each
split (mtry) and the number of trees to run (ntree). The parameter
mtry was found via the internal RF function TuneRF; this function
computes the optimal number of variables starting from the de-
fault (total number of variables/3 for regression) and it looks below
and above this threshold for the value with the minimum OOB er-
ror rate. Breiman (2001) and Liaw and Wiener (2002) mentioned
that even a mtry of 1 can produce good accuracy, while Gromping
(2009) refers the need to include at least two variables to avoid
using also the weaker regressors as splitters. In our case, we real-
ized that the increase in values of mtry would result in a higher
predictive performance of the model and the attribution of higher
importance to fewer variables. Even though the ranking of the
variables in terms of importance doesn’t change significantly with
different mtry, as it was also found by Cutler et al. (2007), we used
the independent samples instead to find mtry and applied it to the
training samples to run RF, to avoid potential overfitting. The ntree
parameter was set to 1000, to obtain stable results. The selection of
the most relevant variables to include in the final model was done
by ranking the variables according to their importance and exclud-
ing the least important ones in all the samples. The variable impor-
tance measure available in RF was used for this procedure, namely
the mean decrease in accuracy (% IncMSE), considered a more reli-
able measure than the decrease in node impurity (Genuer et al.,
2010); this measure corresponds to the difference between the
misclassification rate for the original and the permuted out-of-
bag samples, averaged over all the trees and divided by the stan-
dard deviation of the differences. The validation procedure was
the same used for the Multiple Regression analysis, by calculating
the correlation values between the observed and the predicted val-
ues in the independent samples.

The final models were built with the smaller set of variables
previously selected. The contribution of each variable for the mod-
el was assessed via the importance measures already described for
each method and the results compared based on literature. The
goodness-of-fit of the models was evaluated by comparing the ob-
served with the predicted fire density values and maps of fire prob-
ability were created with the normalized values of the predicted
fire density.

2.4. Analysis of the spatial autocorrelation in the residuals

Spatial autocorrelation was analyzed with the objective to
determine whether the final models take into account the spatial
structure of the dependent variable. It was assumed that, if no
autocorrelation remained in the residuals of the regression models,
then the spatial pattern observed in the dependent variable could
be explained by the spatial pattern observed in the predictors (Dor-
mann et al., 2007; González-Megías et al., 2005; Legendre and
Legendre, 1998). We tested for the presence of spatial autocorrela-
tion in the residuals of both models by building semivariograms,
which plot the semivariance as a function of distance.
3. Results

3.1. Dependent variable – fire density

The distribution of fire density is irregular in the study area
(Fig. 1). An extended cluster of fire densities reaching over 1.7 fires
per km2 on average per year is prevalent in northwestern Spain,
northern and central Portugal. In the northern parts of France
and Italy and some parts of Greece fires occurred rarely in the
study period.

3.2. Predictors

After testing for multicollinearity, the following predictors were
excluded from further analysis: average temperature, minimum
temperature, average elevation, slope above 30 percent, average
roughness and intermediate urban density.

3.3. Multiple Linear Regression

The intermediate models created by LR selected 19 variables;
the climatic variables showed generally the highest t values, fol-
lowed by livestock density, density of local roads and thinly urban
dense areas. In Table 4, the contribution of each variable to the
model, measured by lmg metrics, is given. The adjusted R2



Fig. 1. Yearly average fire density in EUMed between 2000 and 2007 during the main fire season.

Table 5
Adjusted R2 and correlation values between observed (obs)
and predicted (pred) values in the Linear Regression interme-
diate models.

Adjusted R2 Correlation obs vs pred

Sample1 0.458 0.685
Sample2 0.460 0.680
Sample3 0.451 0.691
Sample4 0.453 0.691
Sample5 0.453 0.691
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obtained for each testing sample and the correlation value
between the observed and the predicted values are presented in
Table 5. The R2 values were between 0.45 and 0.46 and the corre-
lation values were all above 0.68.

3.4. Final LR model

The final model was initially built with the 19 variables selected
(Table 4). The percentage of variance explained with this model
was 44% (adjusted R2 = 0.445, residual standard error = 0.0798 on
16077 df and F-statistic = 681.3). All the variables appeared as
highly significant (p < 0.000), except maximum elevation, signifi-
cant at 0.10 level. The precipitation variables were the most rele-
vant, corresponding to 70% of the total contribution. On the
contrary, the majority of the topographic variables showed a very
low contribution to the model (less than 1% each), as well as pop-
ulation density, density of main roads and WUI cover (Table 5).
Due to the minor importance attributed to some of the variables,
LR was applied again using only the highly significant variables
with more than 1% relative contribution to the model (in total 11
Table 4
Variables selected by the intermediate models using Multiple Linear Regre
percentage lmg (metrics were normalized to sum 100%). The range of p value
significant (p < 0.05) are presented. The direction of association between ea
association; �, negative association).

Variables p Value min p Value max

Total_prec_nofireseason 0.0000 0.0000
Total_prec_fireseason 0.0037 0.1239
Soil_moisture 0.0000 0.0000
Livestock_dens 0.0000 0.0000
Tmax 0.0000 0.0000
RH 0.0000 0.0000
Thinly_urban_dens 0.0000 0.0000
Dens_local_roads 0.0000 0.0000
Unemployment 0.0000 0.0010
Dens_highways 0.0001 0.0053
Elev_max 0.0000 0.0037
Aspect_W 0.0000 0.0035
WUI 0.0000 0.0014
Dens_main_roads 0.0000 0.0000
Aspect_N 0.0009 0.1133
Popdens_avg 0.0000 0.0000
Slope_below_30perc 0.0000 0.1080
Aspect_S 0.0000 0.0000
Aspect_E 0.0000 0.0001
variables), to verify if the accuracy would be maintained even
when using a smaller number of variables. The adjusted R2 ob-
tained was similar (adjusted R2 = 0.439, residual standard er-
ror = 0.08025 on 16085 df and F-statistic = 1146), showing that,
in this case, a more parsimonious model does not affect its
performance.

The order of the variables according to their relative contribu-
tion to the model didn’t change substantially (Table 6), with the
ssion, by descending order of contribution to the model measured by
s in the 5 samples and the number of samples where each variable was
ch predictor and the dependent variable is also presented (+, positive

No. samples signif Direction lmg (%)

5 + 48.193
3 � 22.151
5 + 5.339
5 + 4.986
5 � 3.868
5 � 3.283
5 � 2.624
5 + 1.888
5 � 1.293
5 + 1.284
5 � 1.137
5 + 1.077
5 � 0.728
5 � 0.637
3 + 0.463
5 � 0.398
3 � 0.352
5 + 0.162
5 + 0.139
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precipitation variables being the most important ones, followed by
soil moisture anomaly and livestock density.
3.5. Random Forest

The mtry parameter, i.e., the number of predictors used at each
split, was set to 20, according to the results obtained from the tun-
ing function of this method (section 2.3). The intermediate models
created with RF show a proportion of explained variance between
93% and 95%, both in the training and testing datasets (Table 7).
The correlation between the observed and the predicted values
in the testing datasets is above 0.97 for all the samples.

The variable importance plots for the five samples show a
threshold of ca. 20% IncMSE above which the variables assume
higher importance (Fig. 2). The average % IncMSE was calculated
between all the samples and the variables that showed an average
IncMSE of 20% or higher were selected for the final model (Table 8).
3.6. Final RF model

The final model was built with the 12 variables shown in Table 8.
The percentage of variance explained with this model was 96.3%
(mean of squared residuals = 0.00043). In this model, the most
important variables according to the values of % IncMSE were, by
descending order: off-season precipitation, unemployment, soil
moisture, fire season precipitation, density of local roads, livestock
density, maximum elevation, maximum roughness, shrubland, rel-
ative humidity, maximum temperature and grassland.

Plots of the observed and the predicted values for each testing
sub-sample were created; since the resulting plots are similar to
all the sub-samples of each model, an example is presented in
Fig. 3 for each model. In the case of LR, the distribution of both
the observed and predicted values is skewed to the left due to
the higher proportion of low fire density pixels. It is also evident
that the predicted values of fire density are underestimated when
the observed values are above the threshold of 0.4. The RF model
shows a better fit. Underestimation of the higher fire density val-
ues can still be observed, but significantly less than in LR.
3.7. Likelihood of fire occurrence

Maps with the likelihood of fire occurrence were created by
normalizing the predicted values in both models (Fig. 4). The
map obtained with LR shows higher likelihood for fire occurrence
in western Iberian Peninsula, southwestern Italy and southwestern
Greece. Surprisingly, northwestern France appears with intermedi-
ate values, as well as the mountainous areas of the Pyrenees and
the Alps. The map obtained with RF shows the highest values more
concentrated in the northwestern Iberian Peninsula and southern
Table 6
Results of the Linear Regression model with the selected 11 variables

Variables Estimate Std. error t Value Pr(>|t|) lmg(%)

(Intercept) 0.346 0.014 23.888 0.000
Total_prec_nofireseason 0.000 0.000 80.009 0.000 51.191
Total_prec_fireseason �0.001 0.000 �58.347 0.000 22.531
Soil_moisture 0.070 0.003 22.859 0.000 5.771
Livestock_dens 0.013 0.001 13.925 0.000 5.068
Tmax �0.008 0.000 �24.385 0.000 4.603
RH �0.002 0.000 �16.188 0.000 3.648
Thinly_urban_dens 0.000 0.000 �11.502 0.000 2.452
Unemployment �0.002 0.000 �9.663 0.000 1.367
Dens_local_roads 0.021 0.001 16.129 0.000 1.271
Aspect_W 0.001 0.000 8.921 0.000 1.056
Dens_highways 0.112 0.015 7.266 0.000 1.042
Italy, including the islands. The south of France, the interior of
Spain and central-western Greece show intermediate values.

In order to evaluate the goodness-of-fit of each model, maps of
the residuals were created and compared (Fig. 5). In LR, the higher
values of the residuals are concentrated in large areas of the north-
west of the Iberian Peninsula, northeast of Italy and in parts of the
islands, meaning that the model underestimated fire density for
these areas. On the other hand, the LR model also overestimated
fire density in southern Greece and northwest France, shown by
the negative values of the residuals. In general, the RF model shows
lower residuals values and a better fit in the estimation of fire den-
sity. Most of the Spanish and French territories present very low
values in the residuals. Although this model also underestimates
fire density in the northwest of the Iberian Peninsula, similarly to
LR, the pattern is spatially more limited and covers smaller areas
than in LR. In the RF model, 13% of the cells showed zero residuals,
while in the LR model there were only 1% of the cells with zero va-
lue for the residuals.
3.8. Spatial autocorrelation

Fig. 6 shows the semivariogram built for the dependent variable
and the residuals of both models. The dependent variable shows
evidence of spatial autocorrelation up to 1500 km lag. Between
2500 and 3300 km, the semivariance increases again, representing
the discontinuous area of Greece, which was, for this reason, disre-
garded. The RF model seems to incorporate much better the effects
of spatial autocorrelation than the LR model, evidenced by the flat
semivariance line throughout most of the distance and by the low-
er values of semivariance obtained (which were multiplied by five
in order to be visible at the scale of the graph).
4. Discussion

Fire density distribution in the EUMed region shows irregular
patterns; the results of our study suggest that this distribution is
influenced by both physical and human factors and that non-linear
trends exist, thus a non-parametric method is considered suitable
for modeling fire occurrence. Previous studies also evidenced the
existence of non-linear relationships between fire ignition and
the independent variables (Syphard et al., 2007; Vilar et al.,
2010). The comparison between the results obtained with Multiple
Linear Regression and Random Forest showed that RF had a much
higher predictive ability, while LR showed a positive but weak rela-
tionship between the dependent variable and the predictors.

In their final form, both models in their final form included a
smaller number of variables selected from the original set of 32;
LR included 11 variables and RF 12. Other authors also stated that
a parsimonious model would be more stable and easier to general-
ize (Catry et al., 2009; Vilar et al., 2010), particularly at a broad spa-
tial scale. When studying the key factors determining fire
occurrence at this extent it is crucial to bear in mind that environ-
mental and social conditions differ from region to region and the
same variables may operate differently depending on the location
and the scale of analysis (Prasad et al., 2006).

There were eight variables included in both models, evidencing
their importance to fire density distribution, independently of the
method used. The most important variable identified in both mod-
els was the off-season precipitation (total_prec_nofireseason). This
is most likely related to the positive influence of spring rainfall in
vegetation growth and fuel accumulation. Fire season precipitation
also played a crucial role. The relationship here is negative: the
drier it is during the fire season, the likelier fires occur. A strong
influence of precipitation variables on fire occurrence has been
shown previously: Bravo et al. (2010) found that rainfall was



Table 7
Results of the intermediate models created with Random Forest, including the correlation values between observed (obs) and predicted (pred) values.

