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Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation

for fire prevention in the South of France

INTRODUCTION

Wildland fires affect large areas and cause great damage that has ecological, social and economic consequences. More than 50,000 wildland fires affect about 500,000 hectares of vegetation every year in southern European countries (JRC, 2006;[START_REF] Lampin-Maillet | Summer Fires in the European Mediterranean -The Cases of Greece, Italy and Spain. Mediterranean yearbook[END_REF]. Wildand-urban interfaces (WUIs) are directly concerned by wildland fire: 90% of wildland fires are caused by human activities in Mediterranean Europe (Eufirelab, 2004), and every year a number of people living in WUIs are killed by wildland fires. In the context of high urban pressure and the accumulation of wildland biomass, WUIs represent serious problems in terms of fire risk management [START_REF] Davis | The wildland-urban interface: paradise or battleground?[END_REF]Velez, 1997;[START_REF] Cohen | Preventing disaster: home ignitability in the wildland-urban interface[END_REF], particularly regarding two fire risk components: hazard, in terms of fire ignition caused by human activities, and vulnerability, in terms of burned areas threatening inhabited areas [START_REF] Hardy | Wildland fire hazard and risk: Problems, definitions, and context[END_REF][START_REF] Jappiot | Living with wildfires: What science can tell us? A contribution to the science-policy dialogue[END_REF].

According to [START_REF] Stewart | Defining the Wildland-Urban Interface[END_REF], "the term wildland-urban interface is now used almost exclusively in the context of wildland fire"; but in fact there are different ways to define WUI. A wildland-urban interface is an area where houses meet or intermingle with undeveloped wildland vegetation. Specifically developed areas that abut wildland vegetation are characterized as WUI [START_REF] Davis | The wildland-urban interface: paradise or battleground?[END_REF]; USDA-USDI, 1991 in [START_REF] Nowicki | The Community protection Zone: Defending houses and Communities from the threat of forest fire[END_REF]Radeloff et al., 2005a;[START_REF] Theobald | Expansion of the US wildland-urban interface[END_REF].

WUIs are also areas where urban areas meet and interact with rural areas (Vince et al., 2005[START_REF] Avalapati | Wildland-Urban Interface: challenges and opportunities[END_REF], i.e. the zone where human development features intermingle with wildland vegetation [START_REF] Collins | Households, forests, and fire hazard vulnerability in the American West: A case study of a California community[END_REF].

In the present paper, we use the term WUI to refer to the conjunction of housing and vegetation characteristics [START_REF] Stewart | Defining the Wildland-Urban Interface[END_REF]. Human presence is measured by the density of houses and other infrastructures (Lampin et al., 2006a[START_REF] Lampin | Cartographie des interfaces habitat-forêt : une approche spatiale pour estimer le risque d'incendie de forêt[END_REF][START_REF] Caballero | Conclusions of the Third WARM workshop on forest fires in the wildland-urban Interface in Europe[END_REF][START_REF] Camia | Spatial analysis in European Wildland-urban interface environment using GIS[END_REF] or by the density of the population [START_REF] Kamp | Using GIS to identify potential wildland-urban interface areas based on population density[END_REF]. In this paper, houses and buildings are dwellings. The configuration of houses was quantitatively defined and classified in four configuration types: isolated, scattered, dense or very dense (Lampin-Maillet et al., 2009). Vegetation is defined as wildland forests (coniferous, deciduous, and mixed forest), scrublands, transitional lands (mostly clear-cuts) [START_REF] Stewart | Characteristics and location of the Wildland-Urban-Interface in the United States[END_REF][START_REF] Radeloff | The wildland urban interface in the United States[END_REF]Lampin et al., 2006a). Fuel maps are essential for computing fire risk across a landscape by characterizing the horizontal and vertical structure of the vegetation. But making fuel maps is an extremely difficult and complex process [START_REF] Keane | Mapping wildland fuels for fire management across multiple scales: integrating remote sensing, GIS, and biophysical modelling[END_REF]. Lampin-Maillet C.,Jappiot M., Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www. elsevier.com -doi:10.1016/j.jenvman.2009.10.001 Firstly, data referring to the extent and location of WUIs are empirical and scarce, specifically for the purpose of land and fire management. Some methods developed at national or regional scales already allow the location and mapping of WUIs and provide tools for the elaboration of physical, emergency and self protection plans. However, according to [START_REF] Dumas | Mediterranean urban-forest interface classification (MUFIC): A quantitative method combining SPOT5 imagery and landscape ecology indices[END_REF] and [START_REF] Theobald | Expansion of the US wildland-urban interface[END_REF], more detailed data are required for planning and management activities. Consequently an efficient method for mapping WUI is urgently needed for fire risk management.

