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1. Introduction 1 

Wildfires have historically been one of the primary forces shaping ecosystems (Bond and 2 

Keane, 2017; Greene and Michaletz, 2015). In Mediterranean countries specifically, fire 3 

has been used as a management tool to control forestry. Nonetheless, the economic 4 

viability of forestry has declined due to the crisis in traditional primary activities that 5 

began in the second half of the 20th century. This has caused a change in the structure of 6 

forests, the model of urban occupation in a large part of the Mediterranean regions, and 7 

the manner of relating to fire. The agroforest mosaic that dominated the landscapes of the 8 

Mediterranean basin and the intensely productive relationship between the inhabitants 9 

and the environment have been transformed into a landscape polarized at two extremes: 10 

on one hand, the extensive urban zone and/or Wildland-Urban Interface (WUI) (USDA 11 

2001; Stewart et al. 2007) where the population resides, and on the other, natural spaces, 12 

primarily wooded and often delimited by protective boundaries that have recreational and 13 

conservation functions.   14 

The term ‘landscape’ implies the natural, cultural, and visual elements of an area. In this 15 

paper we use ‘landscape’ to mean “an area […] perceived by people, whose character is 16 

the result of the action and interaction of natural and/or human factors” (Council of 17 

Europe 2016). The objective of this paper is to determine how WUI vulnerability to 18 

wildfires varies by area, depending on the dynamics of land use and land cover change 19 

(LULCC), and by the frequency of fire ignition. In this paper, we compare three case 20 

studies in Catalonia which have diverse driving forces in terms of LULCC. There is a 21 

strong association in Catalonia between the occurrence of large burned areas and distance 22 
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to the nearest WUI (Modugno et al. 2016). The biophysical aspects of land cover and 23 

meteorological properties are not considered in this paper.  24 

The hypotheses of this research are: a) there were LULCCs in the three study areas 25 

between 1993 and 2009, b) the factors affecting LULCCs are not the same in each area, 26 

and c) LULCCs and different dynamics affect wildfire behaviour in WUI and so 27 

vulnerability in the three study areas.  28 

Wildfires in WUI are complex phenomena. As fires are expected to become more severe 29 

in the future (Flannigan et al. 2013), studying the structures and relationships between 30 

people and WUI that perpetuate this problem is one of the foremost challenges of forest 31 

fire management. Several important variables, such as urban sprawl, landscape value, and 32 

LULCC, have to be considered in this research (Fig. 1). 33 

 34 

Fig. 1. Conceptual Framework  35 

Urban sprawl is defined as the physical expansion of urban areas (Berry 1976; Indovina 36 

1990). Urban sprawl experienced high rates of growth in Europe in the twentieth and 37 

twenty-first centuries, , and was especially intense in Mediterranean countries (European 38 

Environment Agency, (EEA) 2006). Urban sprawl has modified the earth’s surface 39 

world-wide. The delimitation of urban sprawl is difficult to quantify in terms of the WUI, 40 

specifically because it is conceptualised as an urban development on the margins of the 41 

compact city (Henry 2004). For policy reasons, urban sprawl is defined as: 42 
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“the physical pattern of low-density expansion of large urban areas, […] 43 

mainly into the surrounding agricultural/rural areas” (EEA 2006). 44 

Urban sprawl lies at the centre of various processes and forces which generate conflicts 45 

about how people use the natural landscape (Herrero 2011).  46 

WUI involves a specific type of urban sprawl and, conceptually, relates only to forest 47 

areas. It emerged in the United States of America in the 1990s, following growing 48 

concern about the proliferation of human settlement in forest areas. The first mention of 49 

this new type of increasingly frequent fire, was in California in the 1970s (Butler 1976). 50 

In general, the literature refers to a ‘wildland urban interface’, but the definition can be 51 

more specific, using the word ‘interface’, as the process wherein new homes are built, 52 

pressing against the wildland; and the word ‘intermix’ is also used, to mean single homes 53 

or other buildings scattered throughout the wildland area (Davis 1990, Stewart et al. 54 

2007). The most accepted definitions are those proposed by USDA and Stewart: 55 

“The WUI community exists where humans and their development 56 

meet or intermix with wildland fuels” (USDA 2001 p. 752-753).  57 

and  58 

“The WUI definition always includes three components: human 59 

presence, wildland vegetation, and a distance that represents the 60 

potential for effects.” (Stewart et al. 2007 p. 202). 61 

The WUI concept has been consolidated within the discipline (Vince et al. 2005). WUI 62 

comprises two territorial subsystems – wildland/forest and urban areas – and the 63 
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interactions established between them. WUI typologies are defined according to the 64 

following factors: land use, metropolitan and rural area mixture, forest density around 65 

WUI, road accessibility, potential progress of fire in the vicinity (both on the borders and 66 

inside the settlement), existing options for fire defence, exposure of houses to potential 67 

fire within the interface, and level of vulnerability (Myszewski and Kundell 2005; 68 

