N

N

Understanding future changes to fires in southern
Europe and their impacts on the wildland-urban
interface

Anne Ganteaume, Renaud Barbero, Marielle Jappiot, Eric Maillé

» To cite this version:

Anne Ganteaume, Renaud Barbero, Marielle Jappiot, Eric Maillé. Understanding future changes to
fires in southern Europe and their impacts on the wildland-urban interface. Journal of Safety Science
and Resilience, 2021, 2 (1), pp.20-29. 10.1016/j.jnlssr.2021.01.001 . hal-04210192

HAL Id: hal-04210192
https://hal.inrae.fr /hal-04210192
Submitted on 18 Sep 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.inrae.fr/hal-04210192
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Journal of Safety Science and Resilience 2 (2021) 20-29

4

Science Press

journal homepage: http://www.keaipublishing.com/en/journals/journal-of-safety-science-and-resilience/

Contents lists available at ScienceDirect

Journal of Safety Science and Resilience

JURNAL (i
SAFETY SCIENCE

AND RESILIENGE

Understanding future changes to fires in southern Europe and their impacts

on the wildland-urban interface

Anne Ganteaume®, Renaud Barbero, Marielle Jappiot, Eric Maillé

INRAE, RECOVER, Aix-en-Provence, France

ARTICLE INFO ABSTRACT

Keywords:

Wildland-urban interface
Mediterranean region

Fire risk

Resilient community and landscape
fire weather conditions
Vulnerability

Southern Europe is a highly fire-prone region where extreme fires have often disastrous consequences on both
structures and people. Human activities and fire weather conditions favouring ignitions and propagation have
always been the drivers of such fires but anthropogenic climate change alongside the extension of wildland-urban
interface (WUI) that concentrates both assets and fire ignitions have the compounding effect of exacerbating fire
risk. WUI are currently not adequately prepared to sustain events whose frequency and intensity are foreseen to
increase in the future as shown during the extreme fires that occurred recently in Euro-Mediterranean countries.
This work presents the context of WUI fires in the Euro-Mediterranean region, their driving forces and their
impacts on society, with insights from three recent catastrophic fires that drew much attention. In this context,
we propose a conceptual framework for understanding the WUI issue assessing the implications for fire risk and
providing some guidance to mitigate this risk, updated management strategies as well as comments about gaps
in our current knowledge and how we might address this problem in the future. A successful approach to reduce
fire risk in the future will require building resilient landscapes and communities better prepared to face these
extreme fire events in which WUI population, forest managers, land planners, civil protection, and policy-makers

need to work together to improve the safety and resilience of these fire-prone areas.

1. Introduction

Besides the Mediterranean climate conditions (dry and warm sum-
mer) prone to fire ignition and propagation in a very flammable veg-
etation, Mediterranean regions are also characterized by areas where
wildland vegetation intermingles with human settlements, the so-called
wildland-urban interfaces (WUI). In the current context of climate
change and demographic expansion, there is an increasing attention on
the WUI. These areas are often considered as one of the main drivers
of fire risk [1-5], as the risk to human lives and property, and there-
fore the stakes to defend, are the greatest [6]. As opposed to a fire that
spreads only in the wildland, a WUI fire spreads across different types
of flammable sources (not only vegetation) producing a range of im-
pacts, eventually contributing to an extreme fire under specific condi-
tions [7]. Among the new types of WUI fuels, ornamental vegetation is
composed of both native and exotic species. This type of vegetation dif-
fers from wildland vegetation by its heterogeneous structure composed
of isolated plants and groups of plants, sometimes lining up, thereby
providing horizontal fuel continuity [8]. This WUI vegetation, which is
not always properly managed (lack of regulations in some countries or
lack of their enforcement when they exist), can act as a vector facilitat-
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ing fire propagation from the wildland to structures (and then possibly
from structure to structure, evolving in a conflagration fire) but also
from the WUI towards the wildland. A fire spreading across the WUI
can result in significant damage to structures, property losses and can
lead to human casualties. According to [9], the WUI population is highly
exposed to large WUI fires, which are undoubtedly more difficult to han-
dle [10] as witnessed in the recent tragic fire events in Southern Europe
(115 deaths in Portugal, 2017 and 102 deaths in Greece, 2018). Dur-
ing these fires, among citizens and firefighters involved in entrapment
episodes, those that were directly exposed to a large amount of smoke
particles, in combination with the extreme thermal radiation emitted
by the fire and convection due to hot gases, suffocated and died in their
home or on the roads [11].