% Variance explained Mean squared residuals Correlation obs vs pred

Calibration sample Validation sample

Sample 1 94.68 94.38 0.0006551101 0.9716
Sample 2 94.2 95.08 0.000689778 0.9767
Sample 3 94.92 94.48 0.000578382 0.9727
Sample 4 94.29 93.96 0.0006233862 0.9732
Sample 5 94.87 94.41 0.0005946975 0.9732

Fig. 2. Plots of the variable importance measure (% Increase MSE) for the five samples.

Table 8
Variables included in the final model using Random Forest, in
descending order of importance based on average % IncMSE
(mean decrease in accuracy) from the five samples.

Variables Avg % IncMSE

Total_prec_nofireseason 179.286
Total_prec_fireseason 93.315
Unemployment 84.375
Soil_moisture 69.502
RH 58.150
Dens_local_roads 56.690
Livestock_dens 47.038
Shrubland 26.061
Roughness_max 25.050
Elev_max 23.625
Tmax 22.917
Grassland 20.276
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positively correlated to fire frequency in Argentina, because it
influenced the production of fine fuels for fire. Drever et al.
(2008) also found that the variables best explaining fire occurrence
in the Great Lakes-St. Lawrence forest in Canada were a combina-
tion of antecedent-winter precipitation and fire season precipita-
tion deficit/surplus. In European Mediterranean areas, Pausas
(2004) analyzed the relation between fire and climate for a period
of 50 years and suggested that high rainfall may increase fuel loads
that burn in the successive years; Moreno et al. (2011) mentioned
that the regeneration of shrubland-type vegetation was correlated
with precipitation in the fall and winter immediately after the fire,
which in turn contributes to fuel accumulation that may burn in
successive fire seasons.

Soil moisture anomaly was also one of the most important vari-
ables, assuming the 3rd position in both models. The positive rela-
tionship suggests that an ignition is more likely to occur when the
soil surface layer is drier, since the moisture content of fuels is
directly affected by soil moisture (Chuvieco et al., 2004). Soil
moisture is relevant because of its effect on dead fuels on the
ground and because it is a proxy for drought. As pointed out also
by Bartsch et al. (2009), fuel is more easily ignited under low sur-
face wetness conditions.

Unemployment is identified in the RF model as the second most
important variable, while in the LR model it comes in 8th position
and with a negative and weak relationship. This may mean that a
non-linear association between unemployment and fire density ex-
ists and, as such, it was better recognized by the RF model, even
though it is not possible to know from the RF model the direction
of the association. Unemployment may be acting as a proxy for eco-
nomic depression, which, in rural areas, is often associated with land
abandonment; in the Mediterranean region, where fires are mostly
human-caused, it is also an indicator of potential social conflicts,
which may in turn be the driver for motivations of deliberate igni-
tions (arson) in specific regions (Ferreira de Almeida and Vilaça e
Moura, 1992; Leone, 1999; Velez, 2000). Sebastián-López et al.
(2008) found that unemployment was related to fire only for the
people aged below 25 years old, for which no explanation was pro-
vided. Martínez et al. (2009) included unemployment as a potential
fire predictor but could not explain the association either.

Livestock density comes in 4th position in LR and in 6th position
in RF. The presence of livestock has also been identified by previous
authors as being positively correlated to fire occurrence (Koutsias
et al., 2010; Martínez et al., 2009). Agricultural activities, such as
land burning for pasture renovation, are known to cause fires that
spread to shrubland and forested areas nearby. Romero-Calcerrada
et al. (2008), on the other hand, found that the presence of goats
and sheep was related to the absence of ignitions in Central Spain,
probably because these species feed on grass and bushes and thus
reduce the accumulation of fine fuels. The same was found by
Sebastián-López et al. (2008), which differs from our results.

The other climatic variables, Tmax and RH, come next in variable
importance in the LR model, while in RF their position is lower but
still important. All the climatic variables were included in both



Fig. 3. (a and b) – Plots of the observed and the predicted values calculated by Multiple Linear Regression (a, on the left) and Random Forest (b, on the right) for one of the
samples.

Fig. 4. Maps of the likelihood of fire occurrence obtained from Linear Regression
(on top) and Random Forest (bottom) models.

Fig. 5. Maps of residuals obtained from Linear Regression (on top) and Random
Forest (bottom) models.
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models and these results point out that these factors are, in gen-
eral, good predictors of fire occurrence. Drever et al. (2008) also
mentioned the strong influence of climate on fire occurrence, even
though at a smaller scale. The majority of fires occurred with tem-
peratures above 20 �C; the negative association that appears in the
LR model between temperature and fire density may be due to the
existence of a non-linear and more complex relation between these
variables not revealed by a linear model, most likely associated
with the human causes of fire ignitions in this region, thus not to-
tally dependent on temperature.

Density of local roads was found to be important in both mod-
els. In the LR model, density of highways was also significant, while
in RF this variable was discarded. The influence of the density of lo-
cal roads is to be expected, since these roads connect peri-urban



Fig. 6. Semivariance plotted as a function of distance (km) for the dependent
variable (black) and the residuals of both models (LR in green and RF in red, the
values of the latter multiplied by five).
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areas and give access to the rural land and forested areas. Other
studies mentioned the association of roads to fire occurrence;
Romero-Calcerrada et al. (2008) and Syphard et al. (2008) pointed
out the distance to roads to be one of the explanatory variables of
fire occurrence in central Spain and southern California, respec-
tively. In Portugal, Catry et al. (2009) and Vasconcelos et al.
(2001) also found that distance to roads decreased the number of
fire ignitions, the same being mentioned by Vilar et al. (2010) in
relation to road density in the region of Madrid, Spain.

The LR model included also thinly populated areas and the pro-
portion of aspect W as significant variables, but their association to
fire density is not clear. Sebastián-López et al. (2008) found aspect
to be very poorly related to fire occurrence, being more likely re-
lated to fire behavior and burned areas. In fact, aspect is not in-
cluded in the RF model, even though this model includes other
topographic variables: maximum elevation and maximum rough-
ness. Maximum elevation was present in the first LR model (with
19 variables), having a negative association with fire density, but
it was later excluded because of the low significance for the model.
It is well acknowledged that elevation dampers fire occurrence,
since in high altitude areas human activity and occupation are re-
duced, thus decreasing the likelihood of human-caused ignitions.
In addition, the effects of altitude in weather conditions, vegetation
cover and soil moisture are less favorable to fire occurrence as alti-
tude increases (González et al., 2006; Sebastián-López et al., 2008;
Vilar et al., 2010). The effect of roughness is not entirely clear, but
the negative association found between roughness and fire density
suggests that fire is more likely to occur in flatter areas.

The RF model includes as well two variables representing land
cover: proportion of shrubland and grassland, which were not
present in the LR model. The proportion of shrubland-type fuel
was previously identified by Sebastián-López et al. (2008) as the
variable with the highest predictive power in their model for
Southern Europe, justified by the fact that shrubland is usually
the vegetation type most affected by fire in Mediterranean areas.
In studies related to the characterization of the land cover types
more prone to fire, it was also found that shrublands are more
fire-prone than other land cover types in Mediterranean areas
(Moreira et al., 2001, 2009; Mouillot et al., 2003; Nunes et al.,
2005). Likewise, grasslands are mainly composed by fine fuels
and are easy to ignite, thus their relation with fire occurrence is
somewhat expected.

These results provide valuable insights on the potential causes of
the spatial distribution of fire events throughout the EUMed region.
In spite of the strong human influence on fire occurrence in Mediter-
ranean Europe, the physical variables – particularly those related to
climatic conditions – should be included in the analysis since they
form the natural setting that favors or hampers human actions. Fire
management strategies should focus on the areas where the combi-
nation of specific climatic conditions, particularly precipitation be-
fore and during the main fire season, is favorable to fire
occurrence. In the areas where livestock and local roads density is
high and where shrubland and grassland-type vegetation are com-
mon, preventive measures should be applied. Finally, our results
suggest that socio-economic problems such as unemployment
should be considered in the implementation of preventive actions.

5. Conclusions

The EUMed region is the area of Europe with highest fire inci-
dence. Inside the boundaries of the region, however, fire density
has an irregular distribution in space and time. The probability of
a fire to occur depends on the interactions between the physical
and human variables that affect the ignition and spread of a fire.
In this study, the likelihood of fire occurrence was modeled using
two different methods: Multiple Linear Regression and Random
Forest. The comparison of the results obtained with these two
methods allowed for the examination of non-linear relationships
between the variables, not assumed in Multiple Linear Regression,
and the investigation of the potentialities of the RF method in fire
occurrence modeling. Moreover, both methods ranked the vari-
ables according to their relative contribution to the model, allow-
ing for the identification of the common factors in both models
and, thus, emphasizing their significance in explaining fire density
distribution.

The two models showed distinct results; the RF model showed
higher predictive accuracy than LR, reflecting the existence of non-
linear trends. Moreover, spatial autocorrelation in model residuals
was reduced to a much higher degree with the RF model. In spite of
these differences, both models identified northwestern Iberia and
southern Italy as areas with high fire density, while northern
France, northeastern Italy and northern Greece were identified as
low fire density areas. Furthermore, it was also possible to identify
common significant variables, providing important insights to bet-
ter understand the factors affecting fire occurrence in this region,
during the fire season.

At the European level, the lack of comparable data and the com-
plexity of the factors that influence fire occurrence and risk have
been pointed out as limitations for the systematic investigation
of long-term fire occurrence and risk at this broad scale. Neverthe-
less, the importance of this assessment for fire prevention and
management encourages the further development of research in
this area. Future work could focus on the variations in the predic-
tors at different spatial and temporal scales, in order to assess the
consistency of the explanatory power of the variables throughout
the whole study area. The same methods could be applied to other
European regions with the same type of variables, to understand
the implications of regional differences in the level of importance
of the variables selected and in the overall predictive ability of
the models.
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In this chapter, the analysis and modeling of fire occurrence are extended to Southeast 

Europe, where land cover and fire interactions have been previously explored (chapter 1). To 

analyse fire distribution in Southern Europe, a model that captures local variations in the 

influencing variables was applied. This chapter describes the application of Geographically 

Weighted Regression (GWR) to investigate the spatial patterns of fire occurrence and its main 

drivers, in two complementary perspectives: using the number of fires, representative of fire 

ignitions, and the proportion of burned areas, representing fire spread, as dependent 

variables in separate models.  

 

The first section shows the distribution of number of fires within two regions: Southwestern 

and Southeastern Europe. The application of GWR evidenced the variability in the 

explanatory power of the variables, throughout both regions. The major determinants of fire 

density in both regions are climate, particularly non-summer precipitation, livestock density 

and proportion of shrubland, although at different levels.  

 

The second part of the chapter presents the results of the GWR model developed to explore 

the spatial distribution of mean burned area from 2000 to 2010 and their main drivers. The 

use of only four variables, representing climatic and vegetation conditions, proved to be a 

valuable option. Shrubland and non-summer precipitation were found to be the most 

significant factors in specific areas, coinciding with the higher values of mean burned area 

within the region.  

 

These studies showed the validity of GWR in fire occurrence modeling, which can capture the 

spatial variability of fire causes throughout a wide study area. They also provided indication 

on common influencing factors between number of fires and burned areas, specifically 

climate and land cover, while anthropogenic variables were found to be mainly relevant for 

fire density. Other local factors, not available for broad scale studies, may influence fire 

occurrence within the region, connected to national policies of fire management and 

suppression activities.  

 

Understanding the relative influence of fire occurrence drivers, throughout a broad area, can 

contribute to increase the efficiency of fire management measures, targeted to the particular 

causes of fire within each region and country. Furthermore, the broad-scale approach can 

enhance international coordination efforts, by providing evidence of common issues between 

countries that could be tackled with shared strategies. 
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Abstract 

This paper describes the analysis of the spatial patterns of fire and the long-term factors that influence fire 

occurrence in two regions of Southern Europe. The relationship between fire occurrence and the physical and 

anthropogenic variables collected was investigated with Geographically Weighted Regression (GWR) and results 

compared with Ordinary Least Squares (OLS). GWR represented an improvement over OLS in both regions, 

although to different extents. Local patterns of the significant variables were explored and revealed a strong 

spatial variability of the explanatory power of the variables. Climate (precipitation), livestock and land cover 

(shrubland) were found to be significant in both regions, in specific areas. This study provided an overview of the 

main drivers of fire occurrence throughout a broad area, while at the same time revealed important localized 

patterns which can contribute to improve fire management and prevention strategies.  

