Spatio-Temporal Dynamics of Fires in the French Mediterranean according to Land Cover
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This spatio-temporal dynamic of fires was analyzed at the community scale in one of the most 6 fire-prone areas of southeastern France. Three periods between 1993 and 2017 were compared 7 in order to highlight a temporal variation of fires, land cover, and Wildland-Urban Interface 8 (WUI). Fire density were highly variable among communities, hotspots being located mostly 9 in the South-East, close to big cities but spatially varying in time. Fire occurrence and burned 10 area did not significantly differ among periods, mostly due to high inter-annual variability. The 11 proportion of fires with unknown cause decreased over time while criminal fires were the most 12 frequent and deleterious, especially before 2009, followed by negligence during private 13 activities, mostly after 2009. WUI represents ~30% of the study area, the different types varying 14 spatially (denser clustered types mostly located in the South-East in contrast to "scattered" and 15 "isolated"). There was an increase in WUI area over time, especially for both clustered types 16 while the "isolated" decreasedbut this was highly heterogeneous among communities. Half of 17 the ignitions occurred in WUI, "very dense clustered" and "scattered" types being the most 18 affected, especially in 2009. Land cover classes significantly varied among periods, with a 19 decrease in "agricultural areas" during the two first periods that increased again afterwards, 20 which was reversed for" artificialized" and "natural areas", to a lesser extent. The latter was the 21 most impacted by ignitions (60%), regardless of the period, but showed a decreasing trend over 22 time in contrast to the former.

is among the main drivers of fire density in the study area [START_REF] Ganteaume | Driving factors of fire density can spatially vary at the local scale in SE France[END_REF]. The on-going urban sprawling 87 mostly occurs in watersheds and valleys adjoining the numerous forest massifs (Fig. 1a) in this 88 part of the district. The attractiveness of the study area to tourism is high, especially in summer 89 on the coast. The main fuel types, located mostly on limestone-derived soils, are Pinus 90 halepensis stands [START_REF] Quézel | Taxonomy and biogeography of Mediterranean pines (Pinus halepensis and P. brutia)[END_REF] and mixed pine-oak (Quercus ilex and Q. pubescens) stands (respectively 91 42% and 18% of the forest stands; database of Inventaire National Forestier), often the pre-92 forest vegetation type before oak forests [START_REF] Quézel | Le pin d'Alep et les espèces voisines : répartition et caractères écologiques généraux, sa dynamique récente en France méditerranéenne[END_REF]. Shrublands, called "garrigues", are another 93 dominant fuel type (43% of the natural vegetation; database of Inventaire National Forestier) 94 that corresponds to the predominant successional stage after woodland degradation [START_REF] Barbéro | Pines of the Mediterranean Basin[END_REF].

95

Wildfires occur frequently in the whole area, making of the landscape a mosaic of all the 96 previously mentioned types of natural vegetation and of agricultural areas. The Mediterranean 97 vegetation is very flammable, affecting fire spread and ultimately, the distribution of large fires.

98

In contrast, the southwestern part of the district Bouches du Rhône, characterized by the lowest 99 population density, is occupied by a large wetland area and by irrigated crops, such as rice 100 paddies, corresponding to the Rhône's delta, therefore less susceptible to fire. unintentionally caused by humans using fire or glowing objects during professional activities, 126 not connected to fatality), and (v) negligence during private activities (wildfire unintentionally 127 caused by humans using fire or glowing objects during recreation, not connected to fatality).

128 Using 3-digits codes, the fire database Prométhée allows for more accuracy regarding the nature 129 of causes (e.g. 311 : deliberate with the motive of conflict regarding real estate). However, only 130 the more recent period studied (2011-2017) was implemented with such an accuracy. To be 131 consistent over the three periods studied, we chose to work on the one-digit code causes. is an improvement of the Corinne Land Cover (CLC) version, and has allowed, since 1988, an 151 updated regional land cover with good geometrical quality and maximum semantic confidence.

152

The basic nomenclature of land covers remains mostly the same as for CLC (1 = artificialized, 1993-1999, 2003-2009, and 2011-2017).