In most Mediterranean regions, the current wildfire management
policies are generally too focused on suppression and are no longer
adapted to the on-going global change [5]. Global warming has been
shown to increase the frequency and severity of fire weather condi-
tions in both observed [12] and simulated [13] data, contributing to
a lengthening of the fire weather season as well as an increased fre-
quency of days with elevated fire danger. This trend has been attributed,
to a large extent, to temperature increases in response to anthropogenic
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emissions but the signal may also be amplified in regions where pre-
cipitation is also expected to decrease. This is particularly true in the
Euro-Mediterranean basin, where climate models project both a strong
warming - the so-called Mediterranean amplification [14] - and pre-
cipitation deficit that collectively exacerbate fire weather conditions
[15,16]. There is already emerging evidence of an increasing frequency
of compound heat waves and drought episodes across Mediterranean
regions in the observational record [17] and the confluence of the back-
ground warming trend with the occurrence of unusually dry years might
alter the likelihood of extreme fire danger. For instance, a recent study
indicates that the likelihood of extreme fire danger conditions such as
those observed during the near-record breaking 2003 fire season in the
French Mediterranean have increased by orders of magnitude in recent
years due to anthropogenic climate change [18]. This trend is likely to
continue given future climate projections ([15, 16]), which might fa-
cilitate fire spread despite suppression efforts and fire-fighting assets
deployed [5]. Additionally, the aridification of the climate is thought
to facilitate tree die back and mortality [19,20], enhancing the stands’
flammability due to the resulting dead fuel amount. This aridification
could also, over the long-term, entail changes in the distribution areas
of species [21].

In addition to anthropogenic climate change, southern Europe has
also experienced strong land cover and land use changes in recent
decades, including a progressive abandonment of agricultural lands and
activities. These changes alongside systematic fire suppression opera-
tions, especially in the surroundings of WUI areas, have contributed to
a large-scale fuel build-up (increase in forested areas and therefore in
fuel continuity and biomass) [22], thereby feeding fire spread [23], and
eventually leading to the development of very intense and destructive
fires. Moreover, in some countries such as Portugal or Chile, plantations
of highly flammable species (e.g. Pinus radiata or Eucalyptus globulus)
over extended areas have also increased landscape flammability and
the risk of extreme fires [24,25]. At the same time, the steady urban
sprawling in forested massifs (i.e. increasing the WUI areas) [1,26] has
exacerbated the number of stakes to defend, posing a challenge for civil
protection and firefighting teams [27]. In this context, fire managers and
the general public (residents at the WUI, tourists, etc.) are confronted
to unusual fast-growing and intense fires that neither the firefighting re-
sources and tactics nor the protection strategies can suppress [28-31].

We here review the recent literature relating to WUI fires in Europe,
the driving forces of these fires, their impacts on society together with
insights from three recent catastrophic fires that drew much attention in
Southern Europe. This allows us to propose a conceptual framework for
understanding the WUI issue and to assess the implications for fire risk.
Finally, we provide some guidance to mitigate the risk, update manage-
ment strategies as well as comments about gaps in our current knowl-
edge and how we might address these.

2. Fire and climate change

The last decade has seen an exceptional number of unprecedented
extreme weather and climate events that are projected to be more fre-
quent and more intense due to global warming. There are simple, physi-
cal reasons why fires would be expected to increase in a warmer climate.
Indeed, a warmer atmosphere will increase the vapor pressure deficit
and therefore atmospheric aridity. A drier atmosphere will be able to
extract more water from soil and plants, thereby increasing landscape
flammability. Beside this, fire activity is also responding to other mete-
orological variables such as wind bursts. Thus, a traditional approach
to quantify fire weather conditions consists in computing fire weather
indices summarizing the combined effects of different atmospheric vari-
ables on fire danger. One of the most widely used indices worldwide
is the Canadian Forest Fire Weather Index (FWI) developed a couple
decades ago [32]. Although initially developed in a jack pine forest of
Canada, the FWI has been extensively used across the world, including
across the Euro-Mediterranean basin [33]. The FWI integrates both cur-
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rent meteorological conditions (daily maximum temperature, minimum
relative humidity, wind speed, and 24 h accumulated precipitation) as
well as antecedent conditions and reflects the effect of fuel moisture and
potential fire spread rate on fire behavior. A number of studies have thus
focused on understanding how fire weather, viewed through the FWI, is
responding to global warming [34,13].

Widespread increases in FWI values have been reported across the
Euro-Mediterranean Basin due to anthropogenic climate change [18,35-
371, mostly through increases in temperature and precipitation deficit.
However, the relationship between fire weather conditions and actual
fire activity is complex. It is not simple to relate changes in fire weather
to changes in realized fire occurrence and fire spread as i) the climate-
fire relation is strongly non-linear and ii) fires can also be influenced
by a multitude of drivers ranging from land cover, fuel availability, hu-
man practices, or fire suppression strategies. Due to this complexity and
diversity of processes, it is challenging to directly extrapolate the inten-
sification of fire weather conditions to changes in fire activity.