 

Keywords: fire density, spatial patterns, driving factors, South European regions, Geographically Weighted 

Regression  

 

Introduction 

Wildland fire is a widespread event that affects many regions of the world (Bowman et al. 2009; Dwyer et al. 2000;  

FAO 2010; Flannigan et al. 2009; Pechony and Shindell 2010). Although the occurrence of fires largely depends on 

local factors, such as vegetation cover and land use (Dwyer et al. 2000; Sebastián-López et al. 2008), their impacts 

are evident also at global scale, when considering atmospheric emissions, land cover change or ecosystem 

functions and services (Carvalho et al. 2010; Pechony and Shindell 2010; Sebastián-López et al. 2008). This global 

dimension of fires and the need to understand the complex interaction between factors that are not confined to a 

restricted geographical area, require the assessment of fire occurrence also at regional, continental or global 

scales (Chuvieco et al. 2008; Sá et al. 2011; Sebastián-López et al. 2008). 

From a long-term perspective, fire occurrence is assessed considering the average conditions during a certain 

period of time, in relation to those factors which remain stable for at least one fire season, such as topography and 

roads (San-Miguel-Ayanz et al. 2003, Jappiot et al. 2009). The long-term assessment is suitable to investigate the 

structural factors that affect the fire proneness of an area, assisting in the definition of prevention strategies and 

the allocation of fire resources prior to the start of the main fire season (Oliveira et al. 2012; San-Miguel-Ayanz et 

al. 2003). 

At the European level, an extraordinary effort has been made in the last decades to compile reliable information 

on the fire events that affect many of the countries (Camia et al. 2010; San-Miguel-Ayanz et al. 2012), to assist in 

fire prevention and in support of policy-making. Statistics reveal that more than 80.000 fires occur on average a 

year in Europe, which burn over 460.000 ha of land (European Commission, 2011) and cause extensive damage. 

The factors that influence fire occurrence differ among European countries and regions, as a result of the diversity 

of biogeographical features (EEA 2002), the physical and anthropogenic conditions across the continent, and of 

the fire prevention policies and fire suppression techniques applied at national or local levels (Montiel and San-

Miguel 2009). Southern Europe, where Mediterranean-type climate and vegetation prevail, is the most affected 

region (European Commission 2011; Fernandes 2009; Konstantidinis et al. 2005; San-Miguel and Camia 2009). 

Furthermore, these trends in fire occurrence are expected to increase due to ongoing land use and climatic 

changes, which could cause a substantial increase in the fire-proneness of certain areas and in fire severity, even 

where fires are currently less relevant (Flannigan et al. 2009, 2013; Lindner et al. 2010; Moreira et al. 2011).  

 

Understanding the spatial distribution of fires, its causes and impacts in relation to the specific characteristics of 

each particular region, is crucial for the implementation of efficient strategies of fire prevention and wildland 

management. The main purpose of this study is, therefore, to contribute to the investigation of the spatial patterns 

of fire distribution (number of fires) in Southern Europe and uncover the influence of the most important 

structural factors that drive fire occurrence in the region, with the following objectives: 
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i) Analyze the spatial variability of fire occurrence in Southern Europe 

ii) Identify the main factors that influence fire occurrence across Southern European countries  

iii) Assess the consistency of the explanatory power of the variables throughout the study area, exploring 

the local and regional variations of their significance 

 

Several methods exist to explore the interactions between spatial drivers and fire occurrence; regression methods 

have been widely used, such as linear and logistic regression (e.g. Chuvieco et al. 2010; Oliveira et al. 2012; 

Sebastián-Lopéz et al. 2008) and classification and regression trees (Amatulli et al. 2006; Oliveira et al. 2012). 

These methods focus on the global picture and follow the assumption of spatial stationarity, which is often 

violated in real-world situations (Koutsias et al. 2010; Sá et al. 2011). In broad areas, the level of importance of the 

variables in explaining fire occurrence is, most likely, not homogeneous throughout the entire study domain. 

Previous studies suggest that fire assessment models can greatly benefit from the use of analytical methods that 

capture the spatial attributes of the phenomenon being studied (e.g. Koutsias et al. 2005, 2010; Kupfer and Farris 

2006; Sá et al. 2011). Geographically Weighted Regression (GWR) (Fotheringham et al. 2002) has been recently 

applied in the investigation of fire activity at large scale, namely in Mediterranean Europe (Koutsias et al. 2005, 

2010) and in sub-Saharan Africa (Sá et al. 2011). GWR allows for regression coefficients to vary for individual 

locations, capturing the effects of non-stationarity and revealing variations in the importance of the variables 

across the study area, focusing particularly on data analysis and interpretation, rather than prediction.  

Considering the variety of fire data collection structures among countries and the difficulty in obtaining a robust 

model for the whole of Southern Europe, the study area was further divided in two regions, as described in the 

following section. OLS and GWR were applied separately in each region and the results compared. The resulting 

maps are expected to give an overview of the spatial patterns of fire occurrence and its main drivers throughout 

both regions, providing indications of the variations in the importance of the explanatory variables according to 

their spatial location. 

 

Data and methods 

Study area 

This study was carried out for the countries of Southern Europe which are part of the European Forest Fire 

Information System (EFFIS) network (Camia et al. 2009; San-Miguel-Ayanz et al. 2012b) with a minimum period 

of data available (at least 6 years). In spite of the harmonized standards already in place, the data collection 

structures differ among the countries (San-Miguel-Ayanz et al. 2012b); country data is gathered by the national 

fire or civil protection services and the information collected depends to a certain extent on the resources 

available within the countries, which vary widely within the European territory. Thus, although European 

countries have been gathering fire data for several decades, an inclusive transnational coordination on data 

collection and harmonization is an ongoing effort. For this reason, and after an exploratory analysis of the data, the 

available countries were grouped in 2 regions: Southwestern Europe (SW Europe) and Southeastern Europe (SE 

Europe) (Fig. 1). Greece is usually considered part of Southwestern Europe, however our exploratory analysis 

showed that Greece evidences similar patterns to the countries of Southeastern Europe regarding fire frequency, 

hence it was included in this region instead; for the same reasons the Balkan countries with available data were 

included in Southeastern Europe, in spite of the geographical gap. For France, only the southern provinces, where 

fire frequency is similar to the remaining countries, were included in Southwestern Europe. 

 
Fig. 1- Study area, with the countries grouped in 2 regions: Southwestern Europe-PT (Portugal), ES (Spain), FR (South France) and IT (Italy). 

Southeastern Europe- SI (Slovenia), HR (Croatia), BG (Bulgaria), GR (Greece), TR (Turkey) and CY (Cyprus). The missing countries in Southern 

Europe did not have data matching the criteria defined.  
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Data collection 

Response variable 

The probability of fire occurrence results from the joint combination of an ignition source and the conditions for 

fire to spread (Jappiot et al. 2009; Oliveira et al. 2012); to represent ignitions, we obtained the number of fires 

recorded in the European Fire Database for each country (Camia et al. 2009; European Commission 2011). This 

database compiles and harmonizes fire records from the participating countries since the 80’s, the starting year 

varying according to country; for each individual fire event, specific information is added by the Forest 

Department and Civil Protection Services of the Member-States, such as the date of the fire, the type of land cover 

affected, the burned area size, and the administrative region where it occurred, usually a descriptive location at 

NUTS3 level (corresponding in most countries to the level of provinces), whereas accurate geo-referencing of the 

fires is lacking for the most part. The number of fires recorded from 1996 to 2010 were aggregated at NUTS3 level, 

was retrieved for each country, or the longest time-series available when the complete 15 years series was not 

available (at least 6 years). In view of the geo-location uncertainty associated with the fire records, fire density 

(number of fires/area km2) was used as a proxy of fire ignition. The calculation of fire density follows a similar 

procedure to the one used by Oliveira et al. (2012), thus only a brief explanation is presented here.  

The fire events with accurate geo-referencing available in the database, for several countries, were used for an 

exploratory analysis of the proportion of fires occurring in different land cover types, as defined by the Corine 

Land Cover 2000 map (EEA-ETC/TE, JRC 2002). From this analysis, the land cover types associated with fire 

occurrence were aggregated in 2 main categories: wildland and non-wildland areas. Wildland areas include those 

land cover categories where fires are more likely to occur due to their typical vegetation cover, such as forests, 

shrublands and grasslands. Non-wildland areas, on the other hand, are those land cover types where a proportion 

of the fires can occur (or at least start), although their conditions are not typically related to the occurrence of 

wildland fire, such as agro-forestry areas and pastures. The land cover categories with a minimal contribution to 

fire occurrence, such as water bodies and continuous urban surfaces, as well as areas with elevation above 2000 

meters, were excluded. It was found that, in general, 65% of the fires occur in Wildland areas and 35% in Non-

Wildland areas; these proportions were then used to transform the statistical-based data into a gridded format, by 

distributing 65% of the average number of fires per NUTS3 in each country in wildland areas and 35% in non-

wildland areas.  A reference grid available for Europe at 10 km, the spatial resolution (EEA 2011), was 

superimposed and the number of points falling in each 10x10 km grid cell was counted. Fire density corresponds 

to the mean annual number of fires per unit area (km2), adjusted by the fire domain, i.e., the land area of that grid 

cell where fires could potentially occur, assuming that there are specific land cover types (such as water bodies, 

bare rocks and urban areas, among others) where wildland fires are not present (Oliveira et al. 2012).  

Diagnostic tests were applied to the data and evidence of dissimilar variances was found; a log-transformation 

was applied to the dependent variable to approximate the values to a normal distribution. Each log value was then 

subtracted from the mean value of the region, yielding a response variable that corresponds to a deviance in 

relation to the average of the corresponding region, as follows: 

 

NF=nf – reg(nf) 

With nf being the log(fire density) of each cell and reg(nf) the average log(fire density) for the corresponding 

region, either Southwestern or Southeastern Europe.  

Explanatory variables 

The explanatory variables were selected according to two main criteria: their potential relation with fire 

occurrence and their availability for a minimum period of time suitable for long-term analysis. Considering that 

nearly 95% of fires in the southern Mediterranean region result from human activity (e.g. Leone et al. 2009; 

Romero-Calcerrada et al. 2010; San-Miguel and Camia 2009), the human component is of major importance in the 

study area; both physical and anthropogenic variables were, thus, collected (Table 1) and transformed to a 

continuous scale at 10 km resolution; one value per grid cell was retrieved, using the reference grid (EEA 2011).   

Land cover 

Land cover characterizes the distribution of land features, mainly related to nature, such as forests, water bodies 

or bare rocks, but also heterogeneous features that include the influence of human activities, such as urbanised 

and crop areas (Heymann et al. 1994). Since it is harmonized at European level and this classification integrates 

human elements within its categories, bearing in mind the anthropogenic influence in fire activity in Southern 

Europe, land cover is used as surrogate for fuel types.  



4 

Previous studies have found an association between land cover and fire occurrence (e.g. Martinez et al. 2009; 

Oliveira et al. 2012; Syphard et al. 2008; Vilar et al. 2010) certain land cover types are expected to correlate with 

fire occurrence, such as grassland, shrubland and forest (Carmo et al. 2011; Moreira et al. 2009; Nunes et al. 2005; 

Oliveira et al. 2012). On the contrary, a high proportion of agricultural land is expected to have a negative 

association with fire occurrence. Six different variables were obtained, each corresponding to a specific 

aggregation of land cover categories where wildland fires may occur  

Topography 

The topographic features affect the spatial patterns of vegetation, its composition and flammability, and influence 

as well the local climatic conditions (Syphard et al. 2008; Whelan 1995). Elevation, slope and aspect were 

retrieved from the DEM at European level (Jarvis et al. 2008; Reuter et al. 2007) and transformed to classes, as 

shown in (Table 1). The proportion of each topographic class in each grid cell was then retrieved. In total, 12 

topographic variables were obtained. Higher proportions of lower elevation and slope classes are expected to 

have a positive influence in fire occurrence, due to the larger presence of vegetation and the better accessibility of 

these areas to anthropogenic ignition agents (Moreira et al. 2009; Oliveira et al. 2012).  