Caballero et al. 2007; Herrero 2011; Galiana-Martin et al. 2011; Badia et al. 2011).  69 

In parallel to processes in the USA, the management of European rural areas have 70 

enlarged the wildland urban interface, increasing the risk of forest fires (Viegas, 2009). 71 

Institutions and  research groups are therefore addressing their concerns to find solutions 72 

to this problem (Wildland-Urban Interface Forest Fire Risk Observatory and Interest 73 

Group in Europe (WUIWATCH); Wild land-urban Area Fire Risk Management 74 

(WARM)); and building decision support systems for fuel management and fire hazard 75 

reduction in Mediterranean wildland-urban Interfaces, FIRE STAR (CORDIS, n.d.; 76 

Galiana 2012). 77 

Institutionally, the increasing development of WUI areas has been of increasing concern, 78 

prompting planning policymakers to preserve landscapes in order to avoid greater 79 

impacts on territory and human lives. 80 

The role of landscape is a fundamental consideration in this study: on the one hand, there 81 

are biophysical changes to the landscape, and on the other, the value of a landscape as 82 

perceived by certain parts of the population. Approaches to the definition of ‘landscape’ 83 

vary within disciplines: from an ecological perspective, it is a mosaic of interacting 84 

ecosystems (Forman 1995; Turner 2005); from a wildlife perspective, it is a 85 
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heterogeneous distribution of habitat (Dunning et al. 1992); for the World Heritage 86 

Committee, it is a cultural property that represents the combined works of nature and 87 

people, and an expression of the lived history of the population that shapes their 88 

surroundings (UNESCO 2008); and for geographers, it involves the physical traits that 89 

configure land cover, and also has a subjective element related to the experiences, 90 

feelings and emotions that individuals or society might have in relation to it (Bertrand 91 

and Bertrand 2006; Nogué 2007).  92 

The concept of landscape units is a central point in this research. It helps us to define 93 

these areas with the set of landscape characteristics which is relevant to the way a fire is 94 

initiate and propagate. According Landscape Observatory of Catalonia, landscape units 95 

are: 96 

“Portion of territory characterised by a specific combination of landscape components 97 

of an environmental, cultural, perceptive and symbolic nature and with clearly 98 

recognisable dynamics which result in an individuality differentiated from the rest of 99 

the territory.” 100 

In comparison with politico-administrative borders and municipal boundaries, landscape 101 

units allow a better understanding of the characteristics and outcomes of a given territory.  102 

In the first quarter of the twenty-first century, the decreasing use of land for crops, 103 

livestock, and forestry represented the beginnings of a structural change in the landscape. 104 

The abandonment of farm fields and pastures, and the replacement of combustible 105 

vegetation with fossil fuels in buildings and vehicles, for example, have increased the 106 

forested area, which became a continuous mass of unmanaged fuels (Vélez 2000; Lasanta 107 
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et al. 2005, 2006; Badia et al. 2010). Forest mass increased in zones that were 108 

traditionally occupied by farm fields, pastures, or lightly-wooded areas; and urban sprawl 109 

expanded into the forest areas. Both processes produced a landscape where the 110 

boundaries between urban and forested areas are unclear. The binomial relationship 111 

between society and nature in the rural context in which the forest environment was a 112 

means of subsistence (Cussó et al. 2006), disappeared; and so the land cover linked to 113 

traditional primary activities was lost.  114 

The socio-economic value of the landscape has thus also evolved, changing the 115 

population’s perception and appreciation of landscapes. On the one hand, the idealisation 116 

of nature by the urban population impelled their desire to use forest land to build their 117 

houses, and in turn to enjoy the aesthetic elements of living in a ‘natural’ environment. 118 

On the other hand, the increasing demand for second homes in Mediterranean settings has 119 

increased the necessity of living in forested areas, which at the same time pushed up the 120 

prices of land, mainly around mountains that are suitable for skiing. These two factors 121 

present a paradox in which forest views are appreciated by the people who buy houses, 122 

but where building these houses simultaneously diminishes the aesthetics of the forest 123 

and the value of woods. This, in turn, lowers the price of land and raises concerns about 124 

forest preservation (Otero et al. 2013; Farina 1991; Agnoletti 2006).  125 

Land use is recorded in the environment, showing how populations use land. The process 126 

of how and why land uses change is the most important factor in environmental 127 

transformation, particularly in Mediterranean areas with dense populations and intense 128 

human activity. Land cover indicates the biophysical land type, while land use change 129 
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creates land cover changes as a combination of social and environmental factors (Sala et 130 

al. 2000; Boada and Saurí 2002; Turner et al. 2007).  131 

 ‘Forest transition’ (FT) (Mather, 1992; Rudel et al. 2005; 2010) provides useful insights 132 

explaining the historical relationship between forests and society. According to FT, while 133 

the worldwide total area of forest cover continues to decrease, the total area of 134 

agricultural and livestock cover increases. Conversely, from the second half of the 135 

twentieth century, forest land cover actually increased in Western Europe, some parts of 136 