A large body of studies have therefore sought to relate fire weather
conditions to actual fire activity across a range of temporal scales [38-
40]. The dryness of climate conditions in southern Europe has been
found to be a good proxy of the amount of burned area in a given
year [41]. On shorter timescales, studies detected two broad families
of fires: fires mostly driven by heat waves and those mostly driven by
wind bursts [42]. Interestingly, the relationships between fire weather,
fuel moisture, and fire involve complex mechanisms and burned area of-
ten increases in a non-linear fashion with atmospheric aridity suggesting
that critical thresholds in fire weather may trigger disproportionate re-
sponses in fire activity [43] (as seen in 2003 during the European heat
wave).

Overall, climate-fire relationships are rather well understood and
to some extent, well reproduced by statistical models, at least over
broad geographical scales. Studies have therefore run climate simula-
tions through empirical fire models to estimate future changes. These
experiments suggest that anthropogenic climate change is likely to in-
crease landscape flammability and, all things being equal, fire activity
[17,16]), albeit the exact rate of increase remains unknown due to large
uncertainties in climate models [37] and climate-fire model specifica-
tion [44]. Additional uncertainties arising due to fire policy and fire
management also complicate the realism of such simulations at regional
scale and impair our ability to predict future fire activity. For instance,
abrupt changes in fire policy have already been implemented in south-
ern Europe and have contributed to a general decrease in burned area
in recent decades [45,46]. However, the accumulation of fuel load, due
to past fire suppression efforts within a long-term forest recovery con-
text across the Mediterranean [47], is widely thought to have created
favorable ground conditions for fire spread and the occurrence of large
fires [46]. Indeed, suppression resources have historically limited fire
activity but might be overwhelmed by climate change during critical
seasons, as recently observed in Portugal or Greece [11], with the oc-
currence of extreme fires overwhelming current suppression capacities.
This suggests that suppression resources may act with climate change
through increased fuel to catalyze dramatic changes.

3. The wildland-urban interface
3.1. The WUI context

In recent decades, destructive WUI fires have resulted in the loss of
life and property and have had dramatic socioeconomic impacts [48—
51]. The problem is global and affects many countries all around the
world, including Canada [52], the US [3,53,54], but also Australia —
see the Black Saturday [55]. In southern Europe, recent WUI fires have
contributed to fatalities in Portugal and Greece [11], drawing attention
worldwide from both scientists and the general public.

WUI are complex areas where houses and other structures are built
within or close to wildland vegetation. In the context of fire risk, the
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term is, most of the time, used to identify settlements that are poten-
tially at risk [56-60]. Different types of WUI can be distinguished, such
as intermingle areas, where natural forest vegetation, ornamental veg-
etation, and human infrastructures are separated by a line, and inter-
mix areas where vegetation and human structures are totally intricated
[61]. The WUI definition may vary from one country to another [62] but
generally includes three variables: structures, vegetation, and a buffer
distance (e.g. [63]). (Fig. 1).

WUI can be easily mapped using land cover data [64] to quantify
their extent and dynamic. The WUI covered 9.5% of the conterminous
United States in 2010 and had a 41% growth in the number of houses
since 1990 [65]. Similar trends have been reported across Southern Eu-
rope [66,67]. In southeastern France, the WUI area has seen a 10%
increase between 1999 and 2009 in the district of Bouches du Rhone
where it covers 15% of the total surface [68]. Fire risk has been ex-
acerbated by this rapid increase in WUI with simulations projecting a
continued expansion in the future due to demographic trend, the attrac-
tion to areas with natural amenities, recreational activities, retirement
to rural areas, and economic reasons [69-71].

This WUI expansion is expected to increase fire ignition. In rural
areas, most fires are due to negligence during agricultural works while in
more urbanized areas, fire causes can include arson or negligence during
private works, for instance [72], since people moving into such areas are
not always aware of the fire risk [73]. In the South of France, large fires
are mostly due to arson, while smaller fires are due to negligence [74].

3.2. Vulnerability to fire hazard at the WUI

The risk is the highest at the WUI not only because the ignition haz-
ard is high, but also because of the concentration of vulnerable pop-
ulations, anthropogenic stakes, including houses, infrastructures and
ecosystems (i.e. the vulnerability) [75]. Vulnerability is a complex con-
cept with a large number of definitions [76,77]. Vulnerability represents
potential consequences of the occurrence of a stochastic event, i.e. the
hazard [78], including damages [79] and impacts on societies [80,81].
It depends on the number and variety of stakes exposed to fire hazard.
[82] considered four classes of vulnerability: physical, social, economic,
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Fig. 1. The wildland-Urban Interface (adapted
from [1]).
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and institutional. Vulnerability at the WUI may refer to vulnerability of
some particular classes of stakes, typically houses and their residents or
to a more global notion of multi-stakes vulnerability of a whole area,
including both human and natural vulnerabilities [83].