Climate 

Temperature and precipitation are recognized as strong determinants of fire occurrence, because they directly 

affect vegetation growth rates and moisture (e.g. Bravo et al. 2010; Syphard et al. 2008; Vilar et al. 2010), thus 

influencing the likelihood of fire start and spread. Ensembles of daily gridded observational dataset from the E-

OBS website (Haylock et al. 2008) were retrieved for the period 1995-2011. We selected this dataset due to its 

resolution, availability at European scale, and because the time-series of the climatic variables matched the period 

of analysis of the fire data. Average maximum temperature and precipitation were the variables retrieved, at a 

resolution of 0.25 degrees (approx. 28 km). Temperature and precipitation values were divided into two seasons: 

June to October and the remaining months. The June-October season (summer) represents the hottest and driest 

months in Southern Europe, when high values of precipitation are unusual but will have a negative influence in 

fire occurrence by increasing fuel moisture content, while temperatures are usually high and will contribute to 

reduce the moisture content of vegetation. On the other hand, precipitation in the other months (non-summer) is 

likely to favour vegetation growth and increase the availability of fine fuels, thus having a positive association with 

fire occurrence (Oliveira et al. 2012; Pausas 2004; Pereira et al. 2005).  

 

Infrastructures 

Roads have been pointed out as influencing factors of fire occurrence (Catry et al. 2010; Martinez et al. 2009; 

Oliveira et al. 2012; Romero-Calcerrada et al. 2008; Vilar et al. 2010), representing the accessibility of the area to 

anthropogenic ignition agents. The road network data from Tele Atlas (Tele Atlas 2007) was used to calculate road 

density, defined as road length per unit area. Density of power lines was also included, assuming the possibility of 

electric discharges causing ignitions. 

 

Demographic 

The effect of demographic factors on fire occurrence is two-fold: on the one hand, high population densities 

increase the possibility of human-caused ignitions and alter the ignition regime; on the other hand, they also 

contribute to reduce fuel availability and change vegetation patterns, resulting in decreased fire occurrence 

(Archibald et al. 2010; Sá et al. 2011).  

The proportion of intermediate urban areas in each cell was also retrieved, because it indicates areas of urban 

sprawl, adjacent to densely urbanized ones, with high number of ignition agents (at least 50000 people), good 

accessibility and an intermediate level of human activity. 

 

Livestock 

Livestock was disaggregated by type of animal considering their diverse characteristics and results from previous 

studies. On the one hand, the abundance of goat and sheep was found to correlate with absence of fire ignitions 

(Romero-Calcerrada et al. 2008; Sebastián-López et al. 2008), because these species feed on grass and bushes and 

reduce the amount of vegetation, particularly fine fuels. Other studies have identified livestock density as being 

positively correlated to fire occurrence (Koutsias et al. 2010; Martinez et al. 2009; Oliveira et al. 2012), probably 

due to burning for pasture renovation. Data on cattle, sheep and goat, associated with outdoor farming activities 

and pasture management, were obtained. 

http://eca.knmi.nl/download/ensembles/Haylock_et_al_2008.pdf
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Table 1 - Explanatory variables used in the model and their sources 

Variable type Variable name Code 
Resolution/ 

scale 

Source/ 

reference 
Description 

Land Cover 

Forest  forest 

Raster  

100 m 

CLC 2000 

 

EEA-ETC/TE, 

JRC, 2002 

Proportion of each land 

cover type in each grid cell 

cell. 

 

Forest=23-25; 

Shrubland=27-29; 

Grassland=18, 26; Other 

natural areas=21-22, 32-

33; Agricultural areas=12, 

15-17, 19-20); WUI=2 

Shrubland  shrub 

Grassland grass 

Other natural areas  other_nat 

Agricultural areas agric 

Wildland Urban Interface 
wui 

Topographic 

Elevation 0-500 m elev0_500 

Raster  

100 m 

DEM Europe 

 

Jarvis et al. 

2008 ; 

Reuter et al. 

2007 

Proportion of each 

elevation class per grid cell 

cell 

Elevation 500-1000m elev500_1000 

Elevation 1000-1500m elev1000_1500 

Elevation above 1500m elev_ab1500 

Slope 0-10% slope0_10 

Proportion of each slope 

class per grid cell cell 

Slope 10-20% slope10_20 

Slope 20-30% slope20_30 

Slope above 30% slope_ab30 

Aspect N (315 – 45 deg) aspect_N 

Proportion of each aspect 

class per grid cell cell 

Aspect E (45 – 135 deg) aspect_E 

Aspect S (135 – 225 deg) aspect_S 

Aspect W (225 – 315 deg) aspect_W 

Climatic 

 

Average maximum temperature 

June-October 

Average maximum temperature 

other months 

tmax_fs 

 

tmax_nfs 

 0.25 deg 

(28 km) 

E-OBS  

1995-2011 

Downscaled based on 

inverse distance weighted 

interpolation, assuming 

that the values of the 

closest stations are more 

alike than those that are 

farther apart. 

Cumulative precipitation June-

October 

prec_fs Haylock et al. 

2008 

Cumulative precipitation other 

months 

prec_nfs 
 

Infrastructure 

Density highways highway 

1/100.000 TeleAtlas 2007 

Length/km2 - Level 00 

Density main roads main_road Length/km2 - Levels 01 to 

03 

Density local roads local_road Length/km2 - Levels 04 to 

06 

   

Density electric lines 

 

electric Vector 

Platts, 2008 

 (IET support, 

Petten) 

Length/km –transmission 

lines 

Demographic 

Average population density 

 

popdens 
100 m 

Gallego 2010 

Gallego et al. 

2011 

Eurostat (TR) 

Aggregated at 10km based 

on average 

Intermediate urban areas 

urban 

1:3 million 
Eurostat GISCO 

2001 

Proportion of intermediate 

urban area in each grid cell 

cell 

Livestock 

Density of cattle cattle 

NUTS3 

Eurostat regional 

statistics 

(agriculture) 

2010 

Average number of 

animals per km2 of the 

total agricultural land. 

Adjusted rate based on 

proportion of NUTS3 in 

each cell 

Density of goats goat 

Density of sheep 

 

sheep 

 

 

 

Collinearity among explanatory variables was assessed, in a first stage, by calculating the Pearson product-

moment correlation. Correlation coefficients above 0.7 were used as a criterion to remove variables. Explanatory 

variables with a negligible relationship with the response variable were also removed. In a second stage, the 

variance inflation factor (VIF), which quantifies how much an estimated regression coefficient increases due to 

multicollinearity, was calculated for the remaining variables, using R Statistical Software (R Development Core 

Team 2010). Only the explanatory variables with VIF values close to 1 were included. This procedure was applied 

to each region separately. 

 

 

http://eca.knmi.nl/download/ensembles/Haylock_et_al_2008.pdf
http://eca.knmi.nl/download/ensembles/Haylock_et_al_2008.pdf
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Geographically Weighted Regression 

This method has been explained in detail by several authors (Fotheringham et al. 2002; Koutsias et al. 2010; Sá et 

al. 2011; Wang et al. 2005), thus only a brief description of its application to our dataset is presented here. 

Relationships between fire density and the explanatory variables were derived for each region separately. GWR 

(version 3.0, Fotheringham et al. 2002) was applied to each region and a comparison with the performance of the 

Ordinary Least Squares (OLS) model was done. While OLS assumes stationarity and calculates the coefficients for 

the global model, GWR allows verifying if the relationships between the response variable and the explanatory 

variables vary in space, by calculating regression coefficients at each individual location (Fotheringham et al. 

2002; Koutsias et al. 2010; Sá et al. 2011). These studies have shown the better performance of the GWR model in 

relation to OLS with fire occurrence and incidence data, thus the results presented are mainly to provide 

indication of the general influence of the explanatory variables over the region. The bandwidth, which is the 

distance radius around each observation point that comprises the observations to be used in the weighting matrix 

(Fotheringham et al. 2002), in this case a fixed distance since the values are equally spaced at 10km, was obtained 

by minimizing the corrected Akaike information criterion (AICc) in each region. The local statistical significance of 

the coefficient estimates was assessed with a t-test and the distribution of the significant variables and the values 

of R2, which give indication of the model fit in each cell, were mapped using GIS tools. 

To reduce the degree of dependency rate that results from the use of the same dataset to calibrate the model and 

control the family-wise error rate from the multiple hypotheses testing, the significance levels of T-values were 

adjusted using the formula provided by Byrne et al. (2009). 

 

Spatial autocorrelation 

Spatial autocorrelation was analyzed to determine whether the GWR model accounts for the spatial structure of 

the dependent variable and represent an improvement in relation to OLS, by showing a reduction in the spatial 

autocorrelation of the residuals (Koutsias et al. 2010; Sá et al. 2011).  

The presence of spatial autocorrelation in the model residuals was tested by building semivariograms, which plot 

the semivariance as a function of distance, and by analyzing clumping of model residuals.  

 

 

Results 

 

Fire density 

Mean annual fire density varies largely among countries and regions in Southern Europe, as shown in Fig. 2, which 

represents the original values of fire density (non-transformed). The highest values are concentrated in northwest 

of Iberia, while the eastern part of Southeast region generally evidences lower values of fire density. 

 
Fig. 2- Mean annual fire density in the study area (original values, before log transformation) 

 

Explanatory variables 

High correlation values were found between the explanatory variables of different categories and within the same 

category, particularly land cover, topography and climate. Some of the explanatory variables also showed low 
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correlation with the dependent variable. From the initial set of 32 variables, 12 were selected for Southwestern 

Europe and 16 for Southeastern Europe (Fig. 3), based on the correlation with the response variable and the 

absence of collinearity with other predictors.  

The explanatory variables selected were slightly different between the two regions; in Southwestern Europe, the 

wildland-urban interface (wui) was highly correlated to population density and temperature with slope, while in 

Southeastern Europe this was not observed, thus the latter model included a higher number of explanatory 

variables. 

 

 
Fig. 3 – Correlograms of the response variable and the explanatory variables in each region (SW Europe on top, SE Europe at the bottom). The 

position of the filled part of the pie graphs on the right shows the direction of the association: to the right means positive (blue color), to the left 

means negative (red color). The squares on the left show the degree of correlation, darker shade means higher value. 
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Global model of fire occurrence 

The global model for Southwestern Europe explained 37% of the variance, while for Southeastern Europe this 

value was only 13% (Table 2). It is evident that the global models do not capture completely the influence of the 

variables, particularly for Southeastern Europe where the adjusted R2 value is very low. 

The parameters estimates and T values provide, nevertheless, an overall indication of the most important 

variables and direction of the association. For both regions, precipitation of the non-summer season showed the 

higher T values and a positive association, followed by topographic and livestock variables (Table 3 and Table 4). 

In Southwestern Europe, slope 0-10% is the second most important variable, with a positive relationship, while in 

Southeastern Europe elevation 0-500m shows the second highest T value, also with a positive direction. Cattle and 

goat density come next for the Southwestern Europe, with a positive association, while for Southeastern Europe 

goat density presents a negative relationship with the dependent variable. 

 

 
Table 2 – Results of the OLS model for the two regions 

 
Note: Sigma refers to the standard error of the estimate 

  

 
 
 

   
 

 
GWR and local variations of variable influence 

The results obtained with GWR showed a significant improvement in relation to OLS in both regions, although at 

different levels (Table 5 and Table 6). For Southwestern Europe, the GWR model performs better than for 

Southeastern Europe, with the R2 values reaching 82% and 46%, respectively.  

 

 

 

Parameters OLS SW Europe SE Europe

Nr observations 11324.000 12133.000

Residual sum of squares 17.663 2.270

Effective number of parameters 13 17

Sigma 0.040 0.040

Akaike Information Criterion -41025 -69682

Coefficient of Determination 0.371 0.130

Adjusted r-square 0.370 0.129

Variables Estimate Std Err T VIF

Intercept -0.152 0.004 -42.137

forest -0.010 0.002 -5.652 1.295

shrub 0.030 0.002 13.113 1.176

prec_nfs 0.000 0.000 51.729 1.544

highway 0.065 0.008 7.897 1.250

local_road 0.004 0.001 3.433 1.339

elev0_500m -0.005 0.001 -4.998 1.422

slope0_10perc 0.072 0.003 21.232 1.376

aspect_W 0.028 0.005 5.922 1.053

cattle 0.000 0.000 18.391 1.428

goat 0.000 0.000 18.361 1.083

popdens 0.000 0.000 2.729 1.284

urban 0.007 0.001 4.750 1.268

Variables Estimate Std Err T VIF

Intercept -0.006 0.002 -3.089

forest 0.001 0.001 1.402 1.453

wui -0.003 0.002 -1.411 1.394

shrub 0.006 0.001 7.139 1.399

other_nat 0.001 0.001 1.492 1.374

tmax_fs 0.000 0.000 -7.574 1.287

prec_nfs 0.000 0.000 20.059 1.261

highway 0.016 0.006 2.753 1.132

local_road 0.007 0.001 9.501 1.281

electric 0.007 0.001 6.019 1.195

elev0_500m 0.006 0.000 17.232 1.444

slope0_10perc 0.003 0.001 2.446 1.282

aspect_E -0.003 0.001 -2.580 1.027

aspect_S 0.007 0.001 6.253 1.035

goat 0.000 0.000 -11.999 1.305

popdens 0.000 0.000 -0.412 1.230

urban 0.004 0.001 2.764 1.077

Table 3 – Parameter estimates and VIF values of the 

OLS model for Southwestern Europe 

Table 4 – Parameter estimates and VIF values of the 

OLS model for Southeastern Europe 
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Table 5 – GWR parameters obtained for the two regions 

            
  

 

The R2 values show a dissimilar distribution within the regions (Fig. 4). In Southwestern Europe, the higher values 

are concentrated in the Western Iberian Peninsula and northwest Italy. The eastern part of Spain and northeast 

Italy show lower values, below 0.2.  

