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ABSTRACT

A new fire policy reinforcing aggressive fire suppression was established in Mediterranean France in
response to the devastating wildfires of 1990’s, but to which extent this has changed fire activity yet
remains poorly understood. For this purpose we compared the number and location of ignitions and of
burned areas between two 20-year periods (1975-1994 vs 1995-2014), in parallel to the changes in fuel
covering, human activity promoting ignitions, and fire weather. The number of fires decreased almost
continuously since 1975, but sharply after 1994, suggesting an effect of better fire prevention due to
the new policy. But the major change in fire activity is a considerable reduction in fire size and burned
areas after 1994, especially during summer and in the most fire-prone places, in response to massive
efforts put into fire suppression. These reductions have occurred while the covering by fuel biomass,
the human pressure on ignition and the fire weather index increased, thus making the study area more
hazardous. Our results suggest that a strategy of aggressive fire suppression has great potential for
counterbalancing the effects of climate changes and human activities and for controlling fire activity in
the short term. However, we discuss whether such suppression-oriented approach is sustainable in the
context of global changes, which cast new fire challenges as demonstrated by the devastative fires of
2003 and 2016. We advocate for a more comprehensive fire policy to come.

KEY-WORDS: fire policy; sustainable risk management; fire prevention; fire suppression; global
changes, fire paradox
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1. INTRODUCTION

The pyrogeographic theory states that fire regime in a region depends upon three basic features: the
availability of vegetation fuels (1. 2), the climate, and ignitions (3, 4). However, additional and often
disregarded factors operating at local to regional scales such as fire policy may cause abrupt changes
in fire activity (5). Indeed, policy can prevent ignition by humans, reduce the burned areas through
suppression, modify fire behavior through fuel management (6) and thus mitigate the long-term risk of
wildfires for humans and ecosystems. An efficient fire policy may thus act as a switching factor of fire
activity in a similar magnitude to climate change (7). As a consequence, adapting fire policies to
global changes (i.e. climatic and socio-economic changes) can thus become crucial for controlling fire
activity in the long-term and reduce fire impacts on assets (8). Indeed, Euro-Mediterranean regions are
characterized by increasing density of humans, infrastructures and wildland-urban interfaces, which
increase the potential for ignition (9) and make suppression more complex (10). Together with the
increased frequency of exceptional weather conditions, these issues promote fire activity, and notably
large and devastating fires (11).

Following the devastating wildfires of the period 1973 to 1990, France established a new fire policy in
about 1994. This policy aims at better preventing but above all at suppressing wildland fires in its
Mediterranean fire-prone areas (12). Indeed, the French authorities feared that fire activity could
increase due to the intermingling of urbanized areas and wildland, and the increase of tourism and
infrastructures that may generate more ignitions. One-third of the budget has been allocated to
prevention and two-thirds to suppression (13). Fire prevention has been reinforced through public
information and limiting frequentation into forests during the peak fire season. Fuel reduction has
remained local, mostly beside roads or at rural-urban interfaces where most ignitions occur. However,
the cornerstone of the tactic was to ensure a systematic, rapid, hard-hitting initial attack on all
ignitions, regardless the fuel type and the weather conditions. The objective was to avoid any fire
developing to a size and a level of intensity which would make it difficult and more expensive to
suppress (14), as it has been found that fire size and intensity grow exponentially with time during the
buildup phase (6). In practice, firemen tend to extinguish fires before they reach one ha in size and in
less than ten minutes in order to follow a heuristic (13).

Strong debates developed worldwide on the impact and the effectiveness of fire policies (8, 15-17).
Suppression-based policies have proved effective to reduce burned areas in boreal regions (18-20).
Likewise, increasing efforts of prevention and suppression in southern Europe may explain for a part
the decrease of burned area since the mid-eighties in most countries, with the exception of Portugal
(21, 22). However, many of these countries (Portugal, Spain, Greece) have also suffered devastating
megafires (23). In California, some argue that suppression policy has allowed an unnatural
accumulation of fuels (the ‘fire paradox’ effect sensu (24)) and thus increased fire hazard and massive
fires (25) while others stated that fire suppression activities are not the cause of these fire events but
rather exceptional weather conditions (26-28). In southern Europe, some authors argue that
suppression may have caused more large fires and an increase in fire intensity (29, 30) while others
indicate that fire reduction is a complex response to fire suppression strategies but also to past fires
and weather (31) and land cover changes (32, 33). A recent study in the western part of Mediterranean
France has shown that fire policy has altered the way weather conditions drive fire activity, and has
produced a shift from a drought-driven system to a system driven by concomitant fuel dryness and
strong winds (34).