158

The land cover analysis aims to identify the global evolutionary dynamic of the land cover The difference in the proportion of unknown causes among periods was significant (Kruskal 266 Wallis test, p=0.012). Indeed, the elucidation rate of fire causes considerably improved between 267 1993-1999 and 2011-2017 (Fig. 4c), entailing a decrease in the proportion of unknown causes 268 from 70% down to 33%. However, for the first period, the interannual variability turned out to 269 be rather high (SD 1993-1999 = 28%), meaning that the elucidation of the nature of fire causes was 270 heterogeneous within the years studied. For instance, the period 1993-1999 encompassed, at 278

Regarding the nature of the causes in terms of occurrence, most fires were criminal (>40%)

279
showing an increasing trend from 1993-1999 to 2011-2017, followed by those due to negligence 280 during private activities (>20%), the other causes being less frequent, regardless of the period 281 (Fig. 5a). Regarding the burned area, the criminal fires were the most destructive (up to 78% of 282 the total burned area, more frequently due to large fires, i.e. ≥100 ha, than for other causes)

283
during the two first periods. Fires due to negligence during private activities burned the most 284 during the last period (59% vs 30% for criminal fires) (Fig. 5b). This was mostly the result of rates of change encompassed 5% to 30% (Fig. 9a). The « dense clustered» type was 328 characterized by a stronger evolution than the previous one (on average + 25.8%) but with a 329 decrease in 41% of the communities (Fig. 9b). The « scattered » type also showed an increasing 330 trend between 1999 and 2009, but to a lesser extent than the two previous types (on average + 331 9.3%), with a variability among communities ranging from -100% in Carry-le-Rouet to +88.3% 332 in Maussane-les-Alpilles. In total, 31% of the communities were characterized by a decrease in 333 this type of WUI, the variation mainly ranged between -5% and +30% (Fig. 9c). The 334 « isolated » WUI type was special as it was the only one characterized by a global decrease in 335 the study area (-1.6%). Indeed, 59% of the communities presented a decrease in this type of 336 WUI, values ranging from -55.1% to + 107.9% (Saint Savournin and Carnoux-en-Provence, 337 respectively), the most represented rates of change encompassed -15% to +10% (Fig. 9d). of the district was also less fire prone than the South-East, mainly due to lower population 397 density [START_REF] Ganteaume | Driving factors of fire density can spatially vary at the local scale in SE France[END_REF].There was a large variability in both occurrence and burned area among 398 communities, the most impacted ones being close to big cities. This agreed with the work of 399 [START_REF] Ganteaume | Driving factors of fire density can spatially vary at the local scale in SE France[END_REF] that showed that housing density, as a proxy of population density, was one of the main 400 drivers of fire density. However, the temporal variations of occurrence and burned area were 401 not significant, mostly due to the high variability within periods. There was also a temporal 402 variation of the fire hotspots, which is an additional result to the work of ( 24) who tackled the weather conditions (e.g. 2003, 2016) reveals that these events can outweigh by far terrestrial 418 and aerial fire-fighting strategies (7; 25). For instance, this was the case during the fire in area could be tripled considering on the horizon 2100 for the worst climatic scenario [START_REF] Fargeon | Projections of fire danger under climate change over France: where do the greatest uncertainties lie?[END_REF], at a 423 rate between +15% and +25% per decade [START_REF] Dupuy | Climate change impact on future wildfire danger and activity in southern Europe: a review[END_REF]. Some even stated that the « success » of a fire 424 management policy based on systematic fire suppression is doomed in the long term since the 425 large or mega-fires will only be delayed [START_REF] Rigolot | Les incendies de forêt catastrophiques[END_REF]. Indeed, the massive accumulation of fuel will lead 426 to unstoppable fires due to the massive intensity released once ignited. Altough the context 427 differs, this situation is also on-going in South Africa or Australia (7; 25).

428

Regarding the fire occurrence, the situation was less clear-cut in the Bouches-du-Rhône 429 district for the past 25 years but showed a trend differing from that of the entire region [START_REF] Curt | Wildfire Policy in Mediterranean France: How Far is it Efficient and Sustainable?[END_REF].

430 Indeed, the socio-environmental characteristics of the district make it more vulnerable to fire 431 ignitions than other parts of southeastern France [START_REF] Ganteaume | Explaining the spatioseasonal variation of fires by their causes: The case of southeastern France[END_REF] 

498

As for land cover, WUI can also be easily mapped everywhere in the world using land cover 499 and housing data when available so that their extent and dynamic can be quantified [START_REF] Bouillon | A tool for mapping rural-urban interfaces on different scales[END_REF]. For type. In the continental USA, results also showed that the extent and rate of expansion differed 517 between WUI types [START_REF] Radeloff | Rapid growth of the US wildland-urban interface raises wildfire risk[END_REF]. dropping from 66% to 58%), which could also be related to a decrease in the surface area of the 524 land cover classes related to wildland. In contrast, ignitions were increasing in "artificialized 525 areas", which could be correlated with the increase in this land cover's surface area (+234.1 526 km²) between 2006 and 2014, therefore resulting in more human-caused ignitions. In California, 527 the distribution of fires was also found to be related to the vegetation cover and land use, and 528 therefore, varied spatially throughout the territory, with more large fires where the forests are 529 dense and less developed by human habitats and where the population density is relatively low.