In Southeastern Europe, the spatial distribution of R2 values show a general decreasing trend from West to East, 

with the Balkan countries showing the highest values, although below 0.5, and eastern Turkey the lowest R2. 

Cyprus shows higher values, similar to those found for the Balkan countries. 

 
Fig. 4 – Distribution of GWR local R2 values in Southwestern Europe (top) and Southeastern Europe (bottom). 

GWR parameters SW Europe SE Europe

Number of observations 11324 12133

Bandwidth (in metres) 58533 148086

Residual sum of squares 4.731 1.373

Effective number of parameters 628 202

Akaike Information Criterion -54639 -75404

Adjusted r-square 0.821 0.465

ANOVA SW Europe SE Europe

GWR improvement Mean Square 0.021 0.005

GWR residuals Mean Square 0.000 0.000

F-value (ANOVA) 47.537 42.116

Table 6 – ANOVA results with the comparison of OLS 

and GWR models for the two regions 
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To assess the levels of significance, p-values were corrected according to the formula used by Byrne et al. (2009) 

and Sá et al. (2011), (p=0.000080 and p=0.000247 for Southwestern Europe and Southeastern Europe 

respectively, for α=0.05). The number of significant variables, assessed with the corrected p-values, varies in both 

regions, with the western part showing a higher number of significant explanatory variables in relation to the 

remaining area, although some clusters can be found throughout the regions. The maximum number of significant 

variables in Southwestern Europe is higher than for Southeastern Europe, even though the latter included more 

explanatory variables in the model. In some areas the models did not capture any significant variable, indicating 

that fires are not significant or that relevant variables are missing. In 67% of the area in Southwestern Europe no 

significant variable was found, 13% has 1 significant variable and 12% from 2 to 5 variables. In Southeastern 

Europe, 50% has no significant variable, 30% of the area has 1 significant variable and 12% from 2 to 5 significant 

variables. 

 

Fig. 5 – Number of significant variables per cell in Southwestern Europe (top) and Southeastern Europe (bottom). 

 

 

The explanatory variables that influence the most the distribution of the dependent variable were obtained from 

the highest absolute T-value in each cell. Non-summer precipitation, goat density and proportion of forest and 

shrubland appear in both regions as the most significant variable in specific areas (Fig. 6). In Southwestern 

Europe, goat density and precipitation cover over 55% of the area where there is at least 1 significant variable and 

in Southeastern Europe this proportion increases to 66%. 
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In Southwestern Europe, cattle and population density also appear locally as the most significant, covering 15 and 

12% of the area where there is at least 1 significant variable, while in Southeastern Europe local roads and 

highway density cover respectively 17 and 7%. Shrubland cover around 5% in Southwestern Europe and 7% in 

Southeastern Europe of the local areas with significant variables. 

 

 
Fig. 6 – The most significant variable in Southwestern Europe (top) and Southeastern Europe (bottom). The level of significance was retrieved by 

the highest absolute T value of the variables in each cell. 

 

 

Spatial autocorrelation 

The spatial distribution of residuals for the OLS models reveals clustering, while for GWR the spatial pattern 

suggests a less structured distribution (Fig. 7 and Fig. 8). The semivariograms (Fig. 9) show evidence of spatial 

autocorrelation for the dependent variable up to 700 km lag, with the semivariance decreasing afterwards up to 

1500 km, beyond which it increases again. The GWR model showed lower values of semivariance, as well as a flat 

semivariance line throughout most of the distance, up to 1500 km lag. This holds true particularly for SW Europe, 

while for SE Europe none of the models shows an effective decrease in residuals spatial autocorrelation, although 

semivariance values are lower than for OLS. 
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Fig. 7 – Spatial patterns of residuals for the OLS model (left) and GWR (right) for Southwestern Europe 

 
Fig. 8 – Spatial patterns of residuals for the OLS model (left) and GWR (right) for Southeastern Europe 

            
Fig. 9 – Semivariance plotted as a function of distance (km) for the dependent variable (black) and the residuals of both models (OLS in red and 

GWR in green), for Southwestern Europe (left) and Southeastern Europe (right). The values of the GWR residuals for Southwestern Europe were 

multiplied by two in order to be visible at this scale. 

 
 

Discussion 

Fires occur throughout Southern Europe, although with strong spatial variability and under the influence of 

different factors. The application of a method that captures local variations in the influence of the explanatory 

variables revealed major improvements in relation to global models, when applied at broad scale. Our results 

suggest that GWR performs better than OLS in modeling fire occurrence overall, in spite of the different levels of 

model fit dependent on the area. These results agree with previous studies, which showed the potential of GWR 

for modeling fire occurrence at a large scale (Koutsias et al. 2010; Sá et al. 2011). GWR also seemed to deal better 

with spatial autocorrelation in the residuals, although the method does not address this issue directly (Koutsias et 

al. 2010). This means that the spatial patterns of the dependent variable could be explained by the spatial patterns 

observed in the explanatory variables included in the model (Legendre and Legendre 1998; Dormann et al. 2007). 

The geographical discontinuities in Southeastern Europe, which is made of many islands, a convoluted coastline 

and spatial gaps, may partially explain the less powerful effect of GWR in addressing spatial autocorrelation. 
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Nevertheless, GWR showed lower autocorrelation values in the residuals and a more random spatial distribution 

in both regions, in comparison to OLS. 

At a global level, OLS revealed the importance of the climatic variables in both regions, particularly non-summer 

precipitation to explain fire occurrence. The strong association between fire and precipitation has been previously 

established (e.g. Bravo et al. 2010; Carvalho et al. 2010; Cary et al. 2006; Drever et al. 2007; San-Miguel-Ayanz et 

al. 2013). Our results suggest that precipitation in the winter months contributes to the growth of vegetation and 

an increase in fuel loads that will be available to burn in the dry season, as mentioned by Pausas (2004) and 

Moreno et al. (2011). The importance of the lower elevation and slope values is most likely related to the 

accessibility of the areas to ignition agents, indicating the contribution of anthropogenic variables for fire 

occurrence; Romero-Calcerrada et al. (2010) also suggested a strong association between the distribution of 

wildfire ignitions and human access to the landscape.  

The human influence on fires in Southern Europe is further confirmed by the significance of livestock variables; on 

one hand, the positive association of cattle and goat density verified in Southwestern Europe suggests the 

influence of agricultural activities in fire occurrence, as mentioned by Ganteaume et al. (2013), possibly related to 

burning for pasture management, a relationship found previously by other authors (Carmo et al. 2011; Koutsias et 

al. 2010; Martinez et al. 2009). In Southeastern Europe, on the other hand, the association with goat density is 

negative, possibly related to overgrazing by goats in this region, where grasslands are the most frequent landcover 

type (EEA 2002, 2006) and the abundance of goats reduces the amount of fine fuels available to burn, as reported 

for other areas by Romero-Calcerrada et al. (2008) and Sebastián-López et al. (2008). 

The GWR model uncovered strong spatial variability in the explanatory power of the variables throughout the 

study area. Our results show differences between regions and within the same region; the number of significant 

variables generally decreased from West to East in both regions, identical to the pattern verified for the levels of 

R2. In Southwestern Europe, the northwest of the Iberian Peninsula showed the highest values, where the effect of 

precipitation and goat density is particularly evident, both with a positive association with fire occurrence. In the 

remaining area of the region, the most important variables were livestock density (goat and cattle), population 

density, topography and shrubland. Population density represents the availability of ignition sources, bearing in 

mind the importance of human-caused fires in this region (eg. Leone et al. 2009; Romero-Calcerrada et al. 2010; 

San-Miguel-Ayanz et al. 2013; Vilar et al. 2010). Shrubland area has previously been found to be associated with 

fire and, in some cases, more fire-prone than forests (Carmo et al. 2011; Mermoz et al. 2005; Moreira et al. 2009; 

Nunes et al. 2005), thus the positive association with fire occurrence is somewhat expected. 

In Southeastern Europe, non-summer precipitation and goat density are the most significant variables for a large 

part of the region. These results confirm the influence of climatic and human variables on fire occurrence, even in 

different regions (Bowman et al. 2009). The significance of transportation infrastructure, namely local roads in the 

north of Turkey and highways in parts of southern Turkey and Cyprus, is a surprising result and difficult to 

explain. Highway density is rather low in the country and it seems that, in spite of the low values, an increase in 

their density, even if small, may lead to higher values of fire density, which are also generally low in the area. This 

association may be due to the increased accessibility. 

Although long-term assessment of the spatial determinants of fire density implies the use of mean values, it is 

clear that the results obtained partly reflect the influence of extreme fire seasons, occurred particularly in 

Southwestern Europe during the study period.  Portugal is one of the most affected countries in this region 

(Carvalho et al. 2011; EC 2011; San-Miguel-Ayanz et al. 2013) and the summer of 2003 and 2005 were particularly 

difficult for Portugal (San-Miguel-Ayanz et al. 2013) with extensive damages caused by several large fire events 

due to the extreme climatic conditions (Pereira et al. 2005; Trigo et al. 2006). Furthermore, since the dependent 

variable was derived from statistical databases compiled originally at national levels, data compatibility issues 

may arise, which hinder the application of a suitable model at a broad scale. The results of the model, whose 

performance favors particular areas, can partially be a result of the data idiosyncrasies, as for example with 

Portugal having more fire events and more data available than the other countries. The availability of reliable and 

harmonized data at global level is, indeed, one of the limitations of broad-scale studies. Moreover, the GWR model 

showed, in both regions, large areas where none of the explanatory variables was significant. These areas 

generally correspond to grid cells where fire density was low or null; in fact, the number of significant variables 

increases with increased values of fire density, which indicates a better fit of the model when fire data is more 

available. This also implies that, to explain fire occurrence patterns in the areas with low fire density, where the 

variables included didn’t show a significant effect, other factors should be investigated and considered in the 

future, bearing in mind that such variables, if too local, may not be available for a broad study area as the one used 

in this research. 
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Conclusions 

This study intended to provide an improved understanding of the spatial variability of long-term fire occurrence 

in Southern Europe, and of the relative importance of the underlying factors. It had also the purpose to contribute 

to the discussion around the feasibility and limitations of fire occurrence assessment at large scales, required by 

the transboundary nature of fire activity and its impacts. The use of Geographically Weighted Regression proved 

to be beneficial, because it captured the spatial attributes of the phenomenon being studied and provided higher 

accuracy than the global model, while revealing the localized patterns derived from the influence of particular 

variables.  

In spite of the difficulties in obtaining reliable data in a sufficient time-scale suitable for long-term analysis, this 

study contributed to investigate the most significant explanatory variables of fire occurrence, showing the 

importance of the climatic variables, agricultural activities and land cover, independently of the region considered. 

Despite the continuing research studies and their importance to the management of fire-prone areas, a 

comprehensive assessment of fire occurrence at the European level is not yet available. This study is an additional 

step towards this goal, by exploring the spatial patterns of fire in an extended area, by recognizing both common 

and dissimilar features of fire distribution throughout the region and by identifying the most significant factors of 

fire occurrence at local and regional levels, which provides the opportunity to adapt fire prevention strategies 

according to the characteristics of the area. 
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Abstract 

Fires in Europe burn, on average, half a million hectares of forests a year, mostly in Southwestern Mediterranean 

countries. In the last decade, devastating fire events affected the region, requiring international efforts 

coordination and underlying the need for a deeper understanding of the factors that affect area burned. This study 

presents the analysis of the spatial patterns of burned areas from 2000 to 2010 in Southern Europe, using 

Geographically Weighted Regression (GWR) to explore potential local variations of the main drivers of burned 

area. A reduced set of four variables, representing climate and vegetation, was included and results show that 

proportion of shrubland and non-summer precipitation were the most significant variables in most of the area 

under evaluation. The integration of additional anthropogenic variables, such as livestock density and proportion 

of wildland-urban interface, did not represent a significant change in the spatial patterns or values of the 

estimates nor a better performance of the model overall. Our results show that climatic variables and specific land 

cover types are main determinants of burned area in Southern Europe and their explanatory power varies widely 

across the region. Furthermore, it shows that GWR is a valuable tool for broad-scale assessment of fire incidence, 

providing additional evidence of the spatial variability of fire-causing factors. This study can contribute to adapt 

fire management activities to particular features within the region, besides enhancing the possibility of applying 

common strategies to shared issues between countries. 