In order to test the extent to which fire regime has changed due to the new fire policy, it is important to
analyze how fire weather, fuel covering and ignitions have also changed during the same period.
Disentangling the part played by these different fire drivers is crucial for determining whether fire
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regime can be stabilized at the present level. This is especially important in the context of global
change because ignitions (predominantly human) may increase with population growth and the
development of road networks and wildland—urban interfaces (35), fuel biomass and connectedness
may increase due to the rural exodus syndrome (36), forest planting or spontaneous reforestation after
land abandonment and the positive fuel-fire feedback in shrublands (37). In addition, fire weather may
be more conducive to fires, and the fire season becomes longer (23). However, no study has yet
investigated the effect that this new fire policy has had on the extent, location, and timing of fire
activity in southern France, in regards to fuel, weather, and ignitions. To this end, we compared the
size distribution, location and seasonality of fires for two 20-year periods: 1975-1994 and 1995-2014.
We aimed to determine the role of the new fire policy on fire activity, if it is sustainable in the context
of global changes, and how it can be improved.

2. MATERIALS AND METHODS
2.1. Study area

Our case-study region is the southeastern part of France, which covers 80500 km? (Fig. 1). This fire-
prone area encompasses wide bioclimatic, environmental and anthropogenic gradients. The study area
includes Mediterranean lowlands propitious to fire activity (7) and heat-waves (38), mid-elevation
hinterlands and foothills with supra-Mediterranean climate, and mountain areas (western Alps,
Corsica, and Pyrénées) (Fig. 1). Elevation ranges from 0 to 2000 meters a.s.l. (Fig. 1).

This area also exhibits a range of land covers and land uses, from cultivated lands and orchards with
very low flammability to highly flammable forests and shrublands. Mediterranean forests are
dominated by Pinus halepensis Mill. and Quercus species, while mountain forests are dominated by
Pinus sylvestris L., Pinus nigra Am., Fagus sylvatica L. and Abies alba Mill. Flammable shrublands
(so-called garrigues and maquis) are common in the southernmost part of the study area. They are
dominated by Quercus coccifera L., Ulex parviflorus Pourr., Cistus spp., and Erica arborea L. Human
presence and activity both vary from the Mediterranean coast with its high concentration of people,
infrastructure and resorts to rural hinterland with very low human density.

2.2. Fire data

We used the fire data from the French Prométhée database, which includes all fires that affected
forests or wildland since 1973 in the 15 departments of southeastern France (39). Prométhée
specifically provides information on the date and size of fires, and their location on a 2*2 km grid
comprising 20,142 pixels. Like many fire databases in Europe (see (40)), Prométhée contains a
number of data errors (e.g. false location) and incomplete data. In a previous work, we have made an
extensive effort to correct the data in order to prevent spatial and temporal biases (7). As in many fire
databases worldwide (21), the minimum area recorded varied with time: it was of 0.1 ha before 1990
then 0.0001 ha. We tested this effect, but it was negligible on the cumulated burned because the
smallest fires (< 1 ha) account for a very small proportion of the total. We have thus separated fires
into five classes: < 1 ha, 1-10 ha, 10.1-50 ha, 50.1-100 ha, and > 100 ha. These classes corresponded
approximately to the percentiles 70, 95, 97, 98 and 99 of the distribution of fire size in our database,
and to thresholds commonly used in Euro-Mediterranean countries (23).