530

In contrast, frequent fires with greater social and economic impact on human lives and society 531 were concentrated in areas where shrubland was the dominant land cover, associated with a 532 higher level of human activity [START_REF] Li | Spatial and temporal pattern of wildfres in California from 2000 to 2019[END_REF].

533

WUI was impacted by, on average, 49.3% of the ignitions while located in a smaller surface 534 area than "natural areas" (only 28.6% of the study area). In Spain, [START_REF] Badia | Identifying dynamics of fire ignition probabilities in two representative Mediterranean wildland-urban interface areas[END_REF] 

153 2 =

 2 agricultural, 3 = natural (forests and other wildland), 4 = wetland, and 5 = water bodies) 154 with sub-classes increasing the accuracy of the land cover (e.g. code 111 = urban areas). In the 155 current work, the two last classes have been merged into a class "Others". The CRIGE PACA 156 land cover is available in 1999, 2006, and 2014 corresponding to the three periods studied 157 (

13 the

 13 same time, the year with the highest proportion of unknown causes (98% in 1999) and 272 among the lowest (31% in 1998). In this latter period, there was a radical change occurring 273 between 1996 and 1997 regarding the proportion of unknown causes (decreasing from 72% to 274 52%) (Suppl. Mat. 3). The most recent period (2011-2017), besides the fact that it was the best 275 in terms of level of certainty, was characterized by a very low interannual variability meaning 276 that the elucidation rate of the fire causes was homogeneous throughout the period (SD 2011-2017= 277 9.5%).

338 339 3 . 3 .

 33 Spatio-temporal variation of fires according to land cover and WUI340The land cover the most impacted by wildfires was « natural areas » (around 60% of the 341 ignitions), regardless of the period, followed by « artificialized areas » (25-30%). The class 342 « agricultural areas » was submitted to only 10% of ignitions, on average. Except for the class 343 « natural areas », the proportion of ignitions increased from 1999 to 2006 (

403

  fire issue in the study area at the spatial scale only. Indeed, during the period 2003-2009, the 404 fire ignition density was higher in the communities located North and East of Marseille while 405 for the period 2011-2017, the hot-spots were concentrated in the communities West of Etang 406 de Berre. This temporal variation of fire hotspots has also been highlighted in other regions in 407 the world, such as in California[START_REF] Li | Spatial and temporal pattern of wildfres in California from 2000 to 2019[END_REF]. This result is important in terms of fire management 408 strategy showing the the fire hotspots can change over time.409Among human practices known to alter the fire regime, fire suppression has been suggested 410 to be one of the the most explicative factors in the reduction of the total burned area during the 411 XX century[START_REF] Ruffault | How a new fire-suppression policy can abruptly reshape the fireweather relationship[END_REF]. The decreasing trend of burned area in the Bouches-du-Rhône has been 412 highlighted in the end of the 80s (Fig.1b), when a new fire policy brought new fire suppression 413 and prevention practices in southeastern France. In this new strategy, anticipation and massive 414 attack on the fire within 10 minutes after ignition could act in decreasing the probability that a 415 fire would burn large areas[START_REF] Ruffault | How a new fire-suppression policy can abruptly reshape the fireweather relationship[END_REF]. In our work, the decreasing trend of the burned area shows the 416 efficiency of such a policy. However, the persistance of large fire events during extreme

487( 48 )

 48 , and Sicily[START_REF] Donato | Anthropogenic Influences in Land Use/Land Cover Changes in Mediterranean Forest Landscapes in Sicily[END_REF]), often due to the intensification of silvicultural activities and to a gradual 488 agricultural abandonment[START_REF] Fazio | Evolution Trends of Land Use/Land Cover in a Mediterranean Forest Landscape in Italy[END_REF]. The same occurred in Greece[START_REF] Petanidou | Socioeconomic dimensions of changes in the agricultural landscape of the Mediterranean basin: A case study of the abandonment of cultivation terraces on Nisyros Island, Greece[END_REF], Spain[START_REF] Poyatos | Land Use and Land Cover Change After Agricultural Abandonment[END_REF], but also in the 489 French Pyrenean region[START_REF] Roura-Pascual | Transformation of a Rural Landscape in the Eastern Pyrenees between 1953 and 2000[END_REF]. The Mediterranean area is one of the most significantly altered 490 hotspots on Earth[START_REF] Myers | Biodiversity hotspots for conservation priorities[END_REF]; indeed, agricultural lands, evergreen woodlands and shrublands, so 491 widespread in the whole Mediterranean basin, are the result of anthropogenic disturbances that over centuries or even millennia[START_REF] Blondel | The 'design' of Mediterranean landscapes: a millennial story of humans and ecological systems during the historic period[END_REF]. However, over the past decades, the 493 most significant land cover/land use changes have occurred as a consequence of a series of 494 widespread and often connected phenomena: urban sprawling, agricultural intensification in the 495 most suitable areas and agricultural abandonment in marginal areas, more frequent and more 496 intense summer wildfires, and the rapid expansion of tourist activities and infrastructures, above 497 all, along the coasts(20; 55 ; 56).

