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A B S T R A C T   

The development of comprehensive fire management and risk assessment strategies is of prominent concern in 
Southern Europe, due to the expanding scale of wildfire risk. In this work, we applied simulation modeling to 
analyze fine-scale (100-m resolution) wildfire exposure and risk transmission in the 24,000 km2 island of Sar-
dinia (Italy). Sardinia contains a variety of ecological, cultural, anthropic and touristic resources that each 
summer are threatened by wildfires, and represents well the Mediterranean Basin environments and conditions. 
Wildfire simulations based on the minimum travel time algorithm were used to characterize wildfire exposure 
and risk transmission in terms of annual burn probability, flame length, structures exposed and type and amount 
of transmission. We focused on the historical conditions associated with large (>50 ha) and very large (>200 ha) 
wildfires that occurred in Sardinia in the period 1998–2016, and combined outputs from wildfire simulation 
modeling with land uses, building footprint locations, weather, and historical ignition data. The outputs were 
summarized for weather zones, main wind scenarios and land uses. Our study characterized spatial variations in 
wildfire spread, exposure and risk transmission among and within weather zones and the main winds associated 
with large events. This work provides a novel quantitative approach to inform wildfire risk management and 
planning in Mediterranean areas. The proposed methodology can serve as reference for wildfire risk assessment 
and can be replicated elsewhere. Findings can be used to better understand the spatial dynamics and patterns of 
wildfire risk and evaluate expected wildfire behavior or transmission potential in Sardinia and neighboring 
regions.   

1. Introduction 

Wildfires are one of the most relevant threats to European forest and 
rural areas, particularly in fire-prone southern Countries [1]. In the 
2000–2018 period, about 0.92 million wildfires in the southern Euro-
pean Union (Portugal, Spain, France, Italy and Greece) affected 
approximately 7.4 million hectares, with large spatial and temporal 
fluctuations in the annual area burned [2]. Despite the decreasing trends 
of the number of fires and total area burned at the EU level [3–5], there 
is evidence that a limited number of wildfire events with extreme spread 
and behavior has become progressively large and devastating [6–8]. A 

number of previous studies analyzed extreme wildfire events, which 
typically present very high spread rates and intensity, long-range trav-
elling firebrands with high ignitability, variable and unpredictable be-
haviors, and are responsible for dire impacts on the social and natural 
systems [9–11]. Potential threats by extreme wildfires to ecological, 
social and economic values in the Mediterranean basin are amplified by 
several converging and intercorrelated drivers, while the inherent 
complexity in wildfire management cannot guarantee the protection of 
values at risk. These drivers include forest fuel accumulation, land 
abandonment, WUI expansion into fire-prone areas, climate change, and 
fire exclusion policies [12–21]. 
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Developing adequate and effective strategies to reduce the ecological 
and social impacts of wildfires remains challenging, especially when 
considering long-term perspectives and the spatial diversity in wildfire 
regime and socio-environmental driving factors [22–25]. Within this 
context, several solutions have been recently proposed, and include 
strengthening programs to treat and limit wildland fuels [26–29], 
changing fire management and suppression policies [30–33], promoting 
the creation of fire-wise communities and landscapes [34–36], and 
increasing public awareness of wildfire risk and safety [37–39]. The 
application of quantitative risk-based tools and assessments to analyze 
potential wildfire impacts and to inform a comprehensive array of fire 
and fuel management and planning in fire prone regions around the 
world can substantially support land managers and policy makers 
[40–43]. Promising results have been obtained by new wildfire spread 
simulation systems that can help estimate wildfire propagation likeli-
hood and intensity for large landscapes (e.g., million hectares) by 
considering historical weather, fuels, fire ignition patterns and regime, 
and socio-economic features associated to the most significant wildfire 
events of fire prone Mediterranean areas [23,44–50]. For example, the 
use of burn probability modeling to inform wildfire risk assessment 
progressively increased in the Euro-Mediterranean area and allowed 
spatial and temporal variations in wildfire exposure and risk to be 
captured, to identify hot-spot areas and the potential to manage fuels 
and landscapes, or to estimate wildfire spread and risk transmission 
potential [23,27,51-58,136]. Apart from Northern America and Medi-
terranean areas, wildfire propagation simulations to characterize and 
map wildfire risk was also successfully applied in a range of other re-
gions and ecosystem types [59–63]. 

In this study, we advance the application of wildfire simulation 
modeling to analyze wildfire exposure and risk transmission in Sardinia 
(Italy), using an innovative methodological simulation framework that 
allows the modeling of wildfire exposure and transmission after cali-
brating historical fire size distributions and burn patterns on the diverse 
weather zones of the island, while accounting for spatial weather sce-
narios across the modeling domain. By focusing on the historical con-
ditions associated with large (>50 ha) and very large (>200 ha) wildfire 
events over the period 1998–2016, we combined the outputs from 
wildfire spread and behavior simulation modeling with land uses, 
building footprint locations, weather, and historical ignition data to map 
wildfire exposure and risk transmission. This methodology will serve as 
reference for the application of a common wildfire risk assessment 
approach that will be replicated in neighboring Italian and French re-
gions (Corsica, Tuscany, Liguria and PACA Region) to characterize 
wildfire exposure and risk transmission in the context of the ongoing 
cross-border “Med-Star” project (Programma IT-FR Marittimo 
2014–2020). 

2. Methods 

2.1. Study area 

Sardinia, Italy, is located in the western part of the Mediterranean 
Basin and encompasses about 24,000 km2 (Fig. 1). Sardinia is the second 
largest island of the Mediterranean Basin and one of the most relevant 
fire-prone areas at the national level. Approximately 1.7 million people 
live in the area year-round, mostly nearby the main towns of Cagliari 
and Sassari, but this number grows from April to October due to the 
touristic fluxes towards the coastal areas. The island topography consists 
of rolling hills and low mountains, mainly located on the eastern side. 
The average elevation is about 350 m above sea level (a.s.l.), while the 
highest peak is 1850 m a.s.l. The largest plains, i.e., Campidano in the 
South, and Nurra in the North, are located in the western part of the 
island. 