2.3. History of fire policies
In France, fire activity is known with accuracy since 1973. This corresponds to the establishment of
the first fire policy of the modern era including notably the setting of the Prométhée database and the

computation of the fire weather index for prediction of daily fire danger (see Fig. 9). Many fires raged
from 1976 to the 1990s, including the largest fires ever recorded in southeastern France (11,580 ha in
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1990 in Provence). A new fire policy and strategy called ‘Vulcain’ was progressively set up from 1992
to 1994 in response to these devastative fires (12). This strategy promoted the reinforcement of
prevention to suppression, with particular emphasis on massive suppression of all ignitions (41).
Vulcain still remains an important milestone in the history of modern fire policies in France, even if
gradual adjustments have been made to account for the 2003 fires (42) or for the potential impacts of
climate changes (13). We consider 1994 to be the date from which the new fire policy was fully
established throughout the study area. We thus compared two 20-year periods: 1975-1994 and 1995-
2014. We discarded the years 1973 and 1974 for which fire data was incomplete. In total, the data
included 103,456 fires and a cumulated area of 818,342 hectares.

2.4. Fire size distribution

We compared the distribution of the number of fires and the burned areas among the two study periods
using the qqplots R function (43). This indicates how much the two distribution differs, and computing
the percentiles of burned areas.

2.5. Temporal and spatial distribution of fires

We tested whether the number of fires and the total burned area have changed after 1994 for each of
the five classes of fire size (< 1 ha, 1-10 ha, 10.1-50 ha, 50.1-100 ha, and > 100 ha) in comparison to
before 1994. Changes (%) were computed as 1995-2014 minus 1975-1994, relative to 1975-1994. For
each size class, p-values and standard deviation were computed by bootstrapping (1000 runs with 70%
randomly sampled data points with replacement). Results were considered significant if p < 0.001. We
also tested whether the seasonal distribution of the mean annual fire density and the mean annual area
burned differed among the five fire size classes and between the two periods (1975-1994 versus 1995-
2014). For this purpose we computed the seasonal changes (%) in the number of fires and the total
burned area between 1995-2014 and 1975-1994, relative to 1975-1994. For each season, p-values and
standard deviation were computed by bootstrapping 1000 runs with 70% randomly sampled data
points with replacement. Results were considered significant if p < 0.001.

Both the climate and the fire activity varied across our study area, thus defining pyroclimatic regions
(7). Two regions were especially fire-prone: the maritime mountains of Corsica and Maritime Alps,
and the lowlands of Provence and Languedoc-Roussillon-Cévennes. The less fire-prone areas
correspond to hinterland mountains of the Alps, Pyrénées and Massif Central (Fig. 1). It is thus crucial
to determine if the establishment of the new policy has impacted all regions or not, because this can
have implications for adapting specific measures of prevention and suppression. For this purpose we
computed fire density and burned areas kernels maps for the two periods (1975-1994 and 1995-2014),
and we used analyses of variance and HSD post-hoc tests to compare the number of fires and the
burned area before and after 1994 in each of the three pyroclimatic regions.

In order to determine the location of the hotspots of number of fires and burned areas, we used a
kernel density estimation under using the R package kedd (43), which is a non-parametric method of
estimating the probability density function of a continuous variable. This method is acknowledged as
efficient among the spatial autocorrelation statistics that exist (44-46).

2.6. Computation of fire drivers

We investigated if the human and environmental drivers of fire (i.e. fire weather, ignitions, and fuels;
(47) changed after 1994 and could have thus impacted fire activity along with the new policy. These
data were calculated on the same 2*2 km grid than the fire data.
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The fire weather index (FWI) is a unitless index originally designed to forecast fire risk in Canada on
the basis of past and current weather condition (48). We calculated FWI daily by combining five sub-
indices which use daily values of air temperature, air relative humidity, surface wind speed, and
rainfall in the past 24 hours for the whole study area (see (7) for details). The daily meteorological data
were taken from the SAFRAN reanalysis system implemented by MeteoFrance, at a spatial resolution
of 8*8 km (49). They were interpolated to 1x1 km resolution with the help of regional statistical
modelling using lapse rates (see (50), using regionalized linear regressions for each homogeneous
climatic zone (called ‘symposium’, (49)). FWI provides a numeric method for rating fire danger and
potential fire intensity through the probability and ease of ignition and propagation of a fire on the
forest floor, taking into account the weather conditions. It is acknowledged as a good indicator of
meteorological fire hazard worldwide, notably in Mediterranean areas (51).