Assessing the global risk to improve the safety and resilience of com-
munities requires the evaluation of both the probability of fire occur-
rence and the vulnerability of the threatened populations, exposed val-
ues, and ecosystems [84]. [82] suggested several methods providing
qualitative, ordinal, or quantitative assessments of vulnerability. Quali-
tative methods include different types of matrix, such as the Vulnerabil-
ity, Capacities, and Exposure matrix (VCE; [85]), while indicators-based
methods, which are usually designed to provide vulnerability assess-
ment for each element at risk, allow the ordination of the stakes in re-
lation to their vulnerability for corrective actions prioritization. These
qualitative methods relating damages to a local context are common
practice [86,87]. On the other hand, curves, relating fire intensity to
losses, aim at quantitatively assessing vulnerability. Fire intensity rep-
resents the power per unit of fire front width affecting the structures
during the exposure time [88,89] but this metric is rarely available, un-
less in experimental conditions or in fire simulations. Quantitative ap-
proaches can also relate particular damages to some local variables, like
topography or building materials, or global impacts including number
of buildings destroyed and fatalities to some circumstantial variables,
like the FWI over broad scale [90]. These latter methods require large
samples of losses occurring in similar exposure conditions in order to
identify statistically significant relationships between damages and lo-
cal variables.

Expert opinion-based Multi-Criteria analysis and Modeling (MCM) is
also used to calculate vulnerability indices [69], notably in case stud-
ies where observed damages in similar conditions are rare. These ap-
proaches aim at “objectiving” experts’ knowledge and experience, in-
cluding firefighters but also forest and land managers, to hierarchize cri-
teria of vulnerability by assigning to each of them a quantitative weight.
In order to calculate an index of physical vulnerability of dwelling
houses at WUI, [91] suggested considering criteria of internal vulner-
ability (building materials and modalities), criteria of contextual vul-
nerability (topography, wind exposure, spatial arrangements of the sur-
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Fig. 2. Diagram framing the vulnerability modeling
and assessment.
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rounding vegetation), and proactive capabilities of residents (escape ca-
pabilities, self-defense). This approach uses the Ascendant Hierarchy
Process [92] for experts’ knowledge elicitation. Experts’ opinion-based
MCM is also used to assess the vulnerability of an entire WUI area, taking
into account different human and natural stakes, by assigning a weight
to each class of values present in the area at risk. For instance, a lo-
gistic regression model was able to explain damage occurrence based
on vulnerability indices calculated with experts’ opinions-based MCM
[93]. This demonstrates the usefulness, but also the dependency to the
context, of expert opinion-based modeling approaches for vulnerabil-
ity mitigation decision making. Some of the modeling approaches for
vulnerability assessment presented above are framed in Fig. 2. Vulner-
ability models are therefore key tools for fire risk management deci-
sion support and recommendations to populations [94] and contribute
to improve WUI safety and resilience. Future change in vulnerability
is closely related to WUI development throughout the landscape, due
to both the discontinuous urban spread process and the forest encroach-
ment on abandoned agricultural or pasture lands [95]. Urban land plan-
ning and forest management are the main tools at the disposal of deci-
sion makers to control these landscape changes [96].

4. How recent wildland-urban interface fires in southern Europe
prefigure future challenges in managing wildfire risk

4.1. Mati, Greece 2018: how a poor urban arrangement can lead to a
disaster

4.1.1. The context of the fire

At 12:03 on July 23, 2018, a first fire started on Mount Geraneia in
western Attica, about 50 km West of Athens. The fire quickly spread in
response to a strong wind reaching 90 km h'! and swept through the
WUI of Kineta [97]. This fire did not result in any human casualty but
destroyed many houses and threatened by spotting an important oil re-
finery. Because of the high vulnerability of this stake, fire services were
forced to dispatch a very large portion of ground and aerial firefighting
resources to this specific area of Attica. While attention and resources
were concentrated in western Attica, almost 5 h later, another fire broke
out in a mountainous area of eastern Attica. The official cause of igni-
tion was an unintended wood burning, although a damaged power line
and arson were also initially advanced. The rapid spread of this second
fire (rate of spread up to 5 km h!) towards the East affected the WUI of
Mati where it finally stopped on the seaside (with a fire-front of approx-
imately 1 km). The westerly flow (bursting at 100-120 km h'! in sev-
eral areas) blowing downslope in the eastern region of Attica [98] con-
tributed to high temperature (up to 39 °C) and low relative humidity
decreasing to 19%, creating ideal conditions for a rapid fire propaga-
tion. This rate of spread is however quite usual in Greece and despite the
moderate final fire size (1,276 ha estimated by satellite data provided
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by the COPERNICUS Emergency Management Service — Mapping plat-
form), the Mati fire toll was dramatic. A total of 102 people died in less
than 3 h (making this event as the second-deadliest weather-related dis-
aster in Greece) while more than 160 people were more or less severely
injured and hundreds were affected by smoke and/or intense heat. Apart
from human casualties, damages included approximately 3,000 houses
partially or totally burned and 305 burned vehicles. Severe impacts on
the built and infrastructure environment were also reported, e.g. dam-
age in the low and medium voltage distribution networks, as well as in
the water network [99]. No preventive evacuation was initiated in the
first phase, when the fire started off, but only people in great danger
were then rescued when it was possible.