Secondly, the question of how patterns of human settlement affect fire risk is of increasing importance for urban planning [START_REF] Collinge | Ecological consequences of habitat fragmentation: implications for landscape architecture and planning[END_REF][START_REF] Alberti | Urban patterns and environmental performance: what do we know?[END_REF] in terms of fire prevention, i.e. the mitigation of fire ignition potential and the mitigation of burned areas in WUIs. According to a number of authors ( Syphard et al. 2007a;[START_REF] Cardille | Environmental and social factors influencing wildfires in the Upper Midwest, United states[END_REF][START_REF] Pew | GIS analysis of spatial and temporal patterns of human-caused wildfires in the temperate rain forest of Vancouver Island, Canada[END_REF][START_REF] Haight | Assessing Fire Risk in the Wildland-Urban Interface-a landscape ecosystem approach[END_REF][START_REF] Badia-Perpinya | Spatial distribution of ignitions in Mediterranean periurban and rural areas: the case of Catalonia[END_REF], ignition sources are linked to the spatial arrangement of houses and continuous vegetation. Accurate knowledge of the relation between spatial organisation of WUI and wildfire risk is thus required.

Objectives

Our starting hypothesis was that wildfire risk is related to the spatial organisation of the territory with respect to the configuration of houses and the aggregation of the vegetation.

The objectives of our study were therefore to: (i) define and to map objective quantitative criteria to characterize vegetation structure and configuration of houses and (ii) determine whether WUI types are related to fire risk according to the density of fire ignition and the burnt area ratio. This paper describes a reproducible method to characterise and map WUI at a large scale over a large area and to assess the links between WUI types and wildfire risk according to wildfire history.

MATERIALS AND METHODS

Study area

The study area (Fig. 1) is located in south-eastern France in the Metropolitan area between Aix-en-Provence and Marseille in Bouches-du-Rhône (43°23'57" N, 5°22'00" E). It covers around 167 670 ha including 59 municipalities. Forestland (forests and scrubland) represents 60% of this area, urban areas represent 20% and agricultural land 20%. The level of urbanization (420 inhabitants per km -2 ) and urban pressure are high. Urban sprawl and wildland are gradually replacing agricultural fallows hence increasing the extent of wildland-urban interfaces. Community leaders in the study Lampin-Maillet C.,Jappiot M., Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www.elsevier.com -doi:10.1016/j.jenvman.2009.10.001 area were concerned about the risk of wildland fire characterized by high fire ignition frequencies with around 165 fire ignitions and 200 ha burned per year over the last 10 years. The relationship between WUIs and the spatial organisation of the land cover was derived from a thematic land cover map made in 2004 by the CNES. The most detailed level of this database describes the territory according to 57 classes.

The relationship between WUIs and fire risk was derived from two databases containing information on past fires: (1) a digitized database of fire ignition points (vector layer) created by the French National Forestry Institute. This database contains 565 fire ignition points corresponding to a fire covering than one hectare recorded between 1997 and 2007 with an accuracy of 10 meters and (2) a digitized database containing information on burned areas (vector layer) produced by the Agricul- ture and Forest Administration in the Bouches-du-Rhône. This database contains 104 wildland fires corresponding to a fire covering more than ten hectares recorded between 1990 and 2007.