Keywords: Burned areas, long-term drivers, spatial patterns, Southern Europe, Geographically Weighted 

Regression 

 

 

Introduction 

Fires in Europe burn half a million hectares of forests a year (Lampin-Maillet et al. 2011; San-Miguel-Ayanz et al. 

2013). Most of the fires occur in the Western Mediterranean region, and affect predominantly Portugal, Spain, 

France, Italy and Greece (EC 2012). Portugal and Spain alone represent, on average, over half of the total burned 

area within these countries (EC 2011, 2012). Although there is a decreasing trend in burned area since the 80’s 

(San-Miguel and Camia 2009; San-Miguel-Ayanz et al. 2012a), in the last decade these countries have suffered 

some of the most devastating fire events ever recorded, as was the case of Portugal in 2003 and 2005, Spain in 

2006 and Greece in 2007 (Boschetti et al. 2008; Carvalho et al. 2010; Marques et al. 2011; San-Miguel-Ayanz et al. 

2013). Burned area extent shows strong annual fluctuations, as it is closely related to meteorological conditions 

(Amraoui et al. 2013; EC 2011, 2012 ; San-Miguel-Ayanz et al. 2012a, Trigo et al. 2006). Most burned area in this 

region occurs in the summer months, when temperature is high and precipitation is low, conditions that favour 

fire incidence (e.g. Pereira et al. 2005; Trigo et al. 2006). Additionally, the majority of burned areas are 

concentrated in a short period of time and correspond to a very small proportion of the total number of fires (EC 

2012; San-Miguel-Ayanz et al. 2013).  

Besides weather, other strong determinants of burned area in Southern Europe have been identified, specially fuel 

(e.g. Alvarez et al. 2012; AntonioVega et al. 2006; Fernandes 2009; Pausas and Paula 2012), topography (Mermoz 

et al. 2005; Viedma 2008), as well as human activities (Leone et al. 2009; San-Miguel-Ayanz et al. 2013). Fuel 

structure and flammability are primary conditions for fire spread (Pausas and Paula 2012) and fuel treatments 

have been found to decrease wildfire size (Baeza and Vallejo 2008; Boer et al. 2009; Pinol et al. 2005). 

Topographic features affect not only the vegetation structure but also rate of spread, with steeper slopes 

promoting a faster spread of fires (Carmo et al. 2011). The availability of ignition sources is particularly important, 

and partially explains the differing burned area extent in neighboring regions displaying similar weather 

conditions (San-Miguel-Ayanz et al. 2013). The recent tendency for extending the wildland-urban interface (WUI, 

Lampin-Maillet et al. 2011; Romero-Calcerrada et al. 2010), where vegetation available to burn and ignition 

sources co-exist, is another reason for the heterogeneous distribution of burned area, also due to increased 

difficulties in fire-fighting operations within the WUI (San-Miguel-Ayanz et al. 2013).  
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The suppression of large fires may require the intervention of transnational efforts and a strong international 

collaboration. Despite the timely allocation of resources to the affected areas, fire extinction efforts become 

ineffective beyond a certain fire size, and only the improvement of weather conditions help extinguishing the fire 

(San-Miguel-Ayanz et al. 2013). Furthermore, fires are not hampered by political borders and the same fire can 

affect adjacent regions or countries; for this reason, Portugal and Spain have a bilateral agreement to reinforce 

aerial means and ground forces for fire-fighting operations on both sides of the border, up to 15 km each side, 

which were activated, for example, in 2009 (EC 2010) and 2010 (EC 2011). 

In this context, a broad-scale assessment, at transnational level, of the conditions that explain burned area 

distribution in Southern Europe is appropriate. The spatial distribution of burned areas varies largely from year to 

year (San-Miguel-Ayanz et al. 2009), by means of the combination of the above-mentioned parameters, which 

change across space and through time, as in other regions of the globe (Archibald et al. 2009).   

The purpose of this study is, thus, to analyse the spatial patterns of burned area in a long-term perspective, using 

data from the last decade (2000-2010). It intends to identify the main drivers of burned areas, focusing on those 

factors that remain constant for months or years (Jappiot et al. 2009; San-Miguel-Ayanz et al. 2003) and on 

average conditions during the study period. The specific objectives of this study are: 

i) To analyze the spatial variability of burned area in Southern Europe 

ii) To identify the main structural factors that influence burned area across Southern European countries  

iii) To investigate the local and regional variations of the importance of the variables throughout the study 

area 

 

Additionally, this study provides the opportunity to assess the similarities and differences regarding the most 

important determinants of burned areas and fire ignitions, as comparisons with a previous study which explored 

the spatial patterns of fire density, based on number of fires, in an analogous study area and timeframe (this 

thesis, 3.1.), can be done.  

In view of the above, and bearing in mind the potential influence of country-specific characteristics to the 

performance of broad-scale models, burned area distribution in the region was explored using Geographically 

Weighted Regression. This method allows for the investigation of local and regional influences otherwise not 

captured by global models, and it’s a valuable complement to broad-scale spatial analysis.  

The identification of the most fire-prone areas in the region, based on the underlying structural factors that drive 

burned area incidence in the long-term, provides valuable information for fire prevention, and can contribute to 

enhance the coordination of transnational efforts, directing their actions to the most susceptible areas in case of 

extreme, and uncontrollable, weather events.    

 

Materials and methods 

Study area 

This study was carried out for the countries in Southern Europe, where data on burned area have been collected 

from remote sensing images for at least 10 years. It corresponds to a geographical area that stretches from 

Portugal in the west, to Bulgaria and Greece in the East, being mostly bordered by the Mediterranean Sea in the 

South. For France, only the most southern part is included and Turkey and Cyprus were excluded, due to large 

areas with missing data (Fig. 1). The study domain covers mostly Mediterranean-type conditions, but regional and 

local variations exist, in association with topographic features and socio-economic and demographic conditions, 

that vary widely within the study area (e.g. Eurostat 2012; Roekaerts 2002).  

 

 
Fig. 1 – Countries that belong to the study area. PT-Portugal, ES-Spain, FR-South of France, IT-Italy, Sl-Slovenia, HR-Croatia, BA-Bosnia 

Herzegovina, RSK-Serbia & Kosovo, BG-Bulgaria, ME-Montenegro, MK-FYROM/Macedonia, AL-Albania, GR, Greece 
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Response variable  

The response variable was derived from the burned areas mapped within the European Forest Fire Information 

System (EFFIS). Since 2000, fire perimeters have been retrieved from MODIS images at 250m resolution, 

obtaining the burned areas of at least 40ha in size, which corresponds to over 70% of the whole area burned per 

year (Boschetti et al. 2008; San-Miguel-Ayanz et al. 2012b). The fire perimeters retrieved from 2000 until 2010 

were used, to calculate the mean burned area for a period suitable for long-term analysis (11 years). A reference 

grid available for Europe at 10km (EEA 2011), the spatial resolution of the model, was superimposed over the fire 

perimeters and the area burned in each cell was calculated per year, to account for the possibility of fires 

occurring in the same area during the study period. The mean area burned in these 11 years in each cell was then 

evaluated against the expected burned area, following the procedure applied for Sub-Saharan Africa by Sá et al. 

(2011). This was a necessary step to adjust the values to the variation in burnable area within the study area. The 

burnable area, here called fire domain, represents the land area of the cell where fires can potentially occur, 

assuming that there are specific land cover types where fires are not present. This filtering was done based on 

exploratory analysis of the location of fires in relation to land cover and topography, as explained in detail by 

Oliveira et al. (2012). In brief, the fire domain corresponds to the Corine land cover classes classified as Wildland 

(forested and natural vegetated areas) or Non-Wildland areas (agricultural and less vegetated areas that can also 

burn) which are located up to 2000 m of altitude. From the total area of the pixel (10x10km), the land cover 

classes that are neither wildland nor non-wildland, such as water bodies, bare rocks and continuous urban 

surfaces, and all the area above 2000 m altitude were excluded. The response variable then corresponds to a 

deviance from the expected burned area of the whole study area, as follows: 

BA=b-f*B/F 

with b being the mean burned area between 2000 and 2010 in the cell, f the fire domain area of the cell, B the 

mean burned area of the whole study area in the same period and F the total fire domain extent. 

 

Explanatory variables 

Burned areas and fire spread are usually associated with physical variables, among which weather, vegetation and 

terrain represent the main drivers (Pyne et al. 1996; Syphard et al. 2008). However, the specific context of fires in 

Mediterranean Europe, where the large majority of fires result from human activity (e.g. Leone et al. 2009; 

Romero-Calcerrada et al. 2010; San-Miguel and Camia 2009), implies the integration of anthropogenic variables 

for a comprehensive assessment. Both physical and human variables were collected from differences sources, 

including climatic variables, land cover (vegetation), topography, population density and livestock. The selection 

of the explanatory variables followed several criteria:  

a) the data had to represent static factors 

b) the data had to be harmonized and available for the whole study area;  

c) the influence of the variable with burned areas was potentially strong, based on literature and expert 

knowledge. 

 

Regional data existing specifically for Europe were usually preferred; however, we were sometimes confronted 

with missing data matching the criteria defined, particularly from statistical sources. This is a rather common 

issue when developing models at large scales; (Benndorf 2007; Chuvieco et al. 2008). This difficulty was overcome 

by selecting instead reliable and harmonised data existing at global scale, even if at lower resolutions. This option 

was necessary to avoid excluding specific countries of the study area due to missing variables, creating spatial 

discontinuities that could affect the performance of the model. A total of 17 explanatory variables were collected 

and transformed to a continuous scale at 10 km; one value per cell was obtained, using the reference grid (EEA 

2011). 

 

Land cover 

Vegetation cover is a fundamental component of the fire process and is recognized as a strong determinant of 

burned areas (Lampin-Maillet et al. 2011; Moreira et al. 2009; Nunes et al. 2005; San-Miguel-Ayanz et al. 2012). 

Land cover, representing the distribution of natural land features and their interaction with human elements 

(Heymann et al. 1994), is used as surrogate of vegetation types. 

Land cover data was obtained from Corine Land Cover 2000 (EEA-ETC/TE, JRC, 2002) and the land cover types 

with a potential association with burned areas were aggregated into six categories: forest, shrubland, grassland, 

other natural areas, agricultural areas and wildland urban interface, represented by the discontinuous urban 

surfaces adjacent to urbanised areas. It is expected that certain land cover types are positively correlated with fire 
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occurrence, such as shrubland or forest, while agricultural areas are expected to have a negative association with 

burned areas (Carmo et al. 2011; Moreira et al. 2009, 2011; Nunes et al. 2005). The wildland urban interface, 

where ignition sources and burnable vegetation co-exist, is expected to have a positive association with burned 

area (Lampin-Maillet et al. 2011). The proportion of each land cover category in the grid cells was obtained and 

represents an individual covariate. 

 

Net Primary Productivity (NPP) 

NPP corresponds to the photosynthetic accumulation of carbon by plants (Potter et al. 2012); it represents plant 

biomass converted from light energy, after discounting the energy that is lost with plant respiration (Heinsch et al. 

2003). This means that higher NPP values represent a larger volume of organic matter, thus more vegetation is 

available. Values of NPP were obtained from NASA MODIS data (MOD17A2/A3 product), at 1 km resolution and in 

a yearly basis. The annual net primary productivity per pixel, measured in kg C day-1, corresponds to the sum of 

the cumulative daily Gross Primary Productivity, discounting the costs associated with leaf and root maintenance 

and growth respiration. The mean annual NPP value between 2000 and 2010 was calculated and then aggregated 

at 10 km, obtaining the mean value per cell. 

 

Topography: roughness and radiation 

The topographic features influence the local climatic conditions and affect the composition and flammability of 

vegetation, as well as their spatial patterns (Syphard et al. 2008; Whelan 1995). The effects of elevation and slope 

were combined in a single variable by calculating roughness, which represents the amount of land surface 

variability of a particular area (Stambaugh and Guyette 2008) and is a proxy for describing the potential of 

terrestrial propagation (in this case fire spread) related to topographic variability. Roughness was calculated as 

the ratio between the surface area and the planimetric area based on the DEM for Europe available at 1km (Jarvis 

et al. 2008; Reuter et al. 2007) and using GIS tools (Jenness 2004). Roughness values were aggregated at 10 km 

based on average and maximum values, creating two new layers. 