4.1.2. Worsening factors

The topography and the town configuration contributed to a major
traffic jam caused by the large number of people trying to flee. These
people were often unaware of the geographical characteristics of the
area such as the steep coastline that hindered access to the sea and led
to their entrapment. Limited escape routes and the lack of visibility due
to the smoke also contributed to the entrapment [97].

Multiple factors are held responsible for the human disaster of the
Mati fire, including the management of firefighting and rescue resources
and the WUI layout. The former was strongly constraint by the simul-
taneous occurrence of two critical fire events in Attica, as the strategic
decision made at that time was to mobilize the maximum of means on
the Kineta fire, for a flash massive attack, without leaving enough avail-
able teams and equipment in case of another fire (Antonis Mantzavelas,
Omikron, pers. com., 2018). It is worth noting that, thanks to this strat-
egy, there were no victim during the Kineta fire. The rate of fire spread,
the delayed arrival of fire trucks due to the focus on Kineta, and the dif-
ficulty to employ aerial resources due to the strong wind, can therefore
explain, among other factors, why suppression efforts were not success-
ful.

The spatial distribution of the WUI is the second component that can
explain the high casualty of the Mati fire. Indeed, the structures were
directly intermixed with large patches of highly flammable pine forest,
without any fuel break in between, putting the residents in a high fire
risk situation. The part of the WUI located on the seacoast was some-
times on top of coastal cliffs, or in direct contact with a narrow beach.
Moreover, the road network at the WUI was composed of very narrow
lanes with many dead ends leaving no possibility of lateral escape. The
lack of refuge areas (such as sports fields, squares, etc.) also participated
to the entrapment.

Finally, the lack of warning or guidance from local authorities, along
with the lack of any preparatory measures for fire protection (settlement
fire plan, citizen education, or home preparation) were also aggravating
factors. The fast rate of spread as well as the smoke and hot gases emit-
ted by the fire surprised people, causing a general panic. Some people
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unwisely tried to escape at the last moment in their cars and were im-
mediately caught in the traffic jam or trapped at the edge of the coastal
cliff. Others managed to get into the sea but were exposed to heat and
smoke for hours or drowned as rescue boats have only come hours later
[100]. Fortunately, most people made quick decisions, either moving
out in time or sheltering in their homes that are generally built with
non-flammable materials as in most European countries.

The high number of destroyed buildings was mainly due to structure
weaknesses (e.g. vulnerable roofs and frames, poor building materials)
which allowed the fire to spread inside. Most affected residences and
buildings included storied constructions, while ground floors or base-
ments suffered statistically less damage, as often witnessed during a
crown fire [99]. Moreover, it is worth noting that many of the affected
homes were seriously damaged due to vegetation surrounding houses
and to louvered shutters that provided an entrance for the flames into
the buildings.

4.2. Pedrégdo Grande, Portugal 2017: new challenges in fire management
and evacuation of populations in the event of multiple fires

4.2.1. The context of the fire

The Pedrégao Grande complex of fire events (i.e. occurrence of sev-
eral independent ignitions in a same region leading to the simultaneous
propagation of several fires, eventually merging), as described by [101],
occurred between June 17 and 22, 2017. This complex of fires involved
two consecutive fires, the Pedrégao Grande and the Gois fires, spreading
simultaneously and burning together 45,000 ha in central Portugal, near
Coimbra. The former, caused by a failure of power line, reached intensi-
ties of 60,000 kW m~! and, during 10 min, reached a rate of spread up to
15 km h'l, provoking most fatalities. The fire exhibited an extreme phe-
nomenon of vorticity (i.e. fire whirl as well as short and long-distance
spotting activity) [101]. The Pedrégao Grande fire perimeter comprised
3,833 ha of WUI out of which 1,706 ha did not burn, eventually burn-
ing a total of 28,914 ha [102]. The Géis fire, caused by a lightning
strike, was less intense and spread more slowly, with a rate of spread of
1.8 km h'! and a maximum fireline intensity of 20,000 kW m! responsi-
ble for 17,521 ha burned. According to their intensity, these fires can be
classified as impossible and virtually impossible to control, respectively
[671.

Almost 98% of the area affected by the Pedrégdo Grande complex
of fires was burnt during the first 2 days. During this period, the two
main fire fronts merged and the resulting firestorm produced an extreme
fire behavior leading to fatal accidents when people tried to escape. In
total, 66 people (among them 65 civilians and 1 firefighter) lost their
lives, 31 trapped inside their cars and 30 on foot while trying to escape,
while more than 200 people were more or less seriously injured. Only
four civilians died at home, all having mobility difficulties. Addition-
ally, more than 1,000 structures (buildings, infrastructures, etc.) were
damaged or destroyed [103].