Method for mapping wildland-urban interfaces

In France, WUI is defined according to the French Forest Orientation Law of July 9, 2002, which makes brush clearing obligatory within a maximum radius of 100 meters around each house located at a distance of less than 200 metres from forests or scrublands (Fig. 2). This 100-metre radius distance was also reported to be useful by [START_REF] Kaval | Perceived and actual wildfire danger : an economic and spatial analysis study in Colorado (USA)[END_REF]. In the present study, only houses used as dwellings i.e. where people live permanently, temporarily or seasonally were taken into consideration. Agricultural, industrial, commercial and public buildings were not included. The method used to characterize and map WUIs was based on three steps. First, using AR-CGIS® 9.1, the configuration of houses was identified based on the houses in the area that were subject to the brush clearing law (Fig. 3a). We classified each house in one of the four housing configuration types: isolated, scattered, dense clustered, and very dense clustered houses according to the method developed by Lampin-Maillet et al. (2009) (Fig. 3b). The resulting vector layer was con- Second, the structure of vegetation was characterized and mapped to emphasise its horizontal continuity (no vegetation, sparse vegetation and continuous vegetation) but without trying to accurately map fuel vegetation. Landscape ecology includes numerous metrics to enable the translation of the composition and structure of a landscape [START_REF] Mcgarigal | Landscape Pattern Metrics, Chapter of Encyclopedia of Environmentrics[END_REF], and was used to extract information about landscape composition and structure. Among existing metrics, the most appropriate index to measure aggregation of spatial patterns is the aggregation index [START_REF] Turner | Landscape changes in nine rural counties of Georgia[END_REF], which can be mapped using FRAGSTATS3.3© software [START_REF] Mcgarigal | FRAGSTATS : spatial pattern analysis program for quantifying landscape structure[END_REF]. As a configuration (or spatial) metric, it refers to the spatial arrangement and agglomeration of pixels of vegetation on the image. It provides information about the frequency of connections between the pixels [START_REF] Robbez-Masson | Prise en compte du contexte spatial dans l'instrumentation de la notion de paysage. Application à une segmentation géographique assistée[END_REF]. The formula for the aggregation index is: The third step combined the two previous raster layers using a geographical information system (GIS). The two raster layers were intersected. A WUI map was made according to 12 types (Fig. 5) 
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Method for analysing the relationship between WUIs and fire data

To assess fire risk components, we studied fire occurrence through the distribution of fire ignition points and vulnerability through the distribution of burned areas. The WUI map was intersected with the map of the spatial distribution of fire ignition points. An indicator of fire ignition density was calculated as the number of ignition points in each type of WUI (or outside the WUI) divided by the area of each type of WUI (or the area located outside the WUI). The result was expressed as the number of fire ignition points per 1 000 hectares. We used the χ 2 test to check if results were significantly higher within areas classified as WUIs than in other zones.

The WUI map was also intersected with the map of the spatial distribution of burned areas. An indicator called 'burned area ratio' was calculated as the burned area in each type of WUI (or outside the WUI) divided by the area of each type of WUI (or by the area located outside the WUI).

The resulting ratio was expressed as a percentage of the burned area for each type of WUI. 

RESULTS

Typology of wildland-urban interfaces (WUI)

WUIs represented 30% of the study area and 56% of houses were accounted for in wildland-urban interfaces. Figure 7 Three main features became apparent. First, there was more vegetation outside the WUIs than within corresponding to garrigues and sparse vegetation. Within the WUIs, vegetation was predominant and covered more than 40% of the area of all types of WUI except in the very dense clustered WUIs. Conifers and mixed stands were more common in the WUIs than outside. The proportion of hardwood stands was the highest outside the WUIs. Second, except in very dense clustered WUIs, there was more agricultural land in the WUIs than outside, particularly in isolated and scattered WUIs. Third, urban areas were almost the same in isolated WUIs and outside WUIs. Urbani-Lampin-Maillet C.,Jappiot M., Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www.elsevier.com -doi:10.1016/j.jenvman.2009.10.001 zation increased greatly from isolated WUIs to scattered to clustered WUIs. The proportion of urban area was the highest in very dense clustered WUIs (4.6 times higher than in isolated WUIs). 

Relationships between WUIs and fire data

Fire ignition points

The mean fire ignition density value for the study area reached 3.4 fire ignition points per 1 000 hectares. It was significantly higher in WUIs with five fire ignition points per 1 000 hectares: around twice as high in WUIs than outside (results of χ 2 test with 1‰ , χ 2 contributions: 69.3% in WUIs and -30.3 % outside).

Within WUIs, the fire ignition density was calculated for each type of WUI (Fig. 9). Our results showed that the density value was 3.4 times higher for isolated WUIs than for clustered WUIs. Fire ignition density values increased greatly with a decrease in housing density (results of the χ 2 test with 1‰). At the same time, the density value was 2.2 times higher when the aggregation index inside the WUI was high than when it was equal to zero. Fire ignition density values increased greatly with an increase in the aggregation index. The WUI characterized by isolated housing and a low aggregation index had the highest density value Lampin-Maillet C.,Jappiot M., Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www.elsevier.com -doi:10.1016/j.jenvman.2009.10.001 

Burned area

The burned area ratio for the study area was 13.2%. This value was 4.2 times lower in WUIs with a burned area ratio of 3.1 %; 5.6 times lower in the WUIs than outside (with a ratio of 17.2%).