  500instance, WUI covered 9.5% of the conterminous United States in 2010 and had a 41% growth 501 in the number of houses since 1990[START_REF] Radeloff | Rapid growth of the US wildland-urban interface raises wildfire risk[END_REF]. Similar trends have been reported across southern 502 Europe[START_REF] Galiana-Martin | A Wildland-Urban Interface Typology for Forest Fire Risk Management in Mediterranean Areas[END_REF]. For instance in Sardinia, the temporal trend of WUIs clearly showed the shift from 503 a prevailing agro-pastoral economy to an economy based mainly on tourism, with an 504 intensification of WUI clustered interface, mainly represented by tourist villages and resorts on 505 the coast, increasing at a faster rate than the scattered and isolated types[START_REF] Pellizzaro | Wildland-urban interface dynamics during the last 50 years in North East Sardinia[END_REF]. In the study area, 506 over the period 1993-2017, WUI repesented on average 28.6% of the district surface area, with 507 a 2.3%-increase between 1999 and 2009. There was a well-marked spatial distribution of the 508 different WUI types within the study area : the « very dense clustered » and « dense clustered» 509 types were mostly concentrated around cities and around the Etang de Berre while « scattered » 510 and « isolated » types were mostly located in the southwestern and northern parts of the study 511 area. There was also a temporal variation of these types between 1999 and 2009. According to 512 an increase in the global WUI surface area (+ 8,5%), the « dense clustered» and « very 513 dense clustered» types mostly increased as well as the « scattered » type, to a lesser extent, in 514 contrast to the « isolated » type that decreased between 1999 and 2009. This temporal variation 515 was also characterized by a strong heteroneneity among communities, regardless of the WUI

520 «

 520 Natural areas » were the most affected by fire ignitions (mainly located very close from 521 the « artificialized areas », mostly urban areas) in the study area during the periods studied in 522 contrast to « agricultural areas ». However, this trend was decreasing over time (fire ignitions 523
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134

The ignition spatial coordinates provided by the fire database Prométhée are not accurate 135 because the fire ignitions are located using a 2 km*2 km grid reference (developed by the 136 firefighting services for approximating the location of the fire event). The considerable 137 imprecision arising from this georeferencing method makes it difficult working at fine scale 138 especially with land cover or WUI data. Therefore, we used the georeferenced ignitions 139 compiled by the Office National des Forêts (ONF) and Direction Départementale des Territoires 140 et de la Mer of Bouches du Rhône (DDTM13) available from 1961 to 2017, although less 141 exhaustive than the Prométhée fire database (especially in the beginning of the period). Indeed, 142 the fire perimeters are defined using satellite images (implying a lack of data for the fires whose 143 size is lower than 10 ha, with 22% of the fires recorded vs 37% in 2003-3009, and 91% in 2011-144 2017).

Spatio-temporal variation of land cover and WUI

  

	320	clustered » and « very dense clustered » types (+ 155% and +15%, respectively). The
	321	« scattered » type also increased in this time span, but to a lesser extent (+7%) in contrast to the
	322	« isolated » type (-3,8%) (
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285

one fire event that occurred in 2016 and burned more than 2600 ha burned. It is also worth 286 noting that the area burned by accidental fires was exceptionally high during the first period 287 (43%) for only 11% of occurrence. Despite these contrasted trends, the statistical analyses 288 revealed that neither the occurrence nor the area burned significantly varied among the periods, 289 regardless of the cause. This lack of significativity could be due to the high variability, both in 290 terms of number of fires and burned area, within each period (Suppl. Mat. 4).

291

The rate of change in the number of fires increased between

1993-1999 and 2003-2009, 292 

regardless of the cause, with the fires due to negligence during professional activities displaying 293 the lowest rate (5.56%) and those due to negligence during private activities displaying the 294 highest (129.8%) (Fig.

6a

). Regarding these periods, a decreasing rate of change in the area 295 burned by natural and accidental fires was highlighted in contrast to the other causes (increasing 14 296 rate up to 138% for the area burned by fires due to negligence during professional activities).

297

Between 2003-2009 and 2011-2017 (Fig.