We also calculated a “human pressure index’ (HPI) which estimates the potential amount of ignitions
caused by humans, which contribute for 90% of all ignitions in the study area (52). HPI sums the log-
transformed density of population, houses and tourists based on data at the municipality level (source:
Insee). For each data we computed values 1975-1994 and 1995-2014 at the 2*2 km grid. Natural
ignitions caused by lightning strikes were not considered because they are a minority.

In order to estimate the availability of flammable wildland fuels in our study area, we computed the
coverage by flammable fuels within each 2*2 km pixel. We used CORINE Land Cover (CLC) data in
1990 for the pre-1994 period, and in 2006 and 2012 for the post-1994 period. Flammable fuels
comprised all forests (CLC 3.1), shrublands-grasslands-heathlands and herbaceous vegetation (CLC
3.2) and pastures (CLC 2.3) which are the most likely to burn and to propagate fire (37). We compared
the total area of flammable fuels before and after 1994 using an analysis of variance with a Kruskal-
Wallis test.

As we hypothesized that fire suppression may have a strong impact on fire activity, we also calculated
an index of ‘fire suppression effort’ which combines the quantity of fire crews in each fire brigade, the
ground fire suppression means such as trucks and fire patrols, and the financial investments in
suppression in each of the 15 departments of the study area. We did not consider the aircraft detection
and the water bomber aircrafts, which can intervene throughout the study area and thus can be
considered as spatially uniform. These data are incomplete and unreliable for the pre-1994 period, but
we had data of good quality for 2012 at the scale of fire brigades and municipalities (source: DGSGC
2012). For each 2*2 km pixel, this index was compared to the temporal trends (tau statistic of
modified Mann-Kendall trend tests; R package ‘fume’) in fire number and burned area, which were
computed by (7) over 1973-2009. This indicates to what extent the spatial variation in fire suppression
capacity may affect fire activity based on the current system established in 1994,

3. RESULTS

Overall, our results reveal that several important features of fire activity decreased throughout
southeastern France after the establishment of the new policy in 1994, while at the same time the
environmental and human drivers promoting fire activity (i.e. fire weather hazard, human pressure on
ignitions and the fuel coverage) increased.

3.1. Changes in fire activity 1975-1994 versus 1995-2014

The total number of fires decreased of ca. 25% and the total area burned of ca. 60% after 1994 (Table
1), thus making the fire cycle jumping from 276 years to 684 years. Despite large annual fluctuations,
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the number of fires has decreased almost linearly since 1975 (Fig. 2), whereas the burned area changed
more abruptly. Indeed, the mean annual area burned was more than 30,000 ha before 1994 with large
interannual fluctuations: every 2-3 years the area burned peaked up to 50,000 ha (Fig. 2). After 1994,
the mean annual burned area peaked dramatically at 12,650 ha, and interannual fluctuations were
reduced except in 2003 (Fig. 2). If we discard the exceptional year 2003 from the second period, the
mean annual burned area is only ca. 8000 ha, that is to say 0.001% of the study area. In 2013 and
2014, France has recorded the lowest number of fires and the lowest annual burned since 1975.

Clear changes also occurred after 1994 for all fire size classes: the number of fires (Fig. 3A) and the
total burned area (Fig. 3B) followed the same tendency than the annual amounts for all size classes,
with a clear decrease since 1994. The only exception is the number of very small fires (< 1 ha) which
decreased weakly. Changes were also visible in the allocation into fire size classes. The annual number
of very small fires (< 1 ha) decreased weekly but all fires larger than 1 ha were significantly less
abundant after 1994 (Table 2; Fig. S1A). The total burned areas greatly decreased for all fire size
classes including small (1 ha) fires (Table 2; Fig. S1B). The fire size distribution curves show that the
number of fires and the area burned were clearly lower after 1994 (Fig. 4). The gap between the curves
increases with the fire size classes, especially for the burned area (Fig. S2A) than for the number of
fires (Fig. S2B). The comparison of percentiles indicates that 95% of wildfires were suppressed before
reaching 8 ha in size after 1994 instead of 15 ha before 1994.

The seasonal distribution of fire activity was also modified. The number of fires was dramatically
reduced in summer (July to the end of September) but less during the ‘winter’ season from October to
June (Table 3; Fig. 5A). The burned area decreased sharply during summer and moderately from
autumn to spring (Table 3; Fig. 5B). Overall, the daily peaks of burned area (i.e. maximal area burned
on a certain day) were clearly reduced after 1994 (Fig. 5B).