Radiation refers to the amount of direct and diffuse radiation that reaches a place on the Earth’s surface, and 

reflects the combined effects of slope and aspect. Radiation values were calculated with GIS tools from the 

elevation layer. The study area was divided in sub-regions and radiation was calculated for each sub-region, based 

on the average latitude and with the following conditions: 8 zenith divisions, 8 azimuth divisions and 32 azimuth 

directions, in standard overcast sky (varies with zenith angle) and the diffuse proportion and transmissivity set 

for clear sky. It was calculated for the whole year 2010 with monthly interval, aggregated in one layer. 

 

Climate 

Climatic variables, particularly temperature and precipitation, have been recognized as strong determinants of fire 

activity (Armenteras-Pascual et al. 2011;  Bowman et al. 2009; Bravo et al. 2010; Carmel et al. 2009; Carvalho et al. 

2010; Le Page et al. 2007; Syphard et al. 2008; Vilar et al. 2010). Temperature and precipitation directly affect 

vegetation growth and moisture, thus influencing the likelihood of a fire to start and spread. The ensembles of 

daily gridded observational dataset from E-OBS (Haylock et al. 2008) were retrieved for the period 1995-2011. 

We selected this dataset due to its resolution, the availability at European scale and because the time-series covers 

the period of analysis of the burned area data. Monthly maximum temperature and precipitation were obtained 

per month at a resolution of 0.25 degrees (approx. 28 km) and downscaled to 10km based on inverse distance 

weighted interpolation. Both temperature and precipitation values were divided in two seasons: June to October 

(summer) and the other months (non-summer), following the results from statistical analysis of the number of 

fires and burned areas within the region (San-Miguel-Ayanz et al. 2012). During the summer season, temperature 

is usually high and precipitation values are low in Southern Europe, conditions that favour fire spread (Pereira et 

al. 2005). In non-summer season, precipitation is typically higher, contributing to vegetation growth and to an 

increase in fuel availability, positively correlated with fire (Pausas 2004; Oliveira et al. 2012). Average maximum 

temperature and cumulative precipitation were obtained for both seasons. 

 

Population density 

Population density can have dissimilar effects in fire occurrence and burned areas. On the one hand, wildland fire 

is more frequent in areas with intermediate levels of human activity (Lampin-Maillet et al. 2011), reflecting the 

offset between availability of ignition sources and fuel in these areas. Population density is also used to assess 

direct anthropogenic effects, related to fire ignition and suppression, both increasing with population density 

(Pechony and Shindell 2010). It is expected that higher population density will result in decreased burned areas 
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due to the reduction of burnable vegetation (Archibald et al. 2009; Lampin-Maillet et al. 2011; Sá et al. 2011). 

Population density was obtained from the gridded population of the world 2000 (v3, CIESIN et al. 2003) at 2.5 arc-

minute resolution, aggregated at 10km to retrieve the average value per cell.  

 

Livestock density 

Previous studies identified livestock density as a potential driver of fire activity, either by increasing ignitions and 

burned areas due to burning for pasture management (Koutsias et al. 2010; Martínez et al. 2009; Oliveira et al. 

2012), either by decreasing fire occurrence due to overgrazing of fine fuels by goats and sheep (Romero-

Calcerrada et al. 2008; Sebastián-López et al. 2008). Data on cattle, sheep and goat densities, associated with 

outdoor farming activities and pasture management, were obtained from the gridded livestock of the world 2007, 

at 3 arc-minute resolution (Wint and Robinson 2007). These data are harmonized from national statistics and 

standardized by the amount of land suitable for livestock production. The densities from the three types of 

animals were summed and aggregated at 10km based on the average within the grid cell. 

Colinearity among predictors was assessed by calculating the Pearson product-moment correlation. From the 

initial set of 17 variables, the variables with correlation above 0.7 with other explanatory variables were excluded 

and only those with a minimum correlation with the response variable were considered. The variance inflation 

factor (VIF) was subsequently calculated for the remaining variables to confirm the absence of collinearity, with 

VIF values below 2.  

 

Geographically Weighted Regression 

The relationships between the response and the explanatory variables were explored with Geographically 

Weighted Regression (GWR, Fotheringham et al. 2002). This method has been previously applied in fire studies 

(Koutsias et al. 2010; Sá et al. 2011) and showed a better performance than global models using Ordinary Least 

Squares. GWR integrates non-stationarity when analysing the association between the variables, since it calculates 

a regression coefficient for each observation in the model (Fotheringham et al. 2002). This allows for the analysis 

of the variation of the explanatory power of the variables throughout the study area, providing indications of the 

relative importance of each factor in specific areas.  

GWR (version 3.0, Fotheringham et al. 2002) was applied to the study area and a comparison with Ordinary Least 

Squares (OLS) was carried out. In a first stage, only the 4 variables with higher correlation with the response 

variable were initially integrated and the robustness and suitability of the model were assessed. This is consistent 

with the methodological option of developing a parsimonious model, with the purpose of reducing the constraints 

related to data availability at a broad level and to facilitate the analysis of the influence of individual variables. 

Other authors developed models with a reduced set of variables and achieved interesting results; Sakr et al. 

(2011) used two weather parameters (relative humidity and cumulative precipitation) to predict forest fire risk 

with data from Lebanon, with the purpose of developing an efficient and low-cost prediction system that could be 

used in developing countries, with low resources. Catry et al. (2009) developed a model to predict fire ignition 

probability in Portugal using 4 variables: population density, landcover, distance to roads and elevation, obtaining 

good accuracy at national level. In case the initial model indicated missing factors in particular areas, additional 

variables were integrated and the performance of the model re-assessed. 

The bandwidth was obtained by minimizing the corrected Akaike information criterion (AICc) with a sample of 

50% of data. The local statistical significance of the coefficient estimates was assessed with a t-test and the 

distribution of the significant variables and the values of R2, which give indication of the model fit in each cell, 

were mapped using GIS tools.  

Since the purpose of this study was to explore the relative importance of the variables in explaining the spatial 

distribution of burned areas, rather than prediction, the same dataset was used to calibrate the model. This results 

in the increase of the degree of dependency rate and a higher family-wise error rate, derived from the multiple 

hypotheses testing. These effects were reduced by adjusting the significance levels of T-values using the formula 

by Byrne et al. (2009). 

 

Spatial autocorrelation 

To determine whether the models (OLS and GWR) account for the spatial structure of the response variable (e.g. 

Dormann et al. 2007), spatial autocorrelation was tested by analyzing clustering in the model residuals and by 

building semivariograms (plots of the semivariance as a function of distance) of the response variable and the 

residuals of both models.  
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Results 

Burned area 

Mean annual burned area varied widely between and within countries (Fig. 2). The highest values are found in 

western Iberia and western Greece. South Italy, particularly the larger islands, and southwest Balkans showed 

localized hotspots of burned area. 

 

 
Fig. 2 – Distribution of the response variable in the study area. Burned area (mean/km2/year) corresponds to a deviance in relation to the 
expected mean burned area of the whole study area. The negative values represent the areas where mean annual burned area of the cell was 
below the expected for the whole area 

 

Explanatory variables 

From the initial set of 17 variables, seven were selected (Fig. 3), based on the absence of collinearity with other 

predictors and the degree of correlation with the response variable.  

From the final seven covariates, four variables were selected to integrate the initial model, two from the landcover 

category and two regarding climate. These variables showed the higher correlation with the response variable: 

shrubland (shrub), NPP (npp_avg) and precipitation non-summer (prec_nfs), except summer temperature 

(tmax_fs), which was nevertheless included, considering its potential association with burned areas, recognized in 

the literature (e.g. Balshi et al. 2009; Pereira et al. 2005; San-Miguel-Ayanz et al. 2009). 

 

 
Fig. 3 – Correlogram of the response variable (ba) and the non-collinear explanatory variables. The position of the filled part of the pie graphs 
on the left shows the direction of the association: to the right means positive (blue color), to the left means negative (red color). The 
scatterplots on the right show the paired distribution of the observations for each variable in relation to the response and the other 
covariates. 
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Fig. 4 – Spatial distribution of the vegetation and climatic covariates selected: a) Shrubland, b) NPP, c) Non-summer precipitation, d) Summer 
temperature 

 

 

The distribution of the four variables evidences spatial correspondence with the distribution of burned areas (Fig. 

4). Over 55% of the burned cells occurred where shrubland covered at least 20% of the cell; around 58% of the 

burned cells had at least 0.8 (kgCm2) NPP and 62% had a temperature above 25º. With precipitation the 

correspondence is less clear but 45% of the burned cells showed a mean precipitation of at least 500mm. Visual 

inspection of the figures above suggests that, where non-summer precipitation is higher, the number of burned 

cells is also high, as well as the amount of burned area within the cells, particularly in NW Iberia and in the 

western part of Balkans and Greece.  

 

Global model with OLS 

The global OLS model, applied to 16912 observations with 4 explanatory variables, showed a R2 of 0.11. The low 

fit of the model, given by the R2 value, may indicate the existence of spatially varying relationships that are not 

captured by the global model, as well as that there are missing variables in the model, that could potentially 

explain burned area throughout the entire study area. These results suggest that local or regional factors 

influencing the response, which are not captured by OLS, may exist. The output of the model is presented in Table 

1. 

Table 1 – Estimate, standard error (SE), T-value (T) and Variance Inflation Factor (VIF) for the variables 

 

 
 

 

In spite of the low fitness of the model, the T value statistic is a valuable indication of the global significance and 

direction of association of each variable. All covariates showed a positive association with burned area, with non-

summer precipitation (prec_nfs) and shrubland (shrub) showing the highest significance, while NPP had the 

lowest T value. VIF values close to 1 indicate the absence of collinearity problems. 

 

 

 

Parameter Estimate SE T VIF

Intercept -1.446 0.053 -27.099 ─

shrub 0.736 0.031 23.855 1.01

npp_avg 0.140 0.021 6.576 1.30

tmax_fs 0.030 0.002 16.775 1.22

prec_nfs 0.001 0.000 29.054 1.48

a) b) 

c) d) 
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Regional and local variations with GWR 

The main reason for applying GWR was to explore the spatial patterns of burned areas and their main drivers, and 

assess if the influence of the explanatory variables changes throughout the study area.  

The results obtained with GWR show that 37% of the variance in burned areas is explained by the model overall. 

In spite of the low global R2 value, the GWR model showed a significant improvement in relation to OLS, tested by 

the F statistic (F=15.03, df ols=9, df gwr=16297, p<0.001). The distribution of R2 values within the study area 

show large variability, with higher values (above 0.5) concentrated in NW Iberia, north Italy and west Balkans 

(Fig. 5). Around 50% of the cells show a R2 between 0.3 and 0.5 and 25% above 0.5. 

 
 

Fig. 5 – R-square values in the study area 

 

The areas with higher R2 are largely coincident with the grid cells with higher number of significant variables (Fig. 

6). When assessing the most significant variable, shrubland appears first, with 49% of the cells with at least one 

significant variable, specifically throughout Portugal, southwest of Spain, Sicily and Western Balkans, where the 

association was positive, except in Sardinia (Italy), where the association was negative. Non-summer precipitation 

is the most significant variable for 40% of the cells, particularly evident in northwest Iberia, central-east Portugal, 

south of Greece and southwest Balkans, with a positive association, excluding Sicily (Italy), which shows a negative 

relationship. NPP accounts for 10% of the cells with at least 1 significant variable, particularly in northern Greece, 

and summer temperature only 1% (Fig. 7).    

 
Fig. 6 - Number of significant variables 
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Fig. 7 - The most significant variable, assessed with the highest absolute T value among the variables, and the direction of the association 
between the covariate and the response variable 

 

Spatial autocorrelation 

The values of the residuals are similar for both models but the spatial patterns show higher clustering for OLS in 

relation to GWR (Fig. 8). The distribution of the residuals for GWR is less structured than OLS, giving indication 

that no relevant variable is missing from the analysis.  

 

 

Fig. 8 – Spatial distribution of the residuals of OLS (top) and GWR (bottom) models 
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Spatial autocorrelation is evident for the dependent variable up to 600 km lag (Fig. 9), with the semivariance 

decreasing afterwards up to around 1500 km, beyond which it increases again. The residuals of the OLS model 

follow a similar pattern, whereas GWR residuals show lower values and a flat semivariance line up to 2000 km 

distance, suggesting a better performance of the GWR model in incorporating the spatial structure of the response 

variable.  