the USA, and in some places in Southeast Asia. This change brought with it a series of 137 

territorial conflicts that had never previously been experienced in these areas. The 138 

historical transformation of forest cover means that the landscape is the result of the use, 139 

disuse, or abuse of land by different cultures and societies that inhabit an area. To 140 

understand landscape dynamics, LULCC must be analysed, mostly, in terms of WUI 141 

vulnerability. 142 

An area’s vulnerability refers to its susceptibility to physical harm or damage; and its 143 

resilience refers to its capacity for recovery (Miller et al. 2010; Turner, 2010). The 144 

vulnerability of a forest area to fire involves its capacity to resist fire ignition, and a fire’s 145 

subsequent advance. There are areas that are more vulnerable to the development of 146 

forest fires than others. There are multiple causes of forest fire vulnerability, the most 147 

important being the structure and composition of the landscape, the population density or 148 

frequency of human use, and previous occurrences of fire in the area (Cortnet et al. 1990; 149 

Radeloff et al. 2005; Theobald and Romme 2007; Caballero et al. 2007; Badia and 150 

Pallares-Barbera 2006; Badia et al. 2011). Due to the complexity of WUI composition, 151 
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WUI vulnerability is higher than in other landscapes and addressing this vulnerability 152 

thus requires a combination of resource management and the involvement of diverse 153 

agents (Antrop 2004; Lasanta et al. 2005; 2006).  154 

Fire risk management, including implementing civil protection and fire prevention, is 155 

more effective than responding to, and extinguishing, a fire when it occurs (Plana 2011; 156 

Miller et al. 2010; Turner II 2010). The analysis of land use and land cover, population 157 

demands, social perceptions, and the lifestyles of residents is important to prevent 158 

ignitions in WUI.  159 

2. Methodology and Data Sources 160 

For this paper, we chose to identify and classify three areas of analysis in order to 161 

associate vulnerability with each one. We then defined and studied how the differences in 162 

LULCC and the frequency in fire ignitions affected each area. This was done in order to 163 

prioritise vulnerabilities in relation to the characteristics of each area, and to provide an 164 

assessment using the correct and necessary knowledge to understand the threats to each 165 

environment and react appropriately. 166 

Methodologically, this study involved three phases: identifying the most important 167 

factors defining the study areas; analysing LULCC from 1993 to 2009 based on the 168 

Kappa index and rate of change; and finally, establishing the relevant fire ignition factors 169 

for the period 1995 to 2010. 170 

 171 

2.1. Identification of Three Landscapes as Study Areas 172 
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To establish the three case study boundaries, we first examined four forest fires in WUI 173 

zones in Catalonia in 2003 and 2012: two large fire zones and two less extensive ones 174 

(Fig. 3). The two large fires, in 2003 and 2012, had strong social and media 175 

repercussions, especially because of the loss of human lives and the impact on WUI 176 

zones. The other two fires occurred in 2012 in the Catalan Pyrenees. 177 

One of the factors considered when choosing the study areas was the need for diverse 178 

scenarios with which to perform the analysis. Diversity is affected by location relative to 179 

urban agglomeration. The ‘Metropolitan Area’ located in Sant Llorenç Savall, where a 180 

fire occurred in 2003, is located within the Barcelona Metropolitan Region. It consists of 181 

urban sprawl in a forest area (Badia et al. 2010). The ‘Agroforest Area’ in Alt Empordà 182 

county, where a fire took place in 2012, is 160 km north-east of Barcelona. This area 183 

consists of a mosaic landscape composed of urban, agricultural and forest areas. The 184 

‘Mountain Agrosilvopastoral Area’, located in the Pyrenean mountain zone, 250 km from 185 

Barcelona (Northern Catalonia), where two fires occurred in 2012, is an urban nucleus in 186 

direct contact with pasture and forest zones (Caballero et al. 2007) (Fig. 3).  187 

Because wildfires cross politico-administrative borders, we used the group of landscape 188 

units which were affected by fires as a perimeter for each case. In this paper, a landscape 189 

unit is a homogeneous area beyond administrative boundaries, with biophysical variables 190 

(land use, terrain morphology), historical dimensions to the landscape, visibility analysis, 191 

and population perception and sense of place (Observatori del Paisatge 2015; Council of 192 

Europe, 2016).  193 

 194 
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2.2. Land Use and Land Cover Changes, 1993 to 2009 195 

The analysis of LULCC is important in evaluating the vulnerability of landscapes. Some 196 

studies use this to quantify annual changes in landscape properties in order to understand 197 

how each of these processes affects landscape structure and to better understand and 198 

manage the complex interactions between fire and land use (Viedma, et al. 2006; Butsic 199 

et al. 2015). High-resolution maps of land cover in Catalonia, taken from the Land Cover 200 

Map of Catalonia made by the Centre for Ecological Research and Forestry Applications 201 

(CREAF), helped in the analysis of landscape dynamics for 1993 and 2009, using GIS 202 