According to the 2008 Sardinia Land Use Map (www.sardegnageop 
ortale.it), approximately half of the island is covered by forest fuels. 
Broadleaf forests (~23%) are mostly represented by Quercus ilex L., 

Q. suber L., Q. pubescens Willd. and Q. congesta Presl. (Fig. 1a). At higher 
elevations, Q. pubescens Willd. is the most representative oak formation, 
and Castanea sativa Mill., Taxus bacata L. and Ilex aquifolium L. are also 
present. Mediterranean shrubs and garrigue (~27%) comprised pri-
marily of Pistacia lentiscus L., Arbutus unedo L., Erica arborea L., Myrtus 
communis L., Olea europea L. var. sylvestris Brot., Phyllirea spp., Juni-
perus spp., Cistus spp. and Euphorbia spp.. With the progressive aban-
donment of forest and rural areas, the shrubland vegetation type is 
gradually evolving towards high-fuel load shrublands and broadleaf 
forests. Conifer stands (~2%) are primarily concentrated in the coastal 
areas and mostly include plantations of Pinus pinea L. and P. halepensis 
Mill.. A significant portion of Sardinia, particularly in the western part, 
is covered by grasslands, mixed agricultural areas and herbaceous pas-
tures (~40%) (Fig. 1a). Permanent crops include olive groves, vineyards 
and orchards, and cover about 3% of the territory. Urban and anthropic 
areas, which were mapped from high-resolution data (www.sardegna 
geoportale.it) and [65], cover approximately 4% of Sardinia. 

The climate consists of mild and rainy winters, dry hot summers and 
drought conditions from late May until September [66]. From a 
bio-climatic standpoint, approximately 2/3 of the island is characterized 
by mesomediterranean conditions [64] (Fig. 1b). Thermomediterranean 
bio-climate covers limited areas and is mostly concentrated in southern 
Sardinia and across the coastal zones, while supramediterranean, mes-
otemperate and supratemperate conditions can be found at 
high-elevation hills and in the mountains [64]. In broad terms, climate 
conditions vary from north to south and from mountainous areas to 
coastal areas. Annual precipitation ranges from about 400 mm in the 
southern coastlines to about 1100 mm in the mountains [67]. Most 
annual rainfall occurs in fall and winter, with November and December 
being the rainiest months of the year. Mean annual temperatures range 
from 7 to 17 ◦C, while maximum temperatures are often higher than 
30 ◦C during the summer. The most frequent wind directions are west 
and northwest. 

2.2. Wildfire history 

To determine historical patterns of wildfire ignitions and spread in 
Sardinia, we used data provided by the Sardinia Forest Service from 
1998 to 2016. The wildfire database contains date and municipality of 
ignition, ignition coordinates, and fire size; since 2003, wildfire perim-
eters are also available. For the study period, Sardinia experienced ~ 
2900 fire ignitions year− 1 (~ 0.121 fire ignitions km− 2 year− 1), which 
burned approximately 18,500 ha year− 1 (0.77% of Sardinia per year). 
About 60% of Sardinian wildfire ignitions are concentrated in Campi-
dano, the large plain located in southern Sardinia (Figs. 1a and 2a). 

The years with annual burned area greater than 30,000 ha (i.e., 
1998, 2007, 2009) were associated with prolonged drought conditions, 
intense heat waves and strong winds, and fine dead fuels accumulation 
[57]. On the contrary, three years (i.e., 2006, 2008 and 2015) had 
annual area burned lower than 9000 ha. Wildfires largely (>90%) 
occurred from June to September, with an evident peak of ignitions and 
area burned in July. Most wildfires have anthropogenic causes (>95%) 
and approximately 93% of all fires burned less than 10 ha, accounting 
for only 16% of the total area burned. Half of the area burned occurred 
in a relatively low number of days (153 over the study period, on 
average 8 days per fire season), characterized by very large wildfire 
occurrence (>200 ha). To capture differences in wildfire regime and 
weather patterns, we divided the study area into nine weather zones 
(WZ) (Fig. 1b) that were broadly based on a classification proposed by 
the Sardinia Environmental Protection Agency and adopted for weather 
and environmental risk alerts [68]. The delimitation of these WZs was 
based on municipality boundary polygons. Exploring historical wildfire 
activity for each individual WZ allowed to better discriminate wildfire 
regimes and burning patterns associated with the main atmospheric 
circulation and weather conditions observed during the days when large 
events occurred. A summary of the major wildfire activity indicators for 
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the different WZ is provided in the Supplementary Data (SD-T1 and 
SD-T2). 

2.3. Input data 

To meet wildfire modeling requirements, we prepared a set of input 
data that include spatial layers to describe the landscape (LCP file), fire 
weather conditions, fuel moisture content and wildfire ignition proba-
bility grids. Regarding the LCP file, we assembled spatial data on 
topography, surface fuels, and forest canopy metrics, which were pro-
cessed with Arcfuels [69] to derive a 100-m resolution gridded file as 
required by FlamMap [70]. Topography layers were obtained from 10-m 
digital elevation data of the island (www.sardegnageoportale.it). Sur-
face fuels were derived from the 2008 Sardinia Land Use Map (www.sa 
rdegnageoportale.it) by first stratifying the original 70 land use classes 
into 12 fuel types, and then assigning to each fuel type a fuel model, 
either standard [71,72] or custom developed for Sardinia and Corsica 
[73,74] (Table 1). We used slightly different fuel models to describe 
forest fuels depending on the bio-climatic conditions of the different 
zones of the island (Table 1). Forest canopy cover classes were deter-
mined by intersecting the 2008 Sardinia Land Use Map with tree cover 
density data from the Copernicus Programme (reference year 2012; htt 
ps://land.copernicus.eu/pan-european/high-resolution-layers/forests 
/tree-cover-density/status-maps). Canopy characteristics, i.e., stand 

height, canopy base height and canopy bulk density, were defined using 
the data reported by the National Inventory of Forests and Forest Carbon 
Sinks [75] and already tested in previous research (e.g., [50,76]) 
(Table 1). 