Besides the high temperature and dry conditions of the 2017 fire
season in Portugal [40] (temperature ~ 38 °C and relative humidity ~
20% at the time of fires; [101]), these fires spread on a rough topography
and in a very dry and flammable forest vegetation. This vegetation was
mainly composed of plantations of Eucalyptus globulus and Pinus pinaster
as well as dense shrubland, providing high fuel continuity. The WUI ex-
tended over 3,833 ha, mostly characterized by isolated buildings [102],
out of which 2,126 ha were burned affecting 1,043 structures.

4.2.2. Worsening factors

From a tactical shortcoming point of view, as [101] pointed out, the
Portuguese Civil Protection warning system failed to inform citizens of
the gravity of the on-going fires and the population was unprepared to
respond effectively. The fires on June 17, 2017, and especially the Pe-
drégao Grande fire, happened to turn into extreme fires due, partly, to
the wrong perception of their potential that ended up in underestimating
the resources needed, notwithstanding the extreme weather conditions
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at the time of ignition. Moreover, firefighting resources were divided
into several fires that occurred in the area, limiting the availability in
firefighting means on the Pedrégdo Grande fire. Indirectly playing on
the extent of the damage, an important lack of adequate crisis commu-
nication during this event was underlined [104]. The communication
systems collapsed and the high pressure exerted by politicians and me-
dia led to misevaluation, failures and errors in the command and control
chain.

Basically, the lack of preparedness (physical and psychological) of
the population was also an important factor explaining the high level
of losses and damages, among which poor safety and difficult evacu-
ation of people who were often aged and living in marginalized ru-
ral areas, therefore increasing the vulnerability of the stakes [104].
The lack of prevention measures regarding fuel management and de-
fensible space aggravated the situation further. Moreover, the lack of
collaborative work between central fire agencies, municipal govern-
ments, and local communities, the loss of the technical knowledge de-
veloped for decades by the Forest Service, and the minimization of its
role and competences, as well as the restrictive legislation of the use
of fire as a management tool, were other factors that exacerbated the
situation.

The Pedrégdo Grande complex of fires was, unfortunately, not the
only dramatic fire of the 2017 season in Portugal. During the autumn
2017, more than 600 fires burned more than 200,000 ha throughout the
Central Region of Portugal, killing 51 civilians, mainly in the northern
half of the country, including 38 people on October 15 [105]. Once
again, these fires were associated with severe meteorological conditions
for the season due to the passage of Hurricane Ophelia off the Portuguese
Coast, displaying temperatures above 30 °C and very strong winds. The
early (June) and late (October) timing of these fires, on both ends of the
typical summer fire season, illustrates the lengthening of the fire-prone
season in southern Europe and the need to consider these changes in fire
preparedness.

4.3. Rognac, France 2016: Usual firefighting strategies facing unusual fire
behavior

4.3.1. The context of the fire

This fire occurred in Rognac, southeastern France, a highly fire-prone
area (already impacted by six fires larger than 300 ha since 1967). With
2,669 ha burned in 10 h, the Rognac fire is actually the largest fire that
occurred in 2016 in France.

The Rognac fire ignited in the afternoon on August 10, 2016, due to
sparks emitted by an electric saw used by a resident working outdoors,
despite the strong wind blowing at that time at 55 km h'! on average,
gusting up to 88 km h'l. It is worth noting that relative humidity (32%
at the time of ignition) and air temperature (27 °C) were rather mod-
erate for the season due to a continental northerly wind (Mistral) that
brings unusual cold air across the region [42]. However, the vegetation
moisture content was very low due to the lack of significant rain for
several months; the landscape was therefore very flammable.

The fire quickly spread in the wind direction (with a maximum rate
of spread of 5.3 km h™1) and was qualified as a convective fire, due to the
particularly long spotting (up to 2 km). Eventually, the fire was extin-
guished almost 10 h after ignition, having burned 2,669 ha and more or
less severely impacted seven different communities, especially Vitrolles
(1,648 ha) and Les Pennes-Mirabeau (676 ha), threatening more than
2,000 buildings located at less than 50 m from the flame front (Fig. 3).

Besides its large size for a WUI fire, what mostly characterized the
Rognac fire was its propagation through the WUI, towards the core of
the urban area (2,200 ha were burned at the WUI and urban areas),
acting sometimes more as a “suburban fire” than a “WUI fire”. In total,
more than 2,000 structures were exposed to the fire and 181 (houses,
other buildings, gardens and their equipment, etc.) were impacted,
including 117 buildings out of which 26 were completely destroyed
[106].
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Fig. 3. Location of the ignition point and area burned by the Rognac fire (adapted from source: Office National des Foréts).