6b

), only the number of natural fires and of those due 298 to negligence during private activities showed a decreasing rate while this trend was general for 299 the burned area except for negligence during private activities (strong increase of 753%).

302

Regarding the land cover, the class « agricultural areas» strongly decreased from 1999 to 303 2006 (except olive groves; Suppl. Mat. 5 and 6) benefiting to the classes « dense vegetation » 304 (mixed forests and deciduous stands; Suppl. Mat. 5 and 6) and « artificialized areas » (except 305 for discontinuous urban areas; Suppl. Mat. 5 and 6), to a lower extent (Fig.

7

). Between 2006 306 and 2014, there was a general decrease in the land cover areas except for the class 307 « artificialized areas » (but with a slowing increase, from 21.1% to 1.9%). The decrease in 308 « agricultural areas » was also slowed down. Overall, the evolution between 2006 and 2014 309 was slight (Table

1

). The statistical analyses (Khi 2 ) showed that the land cover classes and 310 periods were not independent (p<0.0001).

311

Over the period studied (up to 2009), WUI repesented on average 28.6% of the district 312 surface area, with a 2.33%-increase between 1999 and 2009 (Table

2

). The WUI types spatially 313 varied throughout the territory, « very dense clustered » and « dense clustered» being mostly 314 concentrated around the big cities (Marseille and Aix-en-Provence) and around the Etang de 315 Berre, to a lesser extent. In contrast, the southwestern part of the study area was mostly 318 The analysis of the rate of change in the surface area of the different types of WUI between 319 1999 and 2009 revealed an increase in the global surface area (+ 8,5%) benefiting the « dense

Table 2 )

 2 . The statistical analyses (Khi 2 ) showed that the WUI classes

	323	and periods were not independent (p<0.0001).
	324	This temporal variation was combined with a strong heterogeneity among communities,
	325	regardless of the WUI type. Regarding the « very dense clustered» type, this variability spanned
	326	from -3.6% in Vauvenargues to +135.9% in Saint-Marc-Jaumegarde, and the most represented
	327	

Table 3

 3 ).The burned area was the highest in "natural areas" and "artificialized areas" presented a 345 smaller burned area than "agricultural areas", regardless of the period. While the burned area 346 did not change over time for the class « agricultural areas », the class « natural areas » presented 347 a decreasing trend in contrast to the class « artificialized areas » (Table3).Taking into account the accurately georeferenced ignitions from the DDTM13/ONF 371 database, we found that WUI were impacted by 49.3% of the ignitions and those occurring in 372 « natural areas » were mainly located very close to the « artificialized areas » (Fig.10). In 373 contrast, the number of fires occurring within the forest area (i.e. far from human settlements)

	344	
	348	Very few ignition points occurred in agricultural areas which could be explained by the small
	349	proportion of fires due to negligence during professional work (see fig. 5a), among which even
	350	a few were due to agricultural work (1.3% during the period 2011-2017 according to the
	351	Prométhée database). Regardless of the period, most ignitions occurring in agricultural areas
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	364	Moreover, these ignitions could be due to arson or related to the cause « negligence during
	365	private activities» (26% of the fires and 22% of the burned area, on average, during the three
	366	periods studied; see Fig. 5a), especially during private work (11.8 % during the period 2011-
		16

352

were located in farmlands out of the irrigation perimeter (dry lands), vineyards, and orchards 353 (Suppl. Mat.

[START_REF] Efthimiou | Fire severity and soil erosion susceptibility mapping using multi-temporal Earth Observation data: The case of Mati fatal wildfire in Eastern Attica, Greece[END_REF][START_REF] Ganteaume | Contrasting large fire activity in the French Mediterranean[END_REF][START_REF] Rigolot | Les incendies de forêt catastrophiques[END_REF]

. On the contrary, in natural areas, the fuel amount available for fire ignition 354 and propagation was high (more or less dense vegetation) and these areas represented 45% of 355 the total land cover (around 2200 km²), increasing the probability of fire ignition. Most ignitions 356 were located in mixed conifers-deciduous (except during the first period) as well as in conifers 357 stands and in shrublands (Suppl. Mat. 5, 6, 7). These ignitions could mostly be due to arson 358 given that this cause was the most frequent (50% of the total occurrence and 57% of the total 359 burned area on average during the three periods studied) compared to negligence (according to 360 the Prométhée database, only 1.6% of the fires were due to negligence during forestry work 361 during the period 2011-2017, for instance).