Regarding weather conditions, we gathered hourly meteorological 
data from the weather stations of the Sardinia Environmental Protection 
Agency for the study period 1998–2016. As previously reported, the 
modeling domain was divided into nine WZs (Fig. 1b). For each WZ, we 
identified a representative weather station with consistent data series. A 
second weather station was added to account for colder and wetter 
conditions observed in five WZs (NW, NE, E, C, SE), in which more than 
15% of the area is characterized by bio-climates ranging from upper 
mesomediterranean to supratemperate. 

We focused on the days during which wildfires above 200 ha 
occurred (Very Large Wildfire Days, VLWD), and for wind conditions 
observed in those days from 2 to 3 p.m.. This timeframe commonly 
represents the hottest and windiest moment of the day, which is also a 
critical period for wildfire ignitions with high propensity to spread. We 
then derived eight main dominant wind direction scenarios based on the 
historical wind data observed in the selected weather stations. The 
dominant wind directions mostly related to VLWD (about 80% of the 
total) were 315◦, 270◦, 225◦ and 180◦. These four wind directions 
correspond to about 85% of the total area burned by very large wildfires 
(Table 2, Fig. 2b-e, and SD-T2), the remaining 15% represented by other 

Fig. 1. (a) Major land use classes of Sardinia, Italy, according to the 2008 Sardinia Land Use Map (www.sardegnageoportale.it), along with the main towns. (b) 
Weather zones (adapted from Sardinia Environmental Protection Agency) and bio-climatic classification [64] of Sardinia, along with the meteorological stations used 
for the definition of the dominant wind direction scenarios. The study area has about 24,000 km2 of land and is the second largest island of the Mediterranean Basin. 
AA= anthropic areas; WB = water bodies; G = grasslands; HAA = heterogeneous agricultural areas; PC = permanent crops; NP = natural pastures; SV = sparse 
vegetation; S = shrublands; AFA = agro-forestry areas; COF = cork oak forests, BF = broadleaf forests; C&MF = conifer and mixed forests. LTM = lower ther-
momediterranean; UTM = upper thermomediterranean; LMM = lower mesomediterranean; UMM = upper mesomediterranean; SM = supramediterranean; MT =
mesotemperate; ST = supratemperate. 
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wind directions (Fig. 2f). For each dominant wind direction scenario, we 
derived spatial wind input files for wildfire modeling as described in 
Supplementary Data (SD-T2). Finally, additional wind scenarios for the 
days with 50–200 ha wildfires (large wildfire days, LWD) were set, by 
varying wind directions drawing from their historical probability of 
occurrence in the reference weather stations of each WZ (SD-T3): this 
condition accounted for about 22% of the total area burned in Sardinia 
for the study period (Fig. 2g and SD-T2). The wind speed was set at 35 
km h− 1 and kept constant for the entire duration of each wildfire 
simulation and across all wind direction scenarios. 

Fuel moisture content (FMC) for the 1-h and 10-h time lag dead fuel 
was determined by the methods described by Pellizzaro et al. [77,78] 
and Salis et al. [79] using the fuel moisture data gathered in Sardinia by 
field observations and fuel moisture sticks ([80,81]; Pellizzaro, personal 
communication), focusing on values below the 3rd percentile, which 
reflect conditions commonly associated to large wildfire ignitions in 

Sardinia. Dead fuel moisture content values used for wildfire simulations 
ranged from 5 to 10% (1-h time lag dead fuels) to 9–13% (100-h time lag 
dead fuels), with a gradient from the driest to the moistest areas of the 
island (Fig. 1b). The live fuel moisture values were tuned to consider 
differences among weather zones (Fig. 1b and SD-T1). Shrubland and 
forest understory live fuel moisture was set using a time series of data 
collected in northern Sardinia from 2003 to 2019 and previous studies 
([78,82]; Pellizzaro, personal communication; [79,83]), by accounting 
the driest periods of the fire season (July–August). Live fuel moisture 
content values ranged from 40% (xerophytic shrublands) to 100% 
(shrub-grass understory in broadleaf forests of the coldest bio-climatic 
areas). 

Finally, we created a set of wildfire ignition probability grids (100-m 
resolution) from the historical 1998–2016 database by considering all 
ignitions observed for each wind direction scenario of the VLWD, as well 
as for LWD (Fig. 2), using fixed kernel density methods with a 10-km 
bandwidth that generated continuous ignition probability maps for 
burnable areas. 

2.4. Wildfire simulations 

Wildfire simulations were performed by using the minimum travel 
time (MTT) fire spread algorithm as implemented in its command line 
version called “FConstMTT” [84]. The MTT algorithm calculates a 
two-dimensional fire growth by searching for the pathways with mini-
mum spread time from the cell corners at an arbitrary resolution set by 
the user [84]. Wildfire spread is predicted by the equation of Rothermel 
[85] and crown fire initiation is evaluated according to Van Wagner [86] 
as implemented by Scott and Reinhardt [87]. This algorithm has been 
extensively described and widely applied to several case studies related 
to wildfire management analyses worldwide [48]. Calibration and 
validation of fuel model assignments and of the Rothermel’s fire spread 
model in Sardinia were carried out by previous studies (e.g., [29,88]). 
We used MTT to simulate a large number of wildfires (300,000 simu-
lated ignitions) under extreme weather conditions and to characterize 
spatial patterns of burn probability, wildfire intensity, and risk trans-
mission in the island. The primary concern for fire management and civil 
protection is the combination of escaped large wildfires with extreme 
fire-weather. So, simulations were stratified into six extreme 
fire-weather scenarios and were tuned for each weather zone, as 
described below. We replicated the spatial distribution of large and very 
large wildfire sizes at the weather zone level by assigning a distribution 
of burn periods that better matched historical records under extreme 