The kernel density maps show hotspots of fire activity in Corsica, along the Mediterranean coast and
in the Cévennes-Ardeche hinterland (Fig. 6). The comparison of maps before and after 1994 indicated
that the hotspots remained rather similar but that their size and their values decreased. The fire density
decreased throughout the study area after 1994 (Fig. 6A and 6B) even if local variations exist (Fig.
S3). The burned area sharply decreased, especially in the most fire-prone areas of Corsica and the
Maritime Alps, and in the coastal lowlands (Fig. 6C and 6D; Fig. S3). The tests of changes at the scale
of pyroclimatic regions indicated that the number of fires and the burned area decreased is statistically
significant in all regions (Table 4) although there was local variability at the scale of the 2*2 km
pixels.

3.2. Changes in environmental and human drivers of fire

The analysis of the pre- and post-1994 periods indicates that the main environmental drivers of fires
(fuels, weather and anthropogenic activities promoting ignitions) increased. The fire weather hazard
increased almost linearly since 1975, and this tendency continued after 1994 (Fig. 2). Indeed, the FWI
index which estimates the wildfire potential was 22 £+ 2.9 (mean + SD) before 1994 then 25 + 3.9 after
1994 (F = 7.86; P = 0.0079) (Fig. 7 right panel). Likewise, the human pressure index (HPI) which
estimates the amount of ignitions linked to human activities statistically significantly increased after
1994 (F = 3.92; P = 0.047). The fuel coverage in the whole study has increased of about 3% after
1994. The shrublands, the forested shrublands and the forests are the main fuel types that have
increased after 1994 (Fig. 8). These fuels have expanded to the detriment of agricultural lands,
pastures and sparse vegetation. A large part of pastures (and a small part of agricultural lands) were
progressively transformed into shrublands and sparse vegetation. A part of sparse vegetation also
transferred into shrublands. Transfers among the major fuel types (shrublands and forests) were also
important, with many shrublands evolving towards wooded shrublands or forests, and wooded
shrublands evolving towards forests. This suggests that the fuel biomass has also increased, although
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specific data of biomass are missing. An interesting finding is that the number of fires and the burned
area clearly decreased the most where fire suppression effort is high and strong (very high), especially
during the summer season (Fig. 9).

4. DISCUSSION
4.1 The efficiency and impacts of the new fire policy since 1994

The new fire policy adopted in 1994 marked an important milestone (12, 41). The effectiveness of fire
surveillance, fast detection and massive suppression has undoubtedly reduced fire activity, especially
in the historical fire hotspots. It can thus be seen as effective because fire activity has considerably
decreased during the two following decades while many factors promoting fires have increased during
the same time. A series of variables clearly indicate a decline in fire activity. The number of wildfires
was halved in comparison to the pre-1994 situation, likely resulting from the reinforced prevention
and surveillance of forests, and from higher communication on daily fire danger (41). Fire frequency
tended to diminish slowly since 1975 from the establishment of the first modern policy (Fig. 10) but
the decrease was sharply accentuated after 1994. However, the major successes of the new fire policy
were registered on burned areas, which were reduced to an unprecedented level. The total burned area
annually peaked to one fifth of the initial (1970’s) due to the strategy of massive attack with all the
means available (10), coupled with the pre-positioning of fire crews and the reinforced surveillance in
wildland. This strategy aimed at preventing fire propagation and reducing the size of fire at the
moment of attack. This reduction of burned area affected all fire size classes. The total area burned by
very large fires thus became low except in 2003, and 95% of wildfires were suppressed before
reaching 8 ha in size before 1994 instead of 15 ha before 1994 (Fig. 4). The burned area was reduced
throughout the study area but mostly in densely-populated and fire-prone areas with many values at
risk, and especially during the hazardous summer season. All these results reflect the fact that the
policy was mostly oriented toward the suppression of hotspots and focused on the major human stakes.
This argument is corroborated by fact that the fire suppression effort strongly controlled the fire
density and the burned area, notably during summer (Fig. 9).