ArcGis (ESRI 2016) and MiraMon (CREAF 2010, 2016). The 16 year period analysed 203 

showed very important changes in land use and land cover dynamics in the three study 204 

areas.  205 

Methodologically, the LULCC dynamic included the following steps: a) downloading the 206 

relevant pages of georeferenced 1993 and 2009 maps, showing the landscape units 207 

affected by the selected fires; b) constructing a mosaic of these pages to show the study 208 

areas in 1993 and 2009; c) trimming the mosaics to match the study boundaries; d) 209 

reclassifying the 241 land cover categories provided in the 2009 map legend, and aligning 210 

them with the 22 categories detailed in 1993; e) conducting a second reclassification for 211 

both years to facilitate spatial analysis, and further simplification of the 22 categories to 212 

seven typologies: densely-wooded, lightly-wooded, scrub vegetation, meadows and 213 

grassland, farm fields, urbanised zones, and other; and f) superimposing the reclassified 214 

1993 spaces onto the reclassified 2009 spaces in order to generate a map of the changes 215 

that took place, together with tables showing the relationships between them (Fig. 2A).  216 



11 

 

 

 217 

Fig. 2. Geoprocessing tools used to obtain LULCC maps and statistics. MA example. 218 

The land cover change map (1993-2009, obtained from 22 categories superimposing 219 

maps) and the occurrence map (1995-2010) were overlaid to analyse the fire ignitions 220 

according to land cover change in the case studies. Finally, the coordinates of fire point 221 

occurrences (1995-2010) and fire perimeters (1987-2012) were plotted (Generalitat de 222 

Catalunya) to define the case study perimeters. 223 

We used the Kappa index (Cohen 1960) for map comparison purposes to evaluate its 224 

accuracy (Ahmed 2011; Yin et al. 2011 Kitada et al. 2012; Nguyen et al. 2018):    225 

𝑘 =  
𝑃0 − 𝑃𝑒

1 − 𝑃𝑒

 226 

Where,  227 

P0 = is the relative observed agreement among raters 228 

Pe = is the hypothetical probability of chance agreement, using the observed data to 229 

calculate the probabilities of each observer randomly seeing each category. 230 

If the raters are in complete agreement, then k = 1; if the observed proportion correct is 231 

greater than the expected proportion correct due to chance, then Kappa > 0; and if the 232 

observed proportion correct is equal to the expected proportion correct due to chance, 233 

then Kappa = 0 (Ahmed et al. 2013).  234 
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We used the P Rate of Change (FAO, 1996; Echeverría et al. 2006) to analyse the 235 

transition of land uses between 1993 and 2009; when the value of P is negative, the land 236 

use areas diminish.  237 

𝑃 =  
100

𝑡2 − 𝑡1

1𝑛
𝑆2

𝑆1

 238 

Where,  239 

P = rate of change, expressed in %  240 

S1, S2 = land use in different time periods 241 

t1, t2 = time periods 242 

 243 

3. Study Areas  244 

The WUIs studied are approximately 200 km apart, with diverging characteristics. The 245 

largest area, the Mountain Agrosilvopastoral Area (MAA) (167,944.8 ha), has a natural 246 

protected area (NPA) which is 39.1% of the total area. The Metropolitan Area (MA) 247 

(78,405.7 ha) has an NPA, which comprises 35.1% of the total area; and the Agroforest 248 

Area (AA) (56,756.1 ha) has an NPA which is 31.4% of the total area (Table 1). 249 

MAA has the highest altitude, with peaks up to 2,883 m; while MA and AA have peaks 250 

up to 1,440 m. Temperature and average annual rainfall vary, with MAA having max. 251 

13.4º and min. 2.9º, 1026 mm; while MA and AA respectively have a max. 19.2º, 9.3º, 252 

749.4 mm and a min. 17.7º, 7.3º, 723.7 mm. Wind speed is significantly higher in the AA 253 

than in the other two study areas. 254 

 255 
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Fig. 3. Study Areas. Source: Author.  256 

 257 

Table 1. Summary of the Territorial characteristics of the Three Study Areas 258 

 259 

The MAA is formed of four landscape units, and fires burned 9,908.7 ha (5.9% of the 260 

total area). The MA is formed of three landscape units and the burned area was 5,331.6 261 

ha (6.8% of the total area). The AA has four landscape units, and the burned area was 262 

6,697.2 ha (11.8% of the total area). MA and AA have the highest-density urban areas 263 

and the two larger fires. The MAA had the two least-extensive fires. 264 

3.1. The Metropolitan Area, Sant Llorenç Savall 265 

The MA is highly forested, and its altitude increases from 88 m to 1,100 m. There are 266 

major rock walls and cliffs, abundant vegetation (especially in crevices), and numerous 267 

springs in the highest parts of the mountain. The population is distributed across small 268 

villages in the valley, with traditional country houses (the Catalan masia) dispersed 269 

throughout the territory at altitudes of between 500 m to 800 m, some of which are still 270 

active agricultural sites. The rock walls contrast with the densely-wooded and rocky 271 

areas, and with the small farms surrounded by woods. The northern part of the MA is flat 272 

compared to the rest, with excavated valley floors and a continental climate, which is 273 

characterised by warm summers, cold winters, and relatively low precipitation. Most of 274 

the agricultural surface is concentrated. Pinus mugo, Pinus halepensis, and Quercus 275 

groves coexist with farm fields. The richness of natural (flora and fauna) and heritage 276 