Table 1 
Fuel model data used for the wildfire simulations. A different combination of fuel models was used depending on bio-climatic conditions of the island, as described in 
the methods. CH = canopy height; CBD = canopy bulk density; CBH = canopy base height. LTM = lower thermomediterranean; UTM = upper thermomediterranean; 
LMM = lower mesomediterranean; UMM = upper mesomediterranean; SM = supramediterranean; MT = mesotemperate; ST = supratemperate  

Fuel Model Code Dead Fuel Load 
(t ha− 1) 

Live Fuel Load 
(t ha− 1) 

Fuel Depth 
(cm) 

Description Bio-climatic Conditions CH 
(m) 

CBD 
(kg m− 3) 

CBH 
(m) 

FM25 1.2 0.0 20 Grasslands LTM, UTM, LMM, UMM 0 0 0 
FM26 1.2 0.0 30 Het. Agricultural Areas 0 0 0 
FM27 1.0 2.0 80 Permanent Crops 10 0.11 1 
FM28 2.5 0.0 35 Natural Pastures 0 0 0 
FM29 5.3 4.1 45 Sparse Vegetation 0 0 0 
FM30 15.0 12.5 135 Shrublands 12 0.14 1 
FM31 10.0 1.0 25 Conifer 14 0.11 2 
FM32 12.0 2.0 70 Broadleaf 12 0.14 2 
FM33 12.0 2.0 70 Mixed Forests 14 0.13 2 
FM45 1.2 0.0 20 Grasslands SM, MT, ST 0 0 0 
FM46 1.2 0.0 30 Het. Agricultural Areas 0 0 0 
FM47 1.0 2.0 80 Permanent Crops 10 0.11 1 
FM48 3.0 0.0 35 Natural Pastures 0 0 0 
FM49 6.4 4.9 70 Sparse Vegetation 0 0 0 
FM50 18.0 15.0 160 Shrublands 12 0.14 1 
FM51 12.0 1.2 25 Conifer 15 0.11 4 
FM52 14.4 2.4 70 Broadleaf 14 0.14 3 
FM53 14.4 2.4 70 Mixed Forests 15 0.13 4  

Table 2 
Overview of the dominant wind directions at the regional scale and their in-
fluence on the observed burning patterns in days characterized by the occur-
rence of very large wildfires (>200 ha, VLWD) for the study period 1998–2016. 
VLWFN = number of very large wildfires; VLWAB = area burned by very large 
wildfires; VLWAFS = average size of a very large wildfire. Numbers in brackets 
represent the percent value for each wind direction category.  

DOMINANT 
WIND 
DIRECTION 

WIND 
DIRECTION 
RANGE 
(degrees) 

VLWD 
(#) (%) 

VLWAB 

(ha) (%) 

VLWFN 

(#) (%) 

VLWAFS 

(ha) 

0◦ 337.50 ÷
22.49 

2 (1.3%) 790 
(0.5%) 

2 (0.9%) 395 

45◦ 22.50 ÷ 67.49 2 (1.3%) 2550 
(1.6%) 

3 (1.3%) 850 

90◦ 67.50 ÷
112.49 

11 
(7.2%) 

6920 
(4.3%) 

16 
(6.8%) 

430 

135◦ 112.50 ÷
157.49 

18 
(11.8%) 

11,930 
(7.4%) 

27 
(11.5%) 

440 

180◦ 157.50 ÷
202.49 

13 
(8.5%) 

22,090 
(13.7%) 

29 
(12.3%) 

760 

225◦ 202.50 ÷
247.49 

23 
(15.0%) 

60,990 
(37.9%) 

53 
(22.6%) 

1150 

270◦ 247.50 ÷
292.49 

54 
(35.3%) 

36,815 
(22.9%) 

64 
(27.2%) 

575 

315◦ 292.50 ÷
337.49 

30 
(19.6%) 

18,930 
(11.8%) 

41 
(17.4%) 

460   

153 161,015 235 685  
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conditions [50]. Wildfire ignitions were first distributed within the 
modeling domain according to the ignition probability grid associated 
with each fire-weather scenario. Each wildfire was independently 
modeled randomly drawing from the frequency distribution of 
fire-weather scenarios, burn periods and wind directions of the WZ 
where the fire was ignited. For each single fire simulation, weather 
conditions were held constant and fire suppression was not considered. 

2.5. Wildfire exposure and transmission analysis 

Simulations generated burn probability rasters (BP), frequency dis-
tributions of flame lengths (FL) in twenty 0.5-m intervals for each pixel, 
fire size lists (FS), and perimeter polygon outputs for the entire simu-
lated landscape and for each scenario. The conditional burn probability 
is a relative measure that quantifies the chance that a pixel will burn 
given an ignition in the study area. The annual burn probability (aBP) 
represents the annual likelihood of burning given the current landscape 
and conditions, is estimated as the ratio between BP of a given pixel and 
the modeled wildfire seasons, and can range from 0 (the pixel never 
burns) to 1 (the pixel burns every wildfire seasons). The fire size output 
(FS) reports the fire size (in ha) and ignition coordinates of all simulated 
fires. The distribution of flame length (FL) values (in m) for each pixel 
was used to calculate the maximum flame length, as well as the high 
flame length probability (HFLP), which represents the probability that a 
pixel burns with flame length greater than 2.5 m considering only the 

fires that burned that pixel [89]. This flame length threshold was set to 
describe the required conditions for suppression forces to safely operate 
in the fire front area [90]. 

We then estimated wildfire exposure to human communities using 
the 100-m annual burn probability grid and individual building foot-
print locations. Specifically, we attributed the aBP values to each foot-
print polygon based on the structure centroid location. This structure 
footprint database provided accurate locations and contained all struc-
tures in Sardinia (n= 561,110 footprints) including residential housing, 
commercial buildings, farms, large stores, industrial buildings, and 
religious structures [65]. Finally, we summarized the results by mu-
nicipality (n = 377 polygons) in terms of total number of exposed 
structures per year. The municipality represents the wildfire risk man-
agement unit dictating the local conditions for the definition of the 
wildfire risk and prevention plans as well as the preferential designation 
of urban development areas. 