Meanwhile, the south-eastern France became a more fire-hazardous area on average. Indeed, the
potential for human-caused ignitions increased in parallel to the expansion of population and tourism
(53), infrastructures (52) and wildland-urban interfaces (54) which generate most of fire ignitions.
Likewise, the fuel coverage increased thanks to shrub encroachment into agricultural or pastoral areas
and to the spontancous afforestation with pines and oaks into many shrublands. These land cover
changes due to the ‘rural abandonment syndrome’ are widespread in France as in the southern Europe,
leading to more fire-hazardous landscapes (36). The fire weather hazard (FWI value) also increased
significantly in southeastern France due to climate changes and global warming (7), and the
occurrence of synoptic conditions propitious to large fires driven by wind (55) or by heat (38)
increased.

Fire activity has thus become low in southeastern France (9.7% of the total number of fires and 5.5%
of the burned areas in Europe; see (56)) in comparison to Spain, Greece and Portugal, although their
situation has improved recently (22, 57). These successes are only possible because France benefits
from a high ratio of fire suppression means in relation to the annual burned area (8). Investment in
equipment and preparedness has been considerable since 1994, including air trackers, water bomber
aircrafts, and fire suppression crews. The suppression capacity has captured two-thirds of national
funding for wildfires while only one third goes to prevention (13, 58). In addition, the density of road
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networks generally allows rapid access to most fires. However, this costly system could be called into
question in the future due to budget cuts (13, 42, 59).
4.2. What could limit the sustainability of the new fire policy?

This study confirms that an aggressive suppression-based fire policy can counterbalance in the short
run environmental conditions and human activity that become more hazardous (5, 34). In ‘normal’
weather years the current system of fire suppression is well organized, directed, equipped, and
remarkably efficient. However, increasing evidences suggest that these policies are challenged in the
long-term by several facts. Indeed, large and devastative fires occurred in 2003 and in 2016, burning
thousands of hectares and destroying many houses of infrastructures. These dramatic events are
indicative of structural factors becoming more conducive to fires in the long term, and of the difficulty
to manage prevention and suppression under exceptional circumstances. However, the current policy
does not fully address the future fire challenges: it does not account for the increase of structural
factors promoting fire risk, for climate changes, and it is unbalanced (Fig. 10).

Fire risk would increase due to several factors. Fuel coverage and biomass still grow due to
encroachment and spontaneous afforestation (36), and low practice of fuel management, in particular
around houses (13). This is exacerbated by the fire paradox: active suppression practiced since 1994
increased the fuel biomass and the likelihood of intense and large fires (24). Exurban sprawl into
wildland promotes ignitions and increases the vulnerability of houses (54), and makes suppression
more challenging (10). More generally, the expansion of infrastructures and tourism promotes
ignitions and hazardous areas where humans and assets are exposed to high fire hazard. In the same
time, there may be concerns more specific to southern France: as fire use for agricultural purpose is
banned from many areas, the culture of firewise practices decreased among population. Likewise, the
reduction of fire activity and fatalities gave credence increases in the media that the current system
cannot be overwhelmed; this may demobilize the public decision-makers (59) and decrease the
memory of fire the general public (see (60)). These structural changes are exacerbated by the ongoing
climate changes. Higher temperatures increase fuel dryness (61) and produce more necromass (62)
thus promoting intense fires (63). Exceptional meteorological events (heat droughts, heat waves) like
2003 and 2016 promote concomitant fires of high intensity (38) which are likely to overwhelm the
suppression capacity of fire crews (64). This may foreshadow the near-normal fire activity in the long-
term (13). The present suppression-oriented policy is unbalanced because it places too little emphasis
on prevention (65), and on hinterland and rural areas where prevention and regulation could be
effective to control future fires.

The unprecedented combination of increasing structural fire hazard, climate changes and unbalanced
policy seems to be a syndrome common to many Euro-Mediterranean countries (66) and would be the
origin of a new generation of wildfires intense and difficult to suppress (67, 68).