(elements of the rural past) landscapes are a public attraction, and they provide a 277 
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recreational space for visitors to the Sant Llorenç Natural Park, an excellent example of a 278 

metropolitan park (Fig. 4).  279 

 The 1956 orthophoto map (Fig. 4a) contains evidence of the rural past, with a population 280 

nucleus (centre, right) surrounded by fields and extensive lightly-wooded terrain, 281 

reflecting the activity that took place in this zone (Fig. 4). A comparison of Figures 4a 282 

and 4b (the 2010 orthophoto) reveals a major decline in the agricultural and forest matrix 283 

in 2010. Farm fields decreased, and urban cover increased and intruded into a highly-284 

flammable wooded area containing a large quantity of combustible material.  285 

 286 

 Fig. 4. Metropolitan Area (MA), 1956 and 2010 Orthophotos. Source: Institut 287 

Cartogràfic i Geològic de Catalunya (ICC), www.icc.cat 288 

3.2. The Agroforest Area, Alt Empordà 289 

The AA is characterised by lower altitudes (from 0 to 1,440 m) with small rivers and an 290 

extensive forest mass covering the northeast (Quercus suber) and southeast (Pinus 291 

halepensis). The mosaic is formed of forest masses of Quercus suber, some zones with 292 

Mediterranean crops (grapes, olives, and wheat), and others with extensive vineyards that 293 

are located between the mountainous zone and the agricultural plain of the county of Alt 294 

Empordà. High-speed railways, major highways (A-2 and AP-7), and the underground 295 

high-voltage power line provide an infrastructure corridor that determines the character 296 

of this territory, splitting it from north to south and affecting its ecological connectivity 297 

(Fig. 5).  298 

http://www.icc.cat/
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Despite a major decline in farm fields since 1956, agricultural crops were still part of the 299 

AA in 2010. A large part of the agricultural land observed in 1956 was occupied by forest 300 

cover in 2010 and, to a lesser extent, by urban cover.  301 

 302 

Fig. 5. Agroforest Area (AA), 1956 and 2010 Orthophotos. Source: Institut Cartogràfic i 303 

Geològic de Catalunya (ICC). www.icc.cat  304 

 305 

3.3. The Mountain Agrosilvopastoral Area, the Catalan Pyrenees  306 

In the valleys at the base of the Pyrenees, single scattered houses are located amidst 307 

pastures and small wooded areas. Villages are perched high on rocky promontories, with 308 

their fields on the plateaus. In the northern part, there is a large surface area of meadows 309 

and grassland. The rest of the area is predominantly wooded, and the matrix structure is 310 

fragmented and localised. There are very small rivers, very little evidence of human 311 

presence, and some valleys where vegetation has grown quickly after major demographic 312 

abandonment. A Romanesque architectural heritage and the seasonal colour changes 313 

attract seasonal tourism and second home ownership.  314 

The most important change in the MAA during the period studied was the increasing 315 

density of forest cover associated with the progressive abandonment of traditional 316 

primary activities, which have declined since 1956, but remain active (Fig. 6). The 317 

matrix, formed of woods, meadows and pastures, and farm fields, remains visible, with a 318 

structure that is clearly differentiated from the other two study areas. The process of 319 

http://www.icc.cat/
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urban sprawl has not been as intense as in the other two areas, although the more recent 320 

major wildfires have begun to represent a new threat to these population centres.  321 

Fig. 6. Mountain Agrosilvopastoral Area (MAA), 1956 and 2010 Orthophotos. Source: 322 

Institut Cartogràfic i Geològic de Catalunya (ICC), www.icc.cat. 323 

 324 

4. Territorial Typologies Based on the Integrated Matrix Model of the Mid-325 

twentieth Century 326 

 It seems vital to maintain the original matrix pattern to reduce or extinguish the intensity 327 

of wildfires, and to preserve biodiversity and the ecological connectivity of natural 328 

spaces. Analysing the different natures of wildfires helps to find their different matrix 329 

patterns, which we called Model 1 (for MA), Model 2 (for AA), and Model 3 (for MAA) 330 

(Fig. 7; Fig. 8).  331 

Model 1 is characterised by urban sprawl within areas of forest cover, exemplifying the 332 

serious problem faced by most WUI zones. We should point out the high proliferation of 333 

spontaneous housing urbanisation in Catalonia during the 1960s and 1970s (Muñoz 334 