Wildfire transmission was calculated by intersecting simulated 
wildfire perimeters with land use boundaries (Fig. 1a), and by assigning 
the origin of each wildfire (i.e., source land use) based on the ignition 
location. The intersected perimeter fragments were then divided into 
self-burning (i.e.: areas burned within the same land use as the ignition) 
and outgoing (i.e.: areas burned outside of the land use of ignition). To 
derive the fire exchange values, we quantified, as a function of the land 
use of the ignition source, the total area burned in each land use: 1) 
incoming fire, i.e., area that burned in a given land use from wildfires 

Fig. 2. (a) Historical wildfire ignitions in Sardinia for the study period (1998–2016) as a function of the final wildfire size. (b–g) Historical patterns of wildfire 
ignitions observed under very large wildfire days (VLWD, with at least a fire larger than 200 ha) and large wildfire days (LWD, with at least a fire in the range 50–200 
ha) of the period 1998–2016. Wind conditions: (b) = VLWD, 180◦; (c) = VLWD, 225◦; (d) = VLWD, 270◦; (e) = VLWD, 315◦; (f) = VLWD, other wind directions; (g) 
= LWD. 
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ignited outside of this land use, 2) outgoing fire, i.e., area burned outside 
the land use where the fire was ignited, and 3) non-transmitted fire, i.e., 
area ignited in a land use and burned within it. We also created a 
transmission network to associate sources of wildfire exposure and given 
land uses. Land uses represent the nodes of the transmission network, 
while connections among nodes represent wildfire transmission. Finally, 
we mapped the percentage of incoming wildfires across the study area. 
For this purpose, we created a 100-m lattice of points over the modeling 
domain, and then summarized the amount of area burned from all fire 
perimeter fragments that intersected each point in the lattice and 
quantified the percentage that comes from the same land use type. These 
points were converted to 100-m pixels and were classified as a function 
of incoming fires. A hexnet of 1000-ha hexcells (n = 2364) was created 
to summarize for each hexcell the annual number of exposed structures, 
the annual number of structures exposed as percentage contribution to 
each hexcell, and the average percentage of incoming fires. 

3. Results 

Simulated wildfires under VLWD and LWD conditions burned about 
16,000 ha yr− 1 (weighted average), which is slightly higher than the 
observed value (14,500 ha yr− 1) for the period 1998–2016 (SD-T1). The 
annual burn probability (aBP) ranged from 0 to 0.0669, with pro-
nounced spatial variations within the study area (Fig. 3a and 4a, and 
Table 3). The mean aBP value at the regional scale was 5.91 10− 3 and 

ranged from a mean of 1.52 10− 3 observed in the northern WZ to 9.54 
10− 3 in the northwestern one. Four WZs (S; W; C; NW) exhibited high 
mean aBP (above 7.00 10− 3); low aBP values (below 3.00 10− 3) were in 
N, NE and E weather zones. About 10% of Sardinia territory was char-
acterized by aBP higher than 1.50 10− 2 (Fig. 3a), with the most evident 
peaks observed in the NW, C, S, and W WZs (with 23.2%, 14.6%, 13.1% 
and 10.0% of the WZ area, respectively). In general, the above- 
mentioned high aBP areas were mostly characterized by fast-burning 
herbaceous surface fuel types and cork oaks, flat areas close to hills 
and complex topography, and moderate historical ignition density 
(Figs. 1a and 2). In addition, the above four WZs presented more than 
1% of their relative area with aBP values above 3.50 10− 2, with the most 
relevant burn probability peaks observed in northwestern and central 
Sardinia (Figs. 3 and 4a). 

Annual BP maps for VLWD and LWD wind direction scenarios also 
presented large differences for both spatial and absolute values (Fig. 3 
and Table 3). As expected, LWD conditions were associated to the 
highest average aBP values (1.69 10− 3), due to the high probability of 
occurrence of this scenario. Regarding VLWD conditions, relevant 
average aBP values were associated to the 225◦ and 270◦ wind scenarios, 
with 1.46 10− 3 and 1.00 10− 3, respectively. In both the above wind 
scenarios, aBP peaks above 7.00 10− 3 were observed in several zones of 
NW and C WZs (225◦) and of C and SE (270◦). VLWDs with wind di-
rections from 180◦ and from 315◦ exhibited the lowest aBP values (5.48 
10− 4 and 5.72 10− 4, respectively). These findings agree with the 

Fig. 3. Maps of the annual burn probability (aBP) of Sardinia, at 100-m resolution, derived from the combination of wildfire simulations, as described in the 
Methods. (a) Overall aBP; (b–g) aBPs under very large wildfire days (VLWD, with at least a fire larger than 200 ha) and large wildfire days (LWD, with at least a fire in 
the range 50–200 ha). Wind conditions: (b) = VLWD, 180◦; (c) = VLWD, 225◦; (d) = VLWD, 270◦; (e) = VLWD, 315◦; (f) = VLWD, other wind directions; (g) = LWD. 
AA = anthropic areas. 
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historical wildfire regime patterns, as shown in Fig. 2, SD-T1 and SD-T2. 
The cumulative simulated ignition point densities (IPd) of the island 

derived from the historical data evidenced a clear concentration of 
wildfire ignitions in the southern plains, mostly located in S and W WZs 
(Fig. 5a): in these WZs, the relative area above 0.075 ignitions km− 2 

year− 1 was about 52.4% and 12.6%, respectively. In contrast, the lowest 
incidence of wildfire ignitions was observed in N and E WZs, with 46.6% 
and 14.0% of their relative areas with ignition density below 0.008 
wildfires km− 2 year− 1 (Fig. 5a). The major contribution to the total 
annual IPd was evidently exhibited by LWD conditions, while the other 
VLWD wind direction scenarios did not present values above 0.015 
wildfires km− 2 year− 1, with the highest ignition densities observed for 
270◦ and 315◦ conditions and in the southern plains (Fig. 5b-g). 