4.3. Facing new challenges: towards sustainable fire policy and adaptive land management

Since 1973 the French fire policy has recurrently tried to adapt to fire challenges after the fact (Fig.
10). Following the 2003 fires when the fire suppression framework collapsed (42), the firemen now
adopt a ‘fire analysis’ (10) approach for better detecting and fighting large fires, based on the
Catalonian approach (9). In 2010, the potential effects of climate change on fires were investigated by
(13), and in 2016, policy makers have questioned the sustainability of the current policy (59) facing
possible budget costs while suppressing fires tends to be more dangerous and expensive (14). Such
reflections about sustainable fire policies have recently gained momentum worldwide (see (14-16). A
new perspective is to better cope and coexist with fire in a context of global changes based on the
assumption that fire cannot be fully extirpated from our territories (see (15)). A consensus also
emerged on the fact that sustainable fire policies are those which favor prevention, participation of
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people to the culture and memory of fire, and long-term management of fuels and areas at risk (8, 69).
This would limit unwanted ignitions, tolerate them where and when this is possible, while protecting
the human assets from destructive fires and decreasing their vulnerability. This includes self-protection
of people against fire at a local scale, because fire cannot be the exclusive issue of firemen. A
comprehensive vision of this future is encapsulated into the ‘fire-smart territory” approach (70) which
promotes firewise communities and fire-smart landscapes (Fig. 10).

5. CONCLUSION

In this study we showed that the fire policy established after the devastating wildfires of 1990 has been
very effective for reducing fire activity in southeastern France. The strong financial, technological and
human investments made to implement this policy of aggressive suppression, pre-positioning and
prevention have offset the effects of increasing human activities promoting ignitions, of increased fire
weather hazard, and of the expansion of flammable fuels. France is thus often referred to as the good
pupil in the matter in Europe because its fire suppression framework is effective under normal weather
conditions. However, we strongly question the sustainability of this policy and its ability to mitigate
fire risk in the long-term in a context of increasing fuels and fire weather hazard. The hazardous fires
of 2003 and 2016 have recalled policy-makers to order and reminded that a suppression-driven policy
can collapse when facing exceptional weather conditions and new generations of fires that challenge
firemen. We advocate for a comprehensive and sustainable fire policy allowing coexistence with
wildfires. It should include reinforced prevention, involve the participation public and private, and
promote fire-smart landscapes and fire-resistant/resilient ecosystems.
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Table 1. Characteristics of fire activity and environmental-human drivers (mean +£SD) in southeastern
France (1975-1994 versus 1995-2014)

Characteristics of fire activity 1975-1994 1995-2014 Total F ratio P-value
Total number of fires (n) 58813 44642 103455

Mean annual fire density (n. yr’ 2940 £ 680 | 2232+556 | 2586 +£710

', mean = SE)

Annual fire density (n.yr".km", 0.037 0.028 0.032 12.44 0.0011
mean)

Total burned area (km?) 5829 2355 8183

Annual burned area (ha.yr'.km® 0.36+0.02 | 0.15+£0.02 | 0.25+£0.02 13.91 0.0006
', mean + SE)

Fire cycle (yrs.) 276 684 393

Environmental-Human Drivers

Fire Weather Index 22+£2.9 24.9+3.6 23.4+3.5 7.86 0.0079
Human Pressure Index 1665 +£154 | 2115+167 | 1890+ 180 3.92 0.0047
Fuel Coverage 6625+ 75 6814 + 50 6720 + 67 6.50 0.0090
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Table 2. Changes (%) in the number of fires and the total burned area by fire size classes between
1995-2014 and 1975-1994 (relative to 1975-1994). For each size class, p-values and SD were

computed by bootstrapping (1000 runs with 70% randomly sampled data points with replacement.
Mean values (£SD) are reported, all are significant at p < 0.001.

<1 ha 1-10 ha 10-50 ha 50-100 ha >100 ha
Number of -16£04
fires *okk -48.8 £ (.5 *** 521 £ 1 *%% | 491 £2.7 ¥¥* | 592 £ 1,9 **¥*
-44 + 0.4
Burned area *okok -52.5£0.5 k%% | 551 £ 1.1 %** | 52 £25%¥* | 62332 *k*

Table 3. Seasonal changes (%) in the number of fires and the total burned area between 1995-2014
and 1975-1994 (relative to 1975-1994). Mean values (£SD) are reported, all are significant at p <
0.001. For each season, p-values and SD were computed by bootstrapping (1000 runs with 70%

randomly sampled data points with replacement)