Within WUIs, the burned area ratio was calculated for each type of WUI (Fig. 9). There was an increase in the burned area ratio with a decrease in housing density. The ratio was 3.7 times higher for isolated WUIs than for clustered WUIs, two times higher for isolated WUIs than for scattered WUIs, and 1.4 times higher for a high aggregation index in the WUIs than for an aggregation index equal to zero in the WUIs. The ratio increased with an increase in the aggregation index. The WUI characterized by isolated housing and a low aggregation index had the highest burned area ratio.

DISCUSSION

WUI characterization and fire risk

Our results allowed the characterization and mapping of 12 types of WUI types over a large area and at a large scale using precise data. We quantified the spread of the WUIs over the study area. vertical continuity of vegetation and thus mitigate fire propagation. There is increasing concern about the removal and reduction of fuel [START_REF] Cohen | Preventing disaster: home ignitability in the wildland-urban interface[END_REF][START_REF] Conard | Changing fuel management strategies -The challenge of meeting new information and analysis needs[END_REF]. The mean area to be cleared as defined in Lampin-Maillet et al, (2009) is the lowest in very dense clustered WUIs (10 times smaller than in isolated WUIs with isolating housing). Consequently in isolated WUIs with around 1 ha to be cleared regularly, brush clearing actions are probably less feasible than in clustered WUIs. The WUI map covers an area in the South of France that was taking part in a Forest Fire Risk Prevention Plan at the municipal level required by the French "Ministère de l'Ecologie, du Développement et de l'Aménagement Durables". To encourage less carelessness and hence decrease fire ignition potential, appropriate fire prevention information should be widely diffused among the general public;

(ii) In terms of land management, isolated housing should be avoided and compact urban development and densification of housing encouraged. These preventive measures should help decrease the level of fire risk in the main WUIs concerned.

Data requirements for mapping WUI types

Analyses and assessment of fire risk related to WUIs were performed using available accurate data concerning our study area in terms of the configuration of houses and past fires (layers of burned areas and digitized fire ignition points). The findings of this study improved our knowledge of the territory and suggest that accurate data, particularly on past fires, are necessary. Targeted actions should be encouraged such as improving the determination of fire causes [START_REF] Long | Guide technique -Amélioration de la connaissance des causes de départ de feu de forêt[END_REF], more precise identification of fire ignition points, and the efficient investigation of the causes of fires to enhance the efficiency of forest fire prevention in the medium term. Despite the need for accurate data, this method has already been successfully applied by one French administrative department (Hérault) for an area of 611 000 ha.

CONCLUSION

In this paper we proposed a reproducible method for characterizing and mapping WUIs at large scales and over large areas. We have shown that certain types of WUIs represent a high level of fire risk in terms of fire ignition density and burned area ratio. These results could have interesting implications for fire prevention and land management.

WUIs have increased considerably all over the world in recent decades and this trend will certainly continue in the coming years due to the pursuance of the land abandonment process combined with urbanization. The method we developed for mapping WUIs is an appropriate tool for the Lampin-Maillet C.,Jappiot M., Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www. elsevier.com -doi:10.1016/j.jenvman.2009.10.001 assessment of WUI dynamics and associated fire risk dynamics in the context of ongoing changes in climate, urbanization and vegetation.

Figure 1 :

 1 Figure 1: Study area in the South of France
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Figure 2 :

 2 Figure 2: Definition of wildland-urban interface

  Figure3: Process for mapping the configuration of houses in WUI

  number of contacts between the pixels of each class with max -g ii = maximal number of contacts between the pixels of class iThe aggregation index was calculated from the vegetation class (raster layer) using a moving window with a radius of 20 metres. Results ranging between 0 and 100 were recoded into three classes.The first class included values equal to zero, and the two other classes were determined by sharing the other values equally in two groups: low and high aggregation values. Figure4shows the resulting raster layer recoded into these three classes of vegetation structure (zero aggregation, low aggregation and high aggregation). C.,Jappiot M.,Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www.elsevier.com -doi:10.1016/j.jenvman.2009.10.001

Figure 4 :

 4 Figure 4: Process for mapping the structure of vegetation in WUI

  Figure 6: 12 Typology of Wildland-Urban interfaces
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  shows the proportion of the different types of WUI. Based on the configuration of the housing, 12% was isolated housing, 25% scattered housing, 28% dense clustered housing, and 35% very dense clustered housing. Based on vegetation structure, 38% had an aggregation index equal to zero, 45% had a low aggregation index and 17% a high aggregation index. An aggregation index equal to zero corresponded to areas with no wildland vegetation, which were generally covered by crops or were bare ground. A high aggregation index meant that vegetation was always present. A low aggregation index indicated more open areas, which could be adjacent to areas with no vegetation.