2004), particularly in the MA. Model 2 represents the areas where the agroforest matrix 335 

has been maintained, adding new dynamics such as crop intensification and 336 

specialisation, urban sprawl (less intense than in Model 1), the abandonment of spaces 337 

originally used for extensive livestock and densification of the forest mass. In Model 3, a 338 

denser and less-managed forest cover takes over pasture. 339 

 340 

http://www.icc.cat/
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Fig. 7. Diagram of the Current Territorial Typologies, Based on the Integrated Matrix 341 

Model of the Mid-twentieth Century.  342 

 343 

Fig. 8. Territorial Diagram of WUI Zones in the Three Study Areas.  344 

 345 

5. Results and Discussion 346 

5.1. Analysis of Land Use and Land Cover Change, 1993 to 2009 347 

Although the most important land use changes began in 1950, the first available LULCC 348 

map is for 1993, and the last one is for 2009 (done by CREAF). LULCC changes in this 349 

16-year period, as shown on the maps, provide evidence of the diverse fire-impact 350 

dynamics in the three study areas, in absolute values (Figs. 9, 10 and 11 and Table 2). 351 

Table 2. Changes from 1993 to 2009 in the Three Study Areas 352 

 353 

Fig 9. Land Use Land Cover, 1993 and 2009 in MA. Self-produced 354 

 355 

Fig 10. Land Use Land Cover, 1993 and 2009 in AA. Self-produced 356 

 357 

Fig 11. Land Use Land Cover, 1993 and 2009 in MA. Self-produced 358 

 359 

Table 3. Matrix Changes, 1993-2009, Metropolitan Area 360 
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LULCC in MA LULC was significant (k=0.3 and variance = 4.60305e-10). Forest cover 361 

increased, although densely-wooded land cover decreased greatly (-715.6 ha) because of 362 

the surface area burned in 2003 (Table 2 and Table 3). The rest of the forest cover – 363 

lightly-wooded, scrub vegetation, and grassy meadows – increased, the latter (at 1506.3 364 

hectares) more than the other two. The agricultural surface area was greatly diminished (-365 

2899.0 ha), and gave way to increases in densely-wooded (1069.5 ha), scrub (859.9 ha), 366 

and meadows and grassland (740.8 ha) cover. The urban zones increased by 1227.2 ha, 367 

occupying 99.2 ha of densely-wooded areas. This apparent anomaly could be due to the 368 

photointerpretation of the 2009 images, in which the forest covers part of the urban area, 369 

and was attributed to the densification of forest cover. Although an error in the original 370 

photointerpretation cannot be ruled out, further exploration is beyond the scope of this 371 

work. 372 

 373 

Table 4. Change Matrix, 1993-2009, Agroforest Area  374 

LULCC in AA was significant (k=0.3 and variance = 3.63991e-10). The forested surface 375 

area experienced the largest growth (Table 2 and Table 4). There was a decline in scrub 376 

cover (-1308.4 ha), which became occupied by dense woods, but there were increases in 377 

lightly-wooded (1952.7 ha) and meadow and grassland (80.2 ha) cover. We must 378 

highlight the decline in farm fields (-2414.8 ha), which was the greatest change: fields 379 

gave way to increases in scrub vegetation (853.5 ha) and dense woods (817.2 ha). Urban 380 

zones grew (364.7 ha), occupying land previously included in the other (23.4 ha) and 381 
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farm fields (20.0 ha) categories, which tends to be the flattest, and therefore easiest to 382 

urbanise. 383 

 384 

Table 5. Change Matrix, 1993-2009, Mountain Agrosilvopastoral Area 385 

LULCC in MAA was significant (k=0.3 and variance = 1.75276e-10). Dense woods and 386 

clearings increased, and there were decreases in scrub vegetation (-3837.0 ha) and 387 

meadows and grassland (-4307 ha) (Table 2 and Table 5). Scrub yielded to dense woods 388 

(8252.4 ha), while meadows and grassland were overtaken by scrub vegetation (6826.2 389 

ha), the logical FT succession pattern. Farm fields decreased (-4943.0 ha), and these 390 

spaces were occupied by scrub vegetation (2183.8 ha), meadows and grassland (1874.5 391 

ha), and dense woods (1523.0 ha). Urban cover also increased (144.8 ha), although 392 

proportionally much less than in the other study areas, occupying previous farm fields 393 

(19.4 ha) and scrub vegetation (18.3 ha).  394 

The importance of the transition of land uses, and the differences among the areas, could 395 

be perceived in the P-value rates of change (Fig. 11). The results indicate that the three 396 

areas experienced an increase in lightly-wooded, urbanised zones, and a decrease in farm 397 

fields. There are very large differences between the areas, in terms of meadows and 398 

grassland. There are no major differences in the rest of variables.  399 

Tendencies towards urban sprawl and forest transition are reflected in these results. 400 

Meadows and grasslands help us to interpret the forest transition process. Meadows and 401 

grasslands in MA increased to the detriment of farm fields and densely-wooded areas 402 