As far as the simulated fire size (FS) is concerned, values ranged from 
1 ha to a maximum of about 19,000 ha, with the largest size observed for 
the 225◦ wind scenario. The FS maps allowed to identify the WZs with 
the highest potential to generate large wildfires (Fig. 6). Overall, the 
simulations reasonably replicated the wildfire size distribution and 
frequencies observed in Sardinia for the different WZs and for all six 
scenarios (see also Supplementary Data, SD-F1). However, the simula-
tions were characterized by a general slight underestimation of the 
major wildfire size (200–1000 ha and >1000 ha) and an overestimation 
of the smallest size class for most of WZs and wind scenarios tested 
(Fig. 6). In general, small fires were generated from ignitions near the 
coastal zones and close to areas characterized by fragmented landscapes 
with a mosaic of low-fuel load vegetation and non-burnable fuels. On the 
contrary, large fires were generated from ignitions located upwind of 
large fuel fetches that permitted fire spread over long distances, and 
particularly in areas close to or with relatively complex topography, 
covered by a mixture of herbaceous pastures, cork oaks and shrublands. 
This explains why the major wildfire events were simulated in NW, W 
and C WZs, that is in accordance with the historical patterns of wildfire 
regime. In addition, Fig. 6, SD-F1 and Fig. 2 highlighted the relationship 
between large and very large wildfire occurrence and main wind di-
rections, with downwind WZs more often exposed to large size events 
than upwind WZs. 

Flame length (FL) outputs showed high (≥2.5 m) values for several 
locations around Sardinia (about 17% of the territory), mostly in steep 
areas and where fuel load and spatial continuity are high (Figs. 7 and 
4b). For this reason, the WZs of eastern Sardinia presented FL values 
generally higher than those of southern and north-western parts of the 
island. As shown by Figs. 4b and 7, south-eastern Sardinia presented the 
highest relative area (about 12%) with FL values above 4.5 m, while the 
opposite pattern was showed by the northern WZ (about 2% of the 
relative area). Overall, the zones with the most significant peaks in fire 
intensity did not vary depending on wind direction scenarios. In addi-
tion, FL and aBP showed opposite patterns in a number of zones, with 
the highest FL values observed in areas with low aBP, and vice versa 
(Figs. 3, Figs. 4 and 6). 

Wildfire exposure to communities varied very substantially across 
the study area (Fig. 8a and 8b). In terms of overall exposure, the highest 

Table 3 
Overview of the annual burn probability (aBP) values of the nine weather zones and the six wind direction scenarios associated to VLWD and LWD. The total annual 
burn probability was obtained as the sum of the six aBP values, as described in the methods.  

WEATHER ZONE VLWD – 180◦ VLWD – 225◦ VLWD – 270◦ VLWD – 315◦ VLWD – OWD LWD aBP 

C 6.61 10− 4 2.48 10− 3 2.22 10− 3 6.26 10− 4 2.91 10− 4 1.35 10− 3 7.62 10¡3 

E 4.90 10− 5 3.96 10− 4 6.89 10− 4 6.06 10− 4 1.90 10− 4 8.38 10− 4 2.77 10¡3 

N 8.67 10− 5 4.72 10− 4 1.45 10− 4 1.17 10− 4 1.80 10− 4 5.19 10− 4 1.52 10¡3 

NE 3.41 10− 4 7.08 10− 4 5.32 10− 4 5.59 10− 4 1.34 10− 4 6.79 10− 4 2.95 10¡3 

NW 5.85 10− 4 4.63 10− 3 7.13 10− 4 4.13 10− 4 1.72 10− 3 1.47 10− 3 9.54 10¡3 

S 4.22 10− 4 3.55 10− 4 8.83 10− 4 8.75 10− 4 6.92 10− 4 3.77 10− 3 7.00 10¡3 

SE 1.11 10− 4 4.41 10− 4 2.01 10− 3 7.20 10− 4 1.86 10− 4 1.35 10− 3 4.82 10¡3 

SW 3.44 10− 4 3.94 10− 4 4.85 10− 4 5.42 10− 4 6.70 10− 4 1.53 10− 3 3.97 10¡3 

W 1.87 10− 3 8.02 10− 4 5.88 10− 4 4.31 10− 4 9.21 10− 4 2.43 10− 3 7.04 10¡3 

SARDINIA 5.48 10¡4 1.46 10¡3 1.00 10¡3 5.72 10¡4 6.53 10¡4 1.69 10¡3 5.91 10¡3  

Fig. 4. Percentage of the relative area of each weather zone characterized by 
the highest values of conditional burn probability, flame length and percentage 
of incoming fires. 
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values (>15 exposed str. yr− 1) were mainly located in the municipalities 
of the NW WZ, where Sassari concentrated the bulk of exposure (about 
100 exposed str. yr− 1) (Table 4). Other populated and vast municipal-
ities in the NW, W and C WZs of the island (such as Alghero, Nuoro, 
Ozieri, and Oristano) also presented exposure results above the average 
(>15 exposed str. yr− 1). The coastal sites of northeastern Sardinia 
showed a high exposure cluster with values peaking in Olbia (about 32 
exposed str. yr− 1). The overall exposure values were generally lower in 
southern Sardinia, except for some few communities located in dryland 
agricultural plains and close to the coast (e.g., Oristano, Guspini, Asse-
mini and Sestu). The normalization of the annual amount of structures 
exposed, by dividing the annual exposure of structures and the number 
of structures per hexcell, allowed highlighting the high exposure of some 
communities in remote rural areas, mostly located in central and west-
ern Sardinia: in those zones (about 5% of the Sardinia area), the 
considerable likelihood of large wildfires was combined with the low 
number of structures, which resulted in a high annual probability 
(15–35%) of the structures to be affected by wildfires (Figs. 8b and 3a, 
SD-F2). Conversely, about 2/3 of the island presented normalized values 
of structures annually exposed below 5%. So, the relationships among 
wildfire ignition density, large wildfire propagation, and exposed 
structures are complex, follow complex spatial patterns, and a high 
wildfire frequency does not necessarily connote a high wildfire risk. 