4.3.2. Worsening factors

Different reasons can explain the extent of the fire and the subse-
quent damages: (1) a limited suppression force, (2) a dry vegetation,
(3) wind bursts, and (4) the extent of WUI complicating fire suppres-
sion strategies. When the fire ignited, the firefighting force available
was reduced due to an unexpected firefighting aircraft maintenance that
grounded most aerial resources. Moreover, several other fires occurred
the same day in nearby locations, including a critical fire in Fos-sur-Mer
(more than 1,000 ha burned) threatening an oil terminal (one of the
main stakes of the area). These simultaneous fire outbreaks caused the
splitting of the firefighting resources, preventing the early and massive
attack of the fire (a strategy that consists of attacking the fire within the
first 10 min after ignition with full force). With the fire attack delayed,
the fire grew rapidly due to windy conditions interacting with topogra-
phy, making the fire even more difficult and dangerous for firefighters
[106].

The role of ornamental vegetation in fire propagation was paramount
as the fire often spread using the horizontal fuel continuity provided by
ornamental hedges located around residents’ properties and along roads,
destroying nearby buildings (76% of the burned area was located at the
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WUI) [107]. The role of ornamental vegetation was sometimes com-
bined with a lack of clear-cutting around housing, though mandatory for
buildings located at less than 200 m from wildland areas according to
the French regulation at the WUIL One of the most significant examples
was the “Chéteau des Barnouins” which was completely destroyed due
to tall trees overhanging the roof and two large cypress hedges located
on each side of the house. The strong radiant heat emitted by the burn-
ing vegetation surrounding the buildings as well as the massive shower
of firebrands generated by this vegetation, eventually contributed to the
collapse of the roof and the burning of the mansion.

4.4. The same facts everywhere

Retrospective analyses of extreme fire events in southern Europe of-
ten reveal similar patterns among these fires.

» Weather conditions are major drivers of the occurrence, spread, and
extreme behavior of these catastrophic fires. It is now obvious that
these fires cannot be prevented only by an increase in suppression
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resources, in particular in the context of climate change that is ex-
pected to promote critical fire weather conditions in the future.
Extreme fire behavior is also fueled by large amount of vegetation
biomass due to past fire suppression strategies, agricultural land
abandonment, lack of implementation of fuel reduction policies at
the WUL or large extents of unwise plantations of very flammable
exotic species in some places.

The suppression capacity is often overwhelmed, due to the occur-
rence of multiple fires at the same time [67].

The rate of urbanization and population sprawl inside the forest
over the past 20 years, combined to a poor land planning regard-
ing wildland/rural-urban interfaces increased the vulnerability.
The lack of awareness of fire risk as well as the lack of knowledge or
guidance among residents regarding fire preparation and response
added to the toll. The 2017 fires in Portugal, for example, highlight
the need to better prepare and inform the population about fire pre-
paredness and response [104].

Overall, the most important factors contributing to the increase in
fire risk (i.e. climate change and land use/land cover changes but also
change in fuel management) are not new given that these changes have
begun decades ago and are gradual (albeit their effects are more and
more pronounced with time). In contrast, some new socio-economic con-
texts have emerged, such as the increasing number of tourists or “new”
residents without any awareness of the “culture of risk” in fire-prone
areas. For the latters, solutions among promoting «Firewise communi-
tiesy, intensifying awareness and information campaigns through differ-
ent channels including social networks, could be sought.

5. Mitigation of the risk and improvement of the socio-ecosystem
resilience to fires

This section summarizes what could be done to mitigate extreme fire
effects in southern Europe.

« The organization and preparedness of civil protection agencies must
improve to face climate change. This could be tackled by a better
understanding of the conditions contributing to extreme fires. An
increase in weather data collection (including collecting data dur-
ing fire events) and the improvement of modeling tools for fore-
casting fire propagation could be among the solutions [98], specif-
ically within WUI areas. The civil protection agencies should also
share experience-based tools and best practices particularly between
Mediterranean countries and non-traditionally fire prone countries.
Vegetation management has to be done at different scales: at land-
scape scale, in order to decrease the large amount of vegetation
biomass accumulated due to past fire suppression strategies and land
use change (agricultural land abandonment) or to limit the extent
of plantations of very flammable exotic species (such as Eucalyptus
globulus in Portugal), and at WUI scale, to implement fuel reduction
policies that are, in general, poorly enforced.

A change of perspective has to be considered instead of focusing on
the reduction of burned area. [5] suggested reducing fire severity
across large areas and in key locations in order to minimize negative
impacts to society, ecosystems and their services.

Fire policies have to be revised at different scales. Previous works
(e.g. [11,5]) agreed on the need of a major revision of policies and
practices to mitigate the number of fatalities in Mediterranean Eu-
rope, especially regarding prevention. As underlined by [108], the
efficiency of fire management policies should not be assessed based
on the burned area but rather on socio-ecological damages prevented
by such policies. Rural development policies, whose lack of continu-
ity and soundness was responsible for important damage in Portugal
[104], also need to be revised.