(Table 3). In AA, this increase was slightly greater, but there was a decrease in the MAA. 403 
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This is related to the characteristics of these areas. AA maintains the agroforestry mosaic: 404 

even though it was this area that lost most farm fields, it still has more surface with this 405 

type of use. The abandonment of agricultural and livestock activities in the MAA implies 406 

that there was an increase in meadows and grasslands in this area. 407 

 408 

Fig. 12. Rate of Change Comparison for the Three Study Areas  409 

To summarise, forest and urban covers increased in all three cases, and farm fields were 410 

abandoned. In the MA, forest areas increased along with a clear decrease in cultivated 411 

fields, which both became occupied by urban cover. The AA was characterised by a 412 

marked decline in agricultural terrain, which gave way to scrub vegetation. In the MAA, 413 

there was an increase in forest cover, offset by the loss of scrub vegetation, meadows and 414 

grassland (Fig. 12). 415 

In the MA, the most important change was the loss of agricultural and forestry activity, 416 

and the growth of urban sprawl in direct contact with the forest environment. This 417 

dynamic explains the current problem with wildfires in these zones. Although there is 418 

much less urban pressure, the dynamics of the AA are quite similar to the MA. Persistent 419 

agricultural activity in the AA is one of the most significant differences between them, 420 

and explains the persistence of the matrix. Finally, the MAA has preserved the largest 421 

amount of agricultural, forestry, and livestock activity of the three areas, although it is 422 

much less than it was 60 years earlier. Urban sprawl is practically non-existent, although 423 

some new housing has been built for seasonal visitors attracted by the natural values of 424 

these surroundings. 425 
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5.2 Incidence of Wildfires 426 

The incidence of wildfires provides an estimate of the fire regimen and extension 427 

throughout the territory studied here, in terms of the number of fires started, the area 428 

burned, and the percentage of the area’s total surface area that was burned. The MA had 429 

the highest number of fires, and also the largest surface area burned. In the AA, fewer 430 

fires burned a larger surface area. Finally, the lowest number of fires and lowest 431 

percentage of burned area (half that of the AA) were in the MAA (Table 6, Fig. 13). 432 

 433 

Table 6. Surface Area and Number of Fires by Landscape Typology (1995-2010 data) 434 

 435 

Fig. 13 Ignition Points in the Three Study Areas (1995-2010). Self-produced 436 

 437 

We studied the dynamics of forest fire from LULCC maps (1993-2009) and fire ignition 438 

points (1995-2010) to assess the changing trends (Table 7). In the MA, nearly half (169) 439 

the 344 fires that occurred between 1995 and 2010 started where forest cover remained. 440 

These 169 fires burned 4269.8 ha (80% of the total burned surface area). In the AA, 19 441 

fires in scrub vegetation (in 1993) gave way to dense woods (in 2009) and burned 442 

5910.58 ha (89% of the total burned area). Finally, in the MAA, 56 fires were started in 443 

densely-wooded areas (unchanged) (16% of the total burned surface area), 23 in scrub 444 

(unchanged) (43% of the total burned surface area) and 20 in farm fields. A comparison 445 
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of the 424.1 ha of this surface area that was burned in zones where scrub vegetation 446 

remained in MAA, with the 64.2 ha that burned in the AA and 41.6 ha in MA, shows that 447 

a very similar number of fires (19 in MAA, 23 in AA, and 16 in MA) burned nearly ten 448 

times as much surface area in the MAA than in the AA and MA. Forest continuity and a 449 

greater efficiency in extinguishing fires in the MA and MAA may explain this difference, 450 

however, in MA, 80% of the surface burned was densely-wooded land and, in AA, 89% 451 

of surface burned was scrub (in 1993), giving way to densely-wooded land (in 2009).  452 

The ‘extinction paradox,’ whereby burning a smaller area today means more fuel and 453 

larger or more intense wildfires tomorrow (Otero et al. 2017), seems to explain these 454 

results. That is, the fire response system managed to extinguish 98% of the fires in 455 

Catalonia, but the resulting fuel build-up increased fire severity, such that the remaining 456 

2% comprised 90% of the burned surface area (Costa et al. 2011). In addition, the 457 

tramontane wind that is so typical of this zone can also play a key role in spreading fires. 458 

This factor was not included in our analysis because of a lack of access to the specific 459 

meteorological data needed, and is therefore not the subject in our research.  460 

By way of contrast, the traditional use of controlled burns provided an effective means of 461 

fire control, and could be used either as a preventive or as a firefighting measure. In the 462 

prevention phase, controlled burning helps to reduce the combustible plant fuel in forest 463 

terrain, and affects the behaviour of any eventual forest fire, helping to keep it within the 464 

bounds of the capacity of the firefighting services. Fires are caused by fuel, not by the 465 

spark itself (Minnich 1987). Along the same lines, Davis (1995) insists that prescribed 466 

burning is the most effective technique for reducing the accumulation of combustible 467 

fuel.  468 
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Table 7. Number of Fires (1995-2010) and Changes in Land Use* (1993-2009) in each 469 