Fig. 8c shows the average amount of incoming wildfires in Sardinia 
from a low of <10% (colder colors) to a high of >70% (warmer colors), 

using hexcells with 1000 ha cell size. The zones with the highest per-
centage (>70%) of incoming wildfires are located in C, NW, and W WZs, 
which are the zones where the occurrence of very large wildfires was 
more frequent for both the historical wildfires during the study period 
1998–2016 and the simulations (Figs. 2 and 6). Due to their size, the 
largest events can cross multiple land use boundaries and cause large 
amounts of incoming burned area. In more detail, C, NW and W WZs 
showed about 32.5%, 25.3% and 13.2% of their relative area with 
incoming fires >70%, respectively (Fig. 4c). Lands with colder colors, 
and therefore with lower amounts of incoming fires, are mostly located 
in southern Sardinia, and particularly in grasslands, where the per-
centage of incoming events is generally lower than 50% (Fig. 8c). As 
presented in Fig. 4c, about 88% of the relative area of S and SW WZs was 
characterized by a percentage of incoming events below the 50% 
threshold. These results can be linked with the fact that Southern Sar-
dinia land uses overall present a large amount of non-transmitted 
wildfires, related to the high number of events that have very limited 
size and therefore cannot spread to other land uses. 

Wildfire transmission analysis revealed that grasslands, shrublands 
and natural pastures received about 62% (23.5%, 22.7% and 15.6%, 
respectively) of all wildfires and transmitted about 66% (25.8%, 22.3% 
and 17.9%) of all outgoing wildfires (Fig. 9a), while they cover 
approximately 26.1%, 27.6% and 6.1% of Sardinia territory, respec-
tively (Fig. 1). According to these values, the role played by natural 
pastures is quite interesting: a small land use (6.1% of Sardinia lands) is 

Fig. 5. (a) Maps of the annual wildfire ignition point density (IPd), at 100 m resolution, derived from the combination of wildfire simulations, as described in the 
Methods. (a) Overall IPd for days with at least a fire larger than 50 ha. (b–g) IPds under very large wildfire days (VLWD, with at least a fire larger than 200 ha) and 
large wildfire days (LWD, with at least a fire in the range 50–200 ha). Wind conditions: (b) = VLWD, 180◦; (c) = VLWD, 225◦; (d) = VLWD, 270◦; (e) = VLWD, 315◦; 
(f) = VLWD, other wind directions; (g) = LWD. AA = anthropic areas. 
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associated to the occurrence of large-scale wildfire events (17.9% of 
total outgoing events). By contrast, the role played by these land uses in 
terms of non-transmitted wildfires is much more different: about 45.4% 
and 31.3% of all self-burning is observed in grasslands and shrublands, 
while natural pastures only account for 9.7% of the total non- 
transmitted events (Fig. 9a). The high incidence of self-burning in 
grasslands and shrublands can be related to the large dimensions of 
grasslands and shrublands polygons (wildfires mostly burn inside them 
before escaping) and to the large amount of small wildfires ignited in the 
grasslands of S and W WZs. 

Anthropic areas present the highest percentage of incoming wildfires 
(78%) (Fig. 9b). Incoming wildfires are the most common transmission 
type for wooded areas, which reveal percentages ranging from about 
44% (broadleaf and Quercus suber L. forests) to 50% (conifer stands). On 
the other hand, the lowest share of incoming wildfires is observed in 
grasslands (27.3%). The lowest percentages of area burned related to 
self-burning conditions are observed in agroforestry areas and sparse 
vegetation, with 8.5% and 10.9%, respectively (Fig. 9b). Excluding an-
thropic areas, outgoing wildfires account from 46.5% (heterogeneous 
agricultural areas) to 30.1% (grasslands): overall, this transmission type 
was relevant in low fuel load vegetation types (e.g.: heterogeneous 
agricultural areas, sparse vegetation and permanent crops) (Fig. 9b). 
Wildfire transmission analysis for the diverse VLWD and LWD 

conditions is presented in SD-F3. 
The wildfire transmission network (Fig. 10) shows that wildfires 

were transmitted among the main land use classes via 52 network edges 
(i.e. directed edges), considering transmission pathways greater than 40 
ha yr− 1, i.e., transmitted fires <40 ha yr− 1 between two land uses were 
not considered. The wildfire transmission network has 11 nodes, 43 
direct edges and a density of 0.39, i.e. 39% of all possible linkages 
(Fig. 10). Each node has a variable size based on the amount of burned 
area received from that node, with shrublands, grasslands and natural 
pastures having the largest size. Compared to Fig. 9, the network shows 
not only how much incoming and outgoing fire, but also who is sending 
or receiving and to whom, indicated by the variable arrow size. Grass-
lands and shrublands are the greatest source of transmitted wildfires 
within the study area and account for about 2300 ha yr− 1 and 2000 ha 
yr− 1 of transmitted events, respectively. In addition, they present the 
highest amount of fire exchange between land uses, followed by grass-
lands and natural pastures, and by shrublands and natural pastures 
(Fig. 10). Shrublands are the main source of transmitted wildfires for 
broadleaf, natural pastures, sparse vegetation, and conifer and mixed 
forests. Grasslands account for about 50% of wildfires affecting an-
thropic areas, for which they represent the most relevant transmitter of 
wildfires. 

Fig. 6. Log plot of observed vs. simulated wildfire sizes and frequencies for the different Sardinia WZs, considering the whole set of simulations carried out 
(300,000 wildfires). 
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4. Discussion 

In this study, we employed and advanced simulation modeling ap-
proaches to examine wildfire exposure and transmission across the is-
land of Sardinia, Italy. The simulation approaches presented in this 
manuscript allowed us to characterize fine-scale (100-m resolution) 
wildfire exposure and risk factors that were informed by data on his-
torical fire regimes, weather patterns, and fuel moisture focusing on the 
days that were associated to the occurrence of large (>50 ha) and very 
large (>200 ha) wildfires. 