362

Artificialized areas represented around 1000 km² corresponding to 23% of the land cover 363 and gathered between 24% and 29% of the ignitions according to the period studied (Table

3

). 367 2017 according to the Prométhée database). Areas corresponding to WUI in the class 370 375

Regarding the temporal variation of the fire ignitions according to the WUI types, we found 376 that half of the ignitions occurred within WUI area during the period 1993-2009 and that the 377 WUI « very dense clustered» and « scattered » types were the most affected (32% and 29%, 378 respectively) (Table

4

). When the analysis was carried out at the level of each period, the trend 379 previously highlighted changed. In 1999, 248 ignitions occurred in the Bouches-du-Rhône 380 district. Almost 39% (96 ignitions) of these ignitions were located within WUI area despite this 381 area represented only 27.5% of the district's total area (1 ignition for 1456 ha). In contrast, the 382 ignitions located outside WUI area (152 representing 62% of the total number of ignitions)

383

were distributed over a larger surface area (1 ignition for 2427 ha, therefore less than those in 384 WUI). The most affected WUI types were « isolated » and « scattered » (35% and 28%, 385 respectively) (Table

4

). In 2009, the number of ignitions increased up to 576 (more than twice 386 the number of the previous period) with more than 50% within WUI area (1 ignition for 525 387 ha while there was 1 ignition for 1244 ha outside WUI area, therefore less than two times). The

2 Land Cover and WUI Temporal Variation

  The nature of the fire cause is quite diverse and the fire ignition is generally not a random cause and the negligence during private activities, which entailed a decreasing 468 rate for the burned area, except for the latter (due to one large fire event in 2016 and in 2017).In the study area, natural fires were mostly small fires (< 1 ha) and the highest proportion of 470 large fires were criminal. Indeed, generally, the criminal fires are set when the weather 471 conditions are favourable to the fire propagation (i.e. when the wind is strong and the relative 472 humidity low). It would be also interesting to check if the ignitions located in the forest areas 473 would be really related to the criminal causes that represents almost half of the ignitions in the 474 study area. Indeed, the motives of the criminals are to delibarately set a fire, which is favoured

	442 443 444 467 for the natural 469 of official teams (one team for each district of southeastern France, composed of a firefighter, a forest manager and a police officer) in 1997. These teams have to investigate, if possible, the cause of each fire occuring in this region, therefore increasing the proportion of known causes
	445	since then (8). The same trend has been observed in Portugal since 1988 (74% of unknown
	446	cause to 47-53% in 2015-2017 (41 ; 42)).	
	448	phenomenon (43; 44) because most fires result from motivated human actions (42). The fire
	449	cause analysis revealed that, in the study area, most fires were criminal and were more and more
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	460	accidental fires for each period (>10%) as well as by fires due to negligence during private
	436 461	among the most impacted by the 2003 fires (6). In other countries of southern Europe, such as activities during the last period were due to only one destructive event (for instance, during the
	437 462	Portugal, the situation differed with a regular increase in fire occurrence since the 80s, last period, an accidental fire due to a vehicle burned 711 ha in 1997). Between 1993-1999 and
	438 463	especially that of large fires (39; 40). 2003-2009, despite an increasing rate of the fire occurrence, regardless of the cause, the
	439 464	We highlighted an improvement of the level of certainty of fire causes from 1993-1999 to opposite trend was found for the area burned by the natural and accidental causes. This showed
			20 21

. Even though 2003 remains the most 432 catastrophic year in terms of fire occurrence and burned area in most European countries, it was 433 not the same in our study area ; indeed 2016 was more destructive (378 fires and 4533.2 ha 434 burned vs 350 fires and 2308.1 ha burned in 2003; www.prométhée.com ). It is worth noting 435 that the impact of 2003 differed spatially in this region, with the neighbouring district (Var) 440 2011-2017 but with a rather high variability, especially in 1993-1999. This heterogeneity (i.e. 441 high interannual variability of fire causes) during this first period was mostly due to the creation

447 450 frequent between 1993 and 2017, followed by those due to negligence from private activities, 451 natural fires being the least frequent, regardless of the period. Regarding the burned area, the 452 strongest temporal variation was displayed by accidental causes (only during the first period 453 despite a low occurrence), criminal causes (the most destructive, especially during the two first 454 periods), and negligence during private activities (especially during the last period). It is worth 455 noting that except for this latter cause, the burned area showed a decrease between 2003-2009 456 and 2011-2017, while both occurrence and burned area mostly increased between 1993-1999 457 and 2003-2009, due to the general increase in these fire metrics. When comparing accidental 458

and natural fires, the former were more destructive in the study area, which is not the case in 459 other districts of the region

[START_REF] Ganteaume | Explaining the spatioseasonal variation of fires by their causes: The case of southeastern France[END_REF]

. It is worth noting that the relatively large areas burned by 465 that the size of these fires decreased between the two periods. The increase in the rate of change 466 in occurrence between the two last periods was slowing down for most causes, even decreasing 475 in natural areas due to the high amount of fuels available for the fire. Several studies also 476 showed that, in southeastern France, when the population density is higher in summer, fires due 477 to negligence (especially due to private activities close to housing or infrastructures) are smaller 478 but more frequent that criminal fires but with a high spatial variability

(8; 45)

. The situation in 479 the study area is comparable to Spain (55% of criminal fires burning 59% of the total area 480 between 2001 and 2010)

[START_REF] Gómez-Armisén | Wildfires in Spain: causes, evolution and effects[END_REF]

.