Winter Spring Summer Autumn
Number of fires -20.5£ 0.8 *¥*F* | -12£0.9 **%* | -32.7+£0.4*** | -28.24(.9 F**
Burned area -50.9 £2.8 *¥** | -582£2.9**F* | -60.4£3.2**F*F | -62.3+4.6F**
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Table 4. Comparison of the number of fires and the burned area (1975-1994 versus 1995-2014) for
each of the three pyroclimatic regions (PC). Comparisons were made using an analysis of variance
with a post hoc Bonferroni test. P-values lower that 0.05 are statistically significant

Number of fires 1975-1994 1995-2014 Total F ratio P-value

PC1 24226 18762 42988 7.35 0.0033
PC2 32355 22899 55254 10.21 0.0014
PC3 2981 2232 5213 3.83 0.0042
Total 59562 43893 103455

Burned area (km?) 1975-1994 1995-2014 Total F ratio P-value
PC1 2462 1025 3487 21.53 <0.0001
PC2 3111 1159 4270 16.66 <0.0001
PC3 255 171 426 12.62 0.0004
Total 5829 2355 8183

11



Author-produced version of the article published in Risk Analysis, 2018, 38, 3, 524-533.
The original publication is available at https://onlinelibrary.wiley.com/doi/full/10.1111/risa.12855
DOI: 10.1111/risa.12855

Figure captions

Figure 1. Location and elevation map of the study area. The upper right box displays the three main
pyroclimates (modified from Fréjaville and Curt 2015)

Figure 2. Mean annual number of fires and total burned area in southeastern France (1975-2014). The
dotted grey bar indicates the setting of the new fire policy

Figure 3. Number of fires (A) and total burned area (B) along the 1975-2014 period for different fire
size classes. The vertical grey dotted line indicate the transition between the two periods 1975-1994
and 1995-2014

Figure 4. Fire size distribution (A) and burned area distribution (B) in southeastern France (1975-
1994 versus 1995-2014). The vertical and horizontal scales are log-transformed

Figure 5. Comparison of the cumulated daily number of fires (A) and the mean daily burned area
(B) in southeastern France (1975-1994 versus 1995-2014)

Figure 6. Kernel distribution of the number of the mean fire density (A: 1975-1994; B: 1995-2014)
and of the mean burned area (C: 1975-1994; D: 1995-2014) in southeastern France

Figure 7. Changes in fire activity (left panel) and in the drivers of fire activity (right panel) for the
period 1975-1994 versus the period 1995-2014. The difference between the two periods has been
computed using F tests on 20,142 pixels. NS: non-significant at a level of 0.05; * P <0.05 ; ** P <
0.01 ; *** P< 0.0001

Figure 8. Sketch of the main changes in fuel coverage before and after the new fire policy (1994)
using the CORINE Land Cover (1990 and 2012). For the fuel types having increased the most in
coverage between 1990 and 2012, the percentage of increase in indicated. Conversions from one fuel
type to another are indicated in %. These fuel types contributed for 95% of the increase in fuel
biomass from 1990 to 2012. AGRIC: agricultural lands; SPARSE: sparse vegetation, PAST: pastures;
SHRUBL: shrublands; FORSHRUB: woody shrublands; FOREST: forests of all types

Figure 9. Contrasting seasonal patterns (left, winter: December to February; right, summer: June to
August) of temporal fire trends (top, fire density; bottom, burned area) with spatial variation in fire
suppression effort (x-axis, increasing suppression from left to right). Temporal trends were computed
by the tau' statistic of Mann-Kendall modified trend tests in each pixel from log-transformed fire
variables over 1973-2009. For each class (quantiles 0-25, 25-50, 50-75, 75-100) of the fire suppression
index, distribution of tau values was compared to a zero-centered random distribution using Student
tests within a bootstrap re-sampling procedure. Significant positive or negative trends by class of fire
suppression effort are indicated by asterisks (* p <0.05, ** p <0.01, *** p <0.001)

Figure 10. Temporal sketch of fire policy in Mediterranean France since 1975. The lower graph
indicates the variations of annual burned area, and periods of high fire activity in red. The central text
indicates the main fire policy options according to time. The upper arrow indicates the structural
causes and drivers that likely increase fire hazard and fire risk along time
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Fig. 7
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