 
Fig. 9 – Semivariogram representing the response variable (black), the OLS residuals (red) and the GWR residuals (green) 

 

 

After assessing the performance of the model with only 4 variables, the other non-collinear variables, namely 

wildland-urban interface (wui), agricultural areas (agric) and livestock, were integrated. The GWR model showed 

a similar level of fit, with an overall R2 of 0.4, and a similar distribution of the R2 values and of the estimates in the 

territory. The OLS model showed a very low T value to the additional 3 variables (Table 2), indicating a very weak 

influence of these variables in explaining the variance of burned areas in the study area.  

 
Table 2 – Estimate, standard error (SE), T-value (T) and Variance Inflation Factor (VIF) for the variables 

 

 
 

 

 

Discussion 

The analysis of burned areas in Southern Europe in the last decade revealed a strong spatial variability, reflecting 

the variations of the influencing variables across the region. The application of GWR provided valuable indications 

of the variations in the explanatory power of the studied factors and showed, overall, a better performance than 

the global OLS model.  The potential of GWR as a sound complementary method for assessment of fire at a global 

scale has been shown beforehand by Koutsias et al. (2010) and Sá et al. (2011), including the better integration of 

spatial autocorrelation in the GWR model in relation to OLS. Regardless of the value of overall fit of the GWR 

model, it represented a significant improvement in relation to the OLS model, most likely due to its capacity of 

Parameter Estimate SE T VIF

Intercept -1.447 0.054 -26.922 ─

wui -0.164 0.110 -1.500 1.06

shrub 0.728 0.037 19.841 1.44

agric 0.001 0.023 0.060 1.70

npp_avg 0.143 0.022 6.611 1.33

tmax_fs 0.030 0.002 15.352 1.47

prec_nfs 0.001 0.000 28.792 1.51

livestoc 0.000 0.000 -0.084 1.06
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integrating spatial non-stationarity in the analysis (Fotheringham et al. 2002). In fact, one of the limitations of 

models at global scale relates to the assumption that the variables will have the same level of importance in 

explaining the response, throughout the entire region or continent(s), which is unlikely for large study areas 

(Koutsias et al. 2010; Prasad et al. 2006). 

It is clear that, despite representing average conditions over the 11 years studied, the spatial patterns of burned 

areas reflect the extreme fire seasons occurred during this decade. This is particularly evident in the concentration 

of high values of area burned in northwest Iberia and south of Greece, a result of the exceptional circumstances 

verified in 2003 and 2005 in Portugal, 2006 in northern Spain and 2007 in Greece (e.g. San-Miguel-Ayanz et al. 

2013; Trigo et al. 2006).  

The model included only four variables, two related to land cover and two related to climatic conditions. Our 

results show that the integration of additional variables, namely livestock density, proportion of wildland-urban 

interface and proportion of agricultural areas, was not reflected in a relevant change in the spatial patterns of the 

estimates, nor a better performance of the model. This means that the development of a parsimonious model, with 

few parameters, is a valid option, as shown as well by other authors (Catry et al. 2009; Sakr et al. 2011; Vilar et al. 

2010). It allows focusing on a reduced set of variables, facilitating data collection and the assessment of their 

individual effects in the response variable.  

The proportion of shrubland in the grid cells was the most significant variable for nearly 50% of the area where 

significant variables were found, the majority with a positive association. This result agrees with previous studies, 

which remark the susceptibility to fire of this vegetation type (Carmo et al. 2011; Moreira et al. 2009, 2011; 

Oliveira et al. 2013; San-Miguel-Ayanz et al. 2012). In Sardinia, however, the association of burned areas with 

shrubland was negative, which can be due to the co-existence of other fire-prone vegetation types in the cells, or to 

the topographic characteristics where shrubland predominates. The examination of the explanatory variables 

uncovered the spatial coincidence of most burned areas in Sardinia with grassland areas, indicating that this land 

cover type was the most-affected. Additionally, the areas where the proportion of shrubland was higher showed, 

overall, higher roughness, thus accessibility to the areas is reduced, which can justify the low fire incidence.  

NPP was the most significant variable in 10% of the cells, more evident in northern Greece, with a positive 

association with area burned. NPP is not particularly high in the area, likely related to the predominance of 

shrublands; however, since the area burned is rather low, even small changes in NPP can be considered significant 

to fire incidence in the area.  

Non-summer precipitation was the most significant variable for 40% of the cells where significant variables were 

found, with a positive association except in Sicily. The influence of precipitation outside the main fire season (that 

generally corresponds to the summer period) in fire occurrence has been previously discussed. Precipitation 

contributes to vegetation growth and to the increase in fuel loads that will be available to burn in the dry season, 

thus it has a positive association with fire occurrence (Bravo et al. 2010; Drever et al. 2008; Moreno et al. 2011; 

Pausas 2004). In Sicily, however, the relationship of non-summer precipitation with burned areas is negative, 

which can be due to the predominance in the island of high proportions of agricultural areas, managed by people, 

thus the effects of precipitation over fuel accumulation are not obvious; besides, agricultural areas are a landcover 

type less susceptible to burn (Carmo et al. 2011; Moreira et al. 2009; Oliveira et al. 2013). Oliveira et al. (2012) 

also found that non-summer precipitation was the most important variable explaining fire density, related to 

ignitions, in Southwestern Mediterranean countries. In a study where GWR was applied to explore fire density 

variation in two regions of Southern Europe (Oliveira et al., this thesis 3.1), non-summer precipitation was also the 

most significant variable in specific areas of both regions. This suggests the importance of non-summer 

precipitation in explaining the spatial patterns of both number of fires and burned areas. On the other hand, 

average temperature, although one of the significant variables in specific areas, was found to be the most 

significant in only 1% of the cells. This is most likely due to the use of average climatic conditions that smooth the 

effect of high temperatures in burned area incidence. This is an acceptable trade-off in the development of long-

term models; the effect of temperature is very obvious when analyzing dynamic indexes, such as fire danger in a 

daily basis, which show that fluctuations in temperature are highly correlated with fire (Amatulli et al. 2009; 

Camia et al. 2006, 2008; Camia and Amatulli 2009). In long-term models, however, this influence is less clear; 

Oliveira et al. (2012; this thesis 3.1) also found that temperature was not the most important variable in explaining 

fire density in the long-term, although still relevant overall.  

The human-related parameters integrated in the second model were found to have low relevance to area burned, 

unlike what was found in studies about fire ignitions (Badia et al. 2011; Catry et al. 2009; Ganteaume et al. 2012; 

Oliveira et al. 2012; Romero-Calcerrada et al. 2008). Our results indicate a strong influence of climatic variables 

and landcover in area burned in Southern Europe, in agreement with previous studies (e.g. Carvalho et al. 2010; 

Good et al. 2008; Moreira et al. 2009, 2011; Nunes et al. 2005; Pausas 2004; Pausas and Paula 2012). 
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The performance of the GWR model favors specific areas, where area burned was higher, whereas large areas 

where none of the explanatory variables was significant were also evident. This implies that non-linear 

relationships or hidden local factors may exist, that GWR could not capture. These factors may be linked to 

country-specific fire management strategies and fire-fighting operations, which are primarily defined by national 

policies (Montiel and San-Miguel 2009). Therefore, this line of investigation should be pursued in future studies, to 

uncover other potential local causes for variations in area burned in the region, provided that these variables are 

available in a scale suitable for broad-type assessment.   

 

Conclusions 

This study investigated the spatial patterns of burned area in Southern Europe and explored the varying influence 

of its main drivers. GWR was applied for this purpose and showed a better performance than the global OLS 

model, capturing local patterns and specific spatial attributes of the explanatory variables. The model included a 

reduced set of structural variables, representing climatic and vegetation conditions, and the integration of 

additional anthropogenic variables did not change the patterns of the estimates or the overall performance of the 

model.  

The proportion of shrubland and non-summer precipitation were the most significant variables in the majority of 

the area under evaluation. Their significance was particularly evident in northwest Iberia and western Balkans, 

while NPP was the most significant variable in northern Greece. The identification of the main determinants of 

area burned in specific areas within the region can contribute to the adaptation of fire prevention strategies, 

towards a higher efficiency of fire planning and preparedness operations. Hence, further studies that explore the 

potential influence of local variables in area burned should be encouraged. Moreover, the common features 

between countries, also evidenced in global scale models, can provide shared experiences and collective solutions 

that strengthen the coordination efforts at transnational level. 
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This thesis contributes towards a deeper understanding of the environmental factors that 

drive fire occurrence in Southern Europe. The assessment at broad scale, applied to a wide 

study area represented by the countries located on the borders of the Mediterranean Sea, is 

useful to clarify the primary fire-environment interactions. Bearing in mind the widespread 

nature of fire, a phenomenon that occurs in so many places on Earth, this large-scale 

assessment allowed uncovering those features and factors that are common among the 

countries within the region. This investigation showed the importance of the climatic 

conditions, mainly precipitation, and the predominance of specific landcover types, such as 

shrublands and grasslands, as main determinants of fire occurrence throughout the region, 

although at different extents. Anthropogenic factors, represented by roads, population 

density or agricultural activities, are particularly relevant in explaining the patterns related 

to the start of a fire, confirming human activities as major sources of ignitions all over the 

region. This transnational perspective is extremely valuable to strengthen international 

collaboration in fire prevention and fire-fighting strategies, particularly at a time when 

climatic changes are expected to bring additional challenges and an increase in extreme fire 

events in the future. It is also clear that studies at broad scale are still limited by the 

availability of harmonized and reliable data. This requires a search for alternative approaches 

and fosters the use of recently advanced techniques of analysis and modeling, sometimes 

coming from different scientific domains. The studies presented in this thesis followed this 

premise, in an attempt to show the validity of specific methods for fire occurrence 

assessment at this scale and for this study area, in spite of the difficulties in obtaining 

appropriate data. The application of a particular calibration procedure to estimate fire 

density based on kernel methods, the use of Random Forest method to assess fire occurrence 

likelihood and the application of Geographically Weighted Regression to explore regional and 

local patterns at broad scale proved suitable and very valuable.  

 

This research also showed that fire drivers in the region change locally and regionally. 

Indeed, the underlying factors of fire occurrence were found to vary across space and their 

importance reached different extents. This variability depends on several factors, among 

which country-specific socio-economic and demographic conditions, as well as national fire 

planning and operational activities, can play a major role.  

 

In view of the results obtained from this research, some suggestions to support policy-makers 

and fire managers can be outlined. First, the importance of climate and vegetation type to the 

overall fire activity in the long-term must be underlined. Since climatic conditions cannot be 
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put under control, the implementation of vegetation management measures assumes an 

important role in reducing the likelihood of large fires. It must be borne in mind that these 

measures should not undermine the intrinsic relationship between fire and the underlying 

environmental conditions, recalling fire as a vital component of many ecosystems. Second, the 

predominance of human-related ignitions is an essential consideration in any fire 

management strategy for Southern Europe. The regulation of the spread of urbanization into 

neighboring natural areas, the reverse of detrimental land use modifications and rural land 

abandonment tendencies verified in the last decades, and a stronger and widespread public 

awareness of the influence of agricultural and recreational activities on fire occurrence, are 

focal areas for action. Third, in face of the constant difficulties related to limited resources at 

local, national or international levels, fire prevention measures and the allocation of fire 

suppression means should target, first of all, the most-fire prone areas in the region, as well 

as those areas where fire impacts would be more devastating, the latter a matter not covered 

in this thesis. Finally, fire management approaches should be adjusted to the particular 

characteristics of fire occurrence in different locations, as shown by the studies integrated in 

this thesis. The adoption of country- or region-specific fire management actions, adapted as 

well to the human and physical conditions of each area, could increase the efficiency of the 

measures adopted, and help reducing the occurrence of serious, even life-threatening, events. 

 

The ongoing need for the development of data analysis techniques that provide better fire 

incidence estimates and a more comprehensive understanding of the fire phenomenon in this 

region, encourage additional research. Future studies should further explore what explains 

fire occurrence throughout the region and identify other potential reasons (local or not) for 

fire to occur at certain points in space. The models presented can be improved as better and 

more reliable data becomes available at this scale, and the analysis at different resolutions 

could show differing results regarding the significance of the parameters considered, an issue 

that should also be focus of attention. The analysis of fire occurrence across time is another 

relevant topic, complementary to spatial assessment, reinforced by changes in fire 

susceptibility in different periods, uncovered by previous research.  

 

These topics of investigation would complement the contributions given by this research 

work, towards an enhanced ability to face the potential challenges related to living with fire 

that are here now, or ahead of us. 
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