483

Land cover significantly varied over time, with a decrease in "agricultural areas" during the two 484 first periods benefiting to "natural areas" and ""artificialized areas", however the trend reversed 485 between 2006 and 2014. Previous studies also revealed a clear trend of forest expansion and 486 the reduction of croplands and grasslands in some regions of Italy (Calabria

[START_REF] Fazio | Evolution Trends of Land Use/Land Cover in a Mediterranean Forest Landscape in Italy[END_REF]

, the Appenines

  It is now well-known that the fire risk is higher in WUI in the northern part of the The surface area of the main land cover classes varied among periods, with a decrease in 574 "agricultural areas" between 1999 and 2006 benefiting to the other classes but the trend reversed 575 between 2006 and 2014. The class "natural areas" was the most impacted by ignitions and Map of the study area (BDTOPO IGN version 2 Lambert 93). Forested systems in 610 green were extracted from the "BD Forêt 2014" of the National Geograhic Institute

	540 564 589	and « scattered » that were the types (representing the highest proportion of WUI in 2009) 5. CONCLUSIONS with fire-resilient landscapes. Land use planning and landscape management, through urban FIGURE CAPTIONS
	541 543 565 566 567 590 591 592 609 Figure 1 : 611 mainly targeted in the second period (2009), with 50% of ignitions within WUI. Mediterranean basin (14; 61; 62). As shown in a previous work, the pattern of ignition risk Most communities of the Bouche du Rhône district were impacted by fires (according to their occurrence, density, and burned area) with a high spatial (the most impacted communities being located close to big cities) but also temporal variability. The level of certainty of the fire planning policies, have to be considered to regulate existing WUI and their surrounding (71, 72) and better plan their extension taking into account the current fire risk (22) in order to reduce it in the future (73). There is more and more evidence that policy makers should focus more on (https://www.geoportail.gouv.fr) and 1:25 000 digital terrain model from the National
	544 568 593 612	among land covers differed between WUI and non-WUI areas in Galicia (Spain), forestry causes has strongly improved since 1997, showing a decreasing interannual variability, land use patterns in wildfire protection plans. For instance, (74) showed that as the spatial Geographic Institute (IGN).
	545 569 594	plantation showing the highest increase in ignition risk in WUI compared to non-WUI areas in especially in 2011-2017. The study area was also characterized by a high occurrence of criminal configuration of development patterns in WUI (infill, radial, and outlying) influenced wildfire
	546 570 595	contrast to native forests and agricultural areas (62). Another study (63), carried out in Catalonia fires, regardless of the period. These fires were the most destructive, except in 2011-2017, when ignition, this should be used to direct land use planning to reduce fire risk in densifying area,
	547 571 596	(Spain), determined how WUI's vulnerability to wildfires spatially varied among three major fires due to negligence during private activities burned the largest area, mostly as a result of which could also reduce overall suppression costs.
	548 549 572 597 598	F o r WUI types (metropolitan, agroforest, and mountain agrosilvopastoral), each showing significant temporal changes in Land Use and Land Cover but with vulnerability depending on F o r one large fire event. F o r F F F F F F F F F F o r o r o r o r o r o r o r o r o r o r
	550	P their own fire dynamics (63). These authors showed that the abandonment of traditional P P P P P P P P P P P P
	551 552	e e r activities negatively affected WUI vulnerability, regardless of the type (63). A more in-depth analysis of the WUI areas (spatio-temporal evolution) should allow a better e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r
	553 554	R e v characterization of these areas for a better territorial fire risk management. Indeed, fire risk has been exacerbated by the rapid increase in the WUI area. This trend is supposed to worsen as R e v R e v R e v R e v R e v R e v R e v R e v R e v R e v R e v R e v
	555 556	i e w simulations project a continued expansion in the future due to demographic trend, the attraction to areas with natural amenities, recreational activities, retirement to rural areas, and economic i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w
	557	reasons (44; 64; 65). The current study showed that, between 2003-2009 and 2011-2017, mostly
	558 582	50% of the fires were located at WUI, even if these areas represent less than 25% of the district were more frequent in the southwestern and the northern parts of the study area. The "very
		found that WUI
	559	area, which is a trend also observed in other Mediterranean areas (56; 66; 67; 68; 69). However, dense clustered" and "scattered" types were the most affected by fires in 2009 while it was
	535	corresponding to dispersed housing in a forested area, characterizing people moving from cities
	560 584	if the change in the firefighting strategy in the late 80s is taken into account, the increase in fire "isolated" and "scattered" in 1999. There was a strong heterogeneity among communities in
	536	to natural areas, had more fire risk than WUI corresponding to settlements in an agro-forest
	561 585	risk due to climatic (increasing summer temperature and drought period) and land use this temporal variation, regardless of the WUI type.
	537	mosaic, typical in farming areas. WUI types' susceptibility to fire also varied over time. Indeed,
	562	(increasing WUI areas) changes does not necessarily lead to more fires (70).
	538	the « isolated» and «scattered » types were the most affected (as highlighted by (17)) during
	539 563	the first period (1999), with 39% of ignitions within WUI, while it was « very dense clustered »
		24 25 26 36