Figure 7 :

 7 Figure 7: Distribution of the WUI types in the study area

Figure 8 :

 8 Figure 8: Land cover distribution according to WUI types in the study area

Figure 9 :

 9 Figure 9: Fire ignition density and burned area ratio according to WUI types in the study area
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by crossing the four classes of housing configuration and the three classes of vegetation aggregation indexes in a raster format. The 12 types were also illustrated with photos taken in the field (Fig. 6).

Figure 5: Mapping of WUI by combining configuration of houses and structure of vegetation Lampin-Maillet C.,Jappiot M., Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www. elsevier.com -doi:10.1016/j.jenvman.2009.10.001 Housing development in or near wildland vegetation is widespread: 30% of the area and more than the half the houses or buildings are located in wildland urban interfaces. Because WUIs are areas where wildland fire destroys the most dwellings when fuel and weather are conducive to fire (Covington, 2000 cited by [START_REF] Radeloff | The wildland urban interface in the United States[END_REF] and where human-caused fire ignitions are most common [START_REF] Cardille | Environmental and social factors influencing wildfires in the Upper Midwest, United states[END_REF], WUIs are now priority areas for controlling wildfire (Stephens, 2005in Zhang & Winberley, 2007).

Around half the WUIs in our study had dense or very dense clustered housing with a low or zero aggregation index of vegetation. These areas are located in the proximity of two big cities (Marseilles and Aix-en-Provence). Isolated WUIs represented only 12% of WUI types but this low proportion nevertheless represents a large area.

Regarding fire ignition density and burned area ratio, isolated WUIs with low and high aggregation indices of vegetation presented the highest values although they only represented 2.1% of the area.

Scattered WUIs (4.2% of the area) with both low and high aggregation indices of vegetation also represented a high level of fire ignition density and burned area ratio even if these values were lower than those for isolated WUIs. Our results also highlighted the fact that the burned area ratio generally decreased from isolated WUIs to dense and very dense clustered WUIs, and also decreased from a high aggregation index to a zero aggregation index. This can be explained by the corresponding decrease in the proportion of wildland vegetation within WUIs counterbalanced by an increasing proportion of urban areas. Below 30% of wildland vegetation cover, the connectivity of burnable vegetation is lost and fire spread is limited. When the proportion of urbanized area is high, the continuity of burnable wildland is interrupted [START_REF] Syphard | Simulating fire frequency and urban growth in southern California coastal shrublands, USA[END_REF], which was the case of very dense clustered WUIs (more than 60% of urbanized area). In addition, as suggested by [START_REF] Sturtevant | Human and biophysical factors influencing modern fire disturbance in northern Wisconsin[END_REF], isolated homes may be more at risk from large fires, perhaps owing to delays in fire reporting or increased response times. Our results also showed that fire risk is not zero in WUIs with no wildland vegetation (1.9% to 5.4% of burned area). These areas burn easily when they are dry and there are many examples of fire propagation due to burning crops [START_REF] Sturtevant | Human and biophysical factors influencing modern fire disturbance in northern Wisconsin[END_REF].

Suggestions in terms of land management and fire management

Around 7% of the territory appeared to be the most vulnerable to wildfire and the most concerned by fire ignition. These results suggest that specific actions are needed:

(i) In terms of forest and fire management, the strengthening of individual or collective protective actions (clearing brush by removing biomass, and pruning trees to interrupt the horizontal and Lampin-Maillet C.,Jappiot M., Long M., Bouillon C., Morge D. and Ferrier J.P. (2009) Mapping wildland-urban interfaces at large scales integrating housing density and vegetation aggregation for fire prevention in the South of France, Journal of Environmental Management 91 (2010) 732-741 author-produced version of the final draft post-refeering the original publication is available at http://www. elsevier.com -doi:10.1016/j.jenvman.2009.10.001