Study Area. *This table synthesises the fire impact for each change involving burned 470 

surface areas.  471 

 472 

 473 

In the MA, forest fires occurred exclusively where there were changes in forest cover. In 474 

contrast, the ignition points for AA and MAA fires included changes in land use related 475 

to farm fields, reflecting the greater heterogeneity of the landscape. Of the metropolitan 476 

fires recorded, most originated in densely-wooded land cover, reflecting the serious 477 

structural problem this presents with respect to WUI zones intruding into wooded areas.  478 

 479 

In the MAA, the greatest number of burned hectares corresponds to fires where scrub 480 

cover remained, which could be related to the higher frequency of fires in pastures. In 481 

contrast to the other two study areas, MAA fires were sometimes started where there was 482 

agricultural land cover, a finding that would justify a greater use of fire as an agricultural 483 

land management tool, again with reference to the aforementioned ‘extinction paradox’. 484 

In general, the fires that burned the largest surface area affected zones where forest cover 485 

had been maintained, clearly demonstrating the correlation between FT and a greater 486 

impact when forest fires occur.  487 

 488 

6. Conclusions 489 

Our research validates previously formulated hypotheses: a) based on Kappa index (0.3) 490 

we can confirm there are LULCC in the three study areas, but b) changes take different 491 
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forms in these three study areas that can be explained by rate of change, and c) because 492 

the behaviour of wildfires in WUI follows different dynamics, it affects vulnerability 493 

differently in the three study areas.   494 

The results of the study and the impact of the fires in each of the three typologies, showed 495 

that all three study areas shared a trait: the abandonment of traditional activities 496 

negatively affected WUI vulnerability. The economic and social context of each study 497 

area generated different territorial dynamics for each typology. These can be summarised 498 

into four major categories: a) changes in the structure of the landscape, b) WUI 499 

characteristics, c) impact of the fires in the different WUI zones, and d) fire vulnerability.  500 

a) Changes in land use and land cover: The MA typology is characterised by a strong 501 

forest component, with a proliferation of primary residences inside the wooded area. 502 

The AA maintains mosaic zones that make it optimal for the prevention of wildfires, 503 

as they break up the forest continuity. On the more marginal agricultural land, there is 504 

a process of forest and urban densification, and a lack of management in Quercus 505 

suber and Pinus halepensis forests, that have repercussions for fire intensity. Finally, 506 

in the MAA, the changes also trend toward FT because of the abandonment of farm 507 

fields, pastures, and forestry activity. Nonetheless, the pace and intensity of change 508 

were greater in the first two study areas. The analysis of LULCC revealed differences 509 

in dynamics and intensities, even though all three study areas showed evidence of FT 510 

effects. 511 

b) WUI characteristics: The MA is characterised by a greater consolidation of WUI 512 

zones in direct contact with forest continuity. In the AA, WUI zones were noted to be 513 

in direct contact with continuous forest mass or surrounded by an agroforest matrix. 514 
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In the MAA, urban centres are traditionally framed by pastures or farm fields, but 515 

showed the effects of normal FT-related LULCC. 516 

c) Fire impact: Although there are many other factors conditioning the occurrence of 517 

fires and the burned area dimension than only the ones used in this study, we can say 518 

that, the MA and AA had the most fires, the largest burned surface area of the three 519 

areas studied, and the largest expanse of WUI zones. According to the territorial 520 

characteristics, we would expect the AA to benefit from its mosaic because fires are 521 

not as easily propagated, however, there was a higher number of burned hectares than 522 

in the MA, where there is more forest continuity. This mosaic should be strengthened 523 

to reduce the availability of fuel and to limit the effects of large wildfires. Finally, 524 

even though there were no large forest fires in the MAA during the years studied, 525 

more recent fires provide evidence of the growing vulnerability of these zones, due to 526 

the disappearance of the MAA matrix.  527 

d) Vulnerability in WUI zones: The fire vulnerability of WUI zones is the distinctive 528 

trait of the MA, given its characteristics and dynamics related to the density of 529 

wooded areas and WUI density. In the AA, the location of WUI in marginal zones in 530 

direct contact with forest cover highlights the vulnerability to which these settlements 531 

are exposed. In the mountain MAA, the WUI zone is smaller than in the other two 532 

typologies, however, similar dynamics were noted, that could be the source of future 533 

problems related to wildfires, and that provide evidence of growing vulnerability in 534 

environments where wildfires traditionally did not occur.  535 

 536 
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This study contributes knowledge that complements the available planning and 537 

management tools used for preventing wildfires. The present study took a mostly 538 

quantitative approach, which was essential to developing an appropriate description and 539 

typology of these different landscapes. To support the development of a more complete 540 

view of the current WUI situation, future work will involve: analysis of LiDAR data to 541 

improve forest management and to analyse the evolution of forest structure, analysis of 542 

the spectral indices from satellite imagery (Landsat and Sentinel) to understand urban and 543 

forest evolution, study of the synoptic conditions (meteorological conditions), and also 544 

qualitative research using oral interviews. 545 

 546 
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