We need to better plan the WUI to develop resilient communities
along with fire-resilient landscapes. Land use planning and land-
scape management have to be considered to regulate existing WUI

.
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and their surrounding [53,8] and better plan their extension tak-
ing into account current fire risk [3]. The land use planning has
been identified as an important component of fire risk management
and specific policies based on residential patterns would help reduc-
ing the risk [109]. This should also consider fireproofed structures
to promote self-protection through specific regulations, incentives,
insurance [5], as building construction materials have been found
critical for structure survival during a fire, sometimes more than
the defensible space distance [54,110]. In rural-urban interfaces un-
dergoing agricultural land abandonment, encroachment of highly
flammable vegetation and tree plantations around rural settlements
ought to be contained and replaced by less flammable species such as
oak species (Quercus suber, Q. ilex), in a buffer area around housing.
Decision support systems based on model simulations can help tak-
ing into both climate change scenarios and land use land cover
change scenarios (LULCC) in land management and planning strate-
gies [111].

For WUI residents, community preparedness is also a key compo-
nent of a policy targeting reduced damage. The successful Australian
strategy “Prepare. Act. Survive.” stresses the safer option of leav-
ing early, as well as the dangers and significant level of preparation
needed for successful defense compared to the previous Australian
policy of “prepare, stay, defend, or leave early”. already showing that
local communities have to participate in the design and planning
of mitigation actions [93]. The American concept of Fire Adapted
Community (FAC) is also an interesting approach to better mitigate
the impact on human functioning or well-being when a fire occurs
at the WUI [112]. The FAC includes residents, land management
professionals, local politicians, emergency managers, and fire pro-
fessionals who effectively collaborate to plan for, respond to, and
recover from the evolving risks that fires pose to humans within or
outside of the Wildland-Urban Interface.

Residents, but also land planners, need to be more educated about
fire risk as the role of fire prevention policies, such as the mandatory
brush-clearing (the French fuel management regulation at the WUI),
on fire mitigation is often misunderstood. Consequently, this reg-
ulation is often poorly implemented, resulting sometimes in catas-
trophic consequences when a fire occurs. People also need a better
knowledge of the flammability potential of the ornamental vegeta-
tion and of how to use it around their home [8]. One of the lessons
learned from past fires is to implement suitable designs of houses
that will eventually serve as shelters in European countries, follow-
ing the standards developed in Australia for instance [5].

6. Towards a fire resilient landscape design

At the wildland-urban interface, alongside an adequate and foreseen
land planning, targeting the reduction of the amount and connectivity
of fuels in a fire-wise landscape design, would reduce the fire severity,
improving the effect of fire suppression strategies and therefore, miti-
gating fire damage. Forest management, including afforestation and re-
forestation, has to be improved keeping this in mind (i.e. considering
in silvicultural practices the species’ flammability, often linked to their
fire adaptation strategies) in order to decrease the fire risk. In some
parts of southern Europe where agricultural areas intermix with urban
settlement (rural-urban interface), agricultural policies should be better
aligned with forest and fire policies to avoid vegetation encroachment
around assets [5] promoting for instance livestock grazing and agro-
forestry [113] whenever possible. Others efficient tools to reduce fuel
biomass, such as prescribed burning or use of fuel biomass for energy,
have to be more efficiently promoted to gain acceptance with stakehold-
ers and population and should be implemented and fostered wherever
possible. Finally, an innovative model of fire management considering
both the multi-scalar dimension of fire and the social root of fire [114] is
needed to improve safety and resilience.
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7. Conclusion

The extension of the wildland-urban interface that concentrates both
assets and fire ignitions combined with anthropogenic climate change
have been exacerbating fire risk in southern Europe, as seen throughout
the world. In the past few years, the resulting catastrophic fire events
took a heavy toll in human life and structure losses at the WUI, high-
lighting the fact that these areas are currently not adequately prepared
to sustain events whose frequency and intensity are foreseen to increase
even more in the future.

Better understanding the context of WUI fires in the Euro-
Mediterranean region, their driving forces and their impacts on society,
is needed to find sustainable solutions to tackle the fire risk issue at the
WUI. Using insights from three recent catastrophic fires that occurred
some years ago in southern Europe, we proposed a conceptual frame-
work for understanding the WUI issue assessing the implications for fire
risk and providing some guidance to mitigate this risk. We also provided
insights on updated management strategies as well as comments about
gaps in our current knowledge and how we might address this situation
in the future. Indeed, a successful approach to reduce fire risk in the
future will require building resilient landscapes and communities bet-
ter prepared to face these extreme fire events. In this new context, WUI
population, forest managers, land planners, civil protection, and policy-
makers will need to work together to improve the safety and resilience
of these fire-prone areas of southern Europe.
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