542 573 576

underwent the largest burned area, regardless of the period, in contrast to the class "agricultural 577 areas". However, this trend was decreasing over time in contrast to that of "artificialized areas".

578

The proportion of WUI increased over time, especially the "dense clustered" and "very dense 579 clustered" types (in contrast to the "isolated" type), and represent on average ~29% of the 580 district's area. There was a spatial variation of the WUI types, "dense clustered" and "very 581 dense clustered" types being located mostly around urban areas in the East while the other types 586 Housing development is one of the most important causes of landscape change throughout 587 the world. The current work provided results at a fine scale (community) that are important to 588 take into account, as we need to better plan the WUI to develop resilient communities along

Table 1

 1 ). Temporal evolution of the main land cover classes (ha) among the periods studied

	642	TABLES				
	643					
	644	(Source: CRIGE PACA).			
			1999	2006	Rate of change	2006	2014	Rate of change
	Artificialized areas 63329.82 106391.31	68.00%	106391.31 87163.17	-18.07%
		Natural areas	150796.70 183383.75	21.61%	183383.75 191748,19	4,56%
	Agricultural areas 218261.75 151129.22	-30.76%	151129.22 190342.99	25.95%
		Others	F 9224.49 16270.39	76.38%	16270.39 11723.26	-27.95%
				o r		
				P	
				e e r	
					R e v
					i e w
							38

Table 2

 2 Rate of change of the WUI type surface areas (ha) between 1999 and 2009 in the 647 Bouches-du-Rhône district. WUI types are based on the housing density (WUIMap).

		Surface area	Surface area	
	Type of WUI			
		1999	2009	Rate of change (%)
	Very dense	42877	49506	+15.5
	Dense	24736	28448	+15.0
	Scattered	38440	41126	+7.0
	Isolated	33743	32469	-3.8
	Total WUI Surface Area	139796	151639	+8.5
	Proportion of the study area occupied by WUI	27.48%	29.81%	+2.33

Table 3

 3 Proportion of fire occurrence and burned area in the main land covers in 2006 and 650 2014 in the Bouches-du-Rhône district (No results for the period 1993-1999 due to the 651 inaccuracy of the data records during this period).

		2006		2014	
		Occurrence	Burned area	Occurrence	Burned area
	Artificialized areas	24.39%	17.91%	28.82%	23.74%
	Agricultural areas	9.23%	31.13%	12.21%	31.61%
	Natural areas	66.38%	50.95%	58.97%	44.65%

Table 4

 4 Temporal variation of the distribution of ignitions according to the WUI type (Source:

	654	ONF/DDTM13, WuiMap)				
			Number of ignitions		Number of ignitions		Number of ignitions
	Type of WUI	1993-2009	%	1993-1999	%	2003-2009	%
	Very dense clustered	124	32.2	19	19.8	105	36.3
	Dense clustered	74	19.2	16	16.7	58	20.1
		Scattered	110	28.6	27	28.1	83	28.7
		Isolated	77	20,0	34	35.4	43	14.9
	Total within WUI	385	50.2	96	38.7	289	50.2
	Total outside WUI	439	49.8	152	61.3	287	49.8
		Total	824	100	248	100	576	100
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the WUI and in urban areas. These areas are as yet among the best defended due to their high 421 stake [START_REF] Ganteaume | Understanding future changes to fires in southern Europe and their impacts on the wildland-urban interface[END_REF]. Despites favourable fire statistics in the French Mediterranean region, the burned