Overall, the simulated outputs were consistent with the historical fire 
frequency and patterns of Sardinia, and realistically agreed with the 
local knowledge about wildfire conditions within the different areas of 
the island. The agreement between simulated and observed wildfire size 
classes by considering a large number of variables in the simulations (in 
terms of fuels, weather and ignition locations) is the result of an accurate 
preliminary calibration phase before carrying out wildfire spread sim-
ulations [91]. In this light, the calibration phase of the fire spread model 
used in the present work was based on several previous papers, research 
projects and investigations on wildfires of different sizes that occurred in 
Sardinia, which were studied and analyzed with the support of the 
Sardinia Forest Service and other Regional Institutions (e.g., [29,50,80, 
81,88,92]). The subdivision of Sardinia into homogeneous areas (based 

on weather and bio-climatic classifications) in terms of wildfire regime, 
fuels and weather-climatic conditions allowed us to further refine the 
assessment and mapping of wildfire exposure and risk transmission 
profiles compared to previous research (e.g., [50,57]). In fact, we were 
able to tune all inputs related to winds and fuels according to the sce-
narios historically associated with the major events on the island. 
Moreover, by selecting only the days with wildfires >50 ha, we better 
discriminated and captured the disturbance factor related to the 
numerous but overall small events in the southern area of the island. 
From a spatial point of view, the Sardinia BP maps obtained by [50,57] 
considering the study period 1995–2009 were affected by this limita-
tion. The concentration of small-size wildfire ignitions in the southern 
and western plains, and the consequent effect on wildfire transmission, 
can be mostly due to the fact that these zones, generally covered by 
herbaceous fuels and with high human pressure levels, present the 
lowest productivity and greenness values of the island and tend to burn 
more easily and with longer fire seasons compared to the rest of Sardinia 
[93,94]. Consequently, high ignition likelihood does not necessarily 
correspond to significant risk of large wildfire occurrence, because the 
spread of large events in Sardinia is basically driven by the combination 
of strong winds, relatively complex topography and the presence of 
unmanaged fuels, as for instance natural pastures or shrublands. These 
findings agree with previous studies that reported large contrasts 

Fig. 7. (a) Map of the maximum flame length (FL) under VLWD and LWD conditions. (b) Map of the high flame length probability (HFLP), which represents the 
probability (from 0 to 1) to have high flame length (FL > 2.5 m) in a given pixel considering the whole set of wildfire simulations. AA = anthropic areas. 
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Fig. 8. (a) Annual number of exposed structures across Sardinia. (b) Annual number of structures exposed as percentage contribution to each hexcell in Sardinia. (c) 
Average percentage of incoming fires. The study area is divided in 1000-ha hexcells (n= 2364). 

Table 4 
Number of structures exposed to wildfires per year for the 20 most exposed municipalities in Sardinia. The total exposure in the study area is about 1816 exposed 
structures yr− 1 (about 4.82 exposed structures yr− 1 per municipality). We used municipality polygons (n = 377) to delineate the community extent (sardeg-
nageoportale.it). The top 64 municipalities (17% of Sardinia municipalities) account for the 50% of annual exposure in Sardinia.  

Municipality WZ Municipal Area 
(ha) 

Number of structures Average aBP Exposed str. yr− 1  

(number) 
Exposed str. yr− 1 

(%, regional level) 
Exposed str. yr− 1 

(%, municipal level) 

Sassari NW 54,734 24,899 0.0058 99.5 5.48 0.40 
Olbia NE 38,246 19,781 0.0042 32.6 1.79 0.16 
Alghero NW 22,524 9977 0.0045 26.3 1.45 0.26 
Nuoro C 19,217 5730 0.0078 25.7 1.42 0.45 
Oristano W 8568 6316 0.0078 25.1 1.38 0.40 
Osilo NW 9791 1728 0.0152 24.7 1.36 1.43 
Bonorva NW 14,973 1768 0.0150 24.0 1.32 1.36 
Orotelli C 6108 1136 0.0243 20.8 1.14 1.83 
Assemini S 11,834 5137 0.0040 18.7 1.03 0.36 
Sedilo C 6857 3363 0.0110 18.4 1.01 0.55 
Ozieri NW 24,595 5154 0.0047 17.2 0.95 0.33 
Villanova Monteleone NW 20,227 1566 0.0119 17.1 0.94 1.09 
Guspini W 17,470 3681 0.0072 16.8 0.92 0.46 
Quartu Sant’Elena S 9662 10,589 0.0036 16.8 0.92 0.16 
Ittiri NW 11,150 2015 0.0155 16.7 0.92 0.83 
Sestu S 4822 3205 0.0085 16.6 0.92 0.52 
Pozzomaggiore NW 7969 1298 0.0186 16.4 0.90 1.26 
Macomer NW 12,259 2346 0.0148 15.9 0.88 0.68 
Villacidro S 18,336 5122 0.0052 15.4 0.85 0.30 
Uta S 13,477 2913 0.0049 14.2 0.78 0.49 
Iglesias SW 20,728 5502 0.0047 13.3 0.73 0.24 
Sinnai S 22,337 5188 0.0069 13.1 0.72 0.25 
Decimoputzu S 4452 2221 0.0090 12.9 0.71 0.58 
Scano di Montiferro NW 6053 1217 0.0121 12.8 0.71 1.05  
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between probability of ignition and large wildfire probability [95–98]. 
Our study highlighted a great wildfire transmission from herbaceous 
fuel types and shrublands to denser forest areas, and this is consistent 
with previous studies carried out in southern Europe that pointed out the 
role of shrubs and grasses in wildfire occurrence [99–101,135]. More-
over, with respect to the above studies, we went a step further in 
quantifying wildfire transmission between fuel types: in fact, we quan-
tified the relevance of incoming and outgoing fires at WZs and fuels 
level, as well as which fuel type is sending or receiving fires and to 
whom. 

We highlighted the existence of a relationship between large and 
very large wildfire occurrence and prevailing winds. In more detail, we 
observed that downwind WZs were often more exposed to large size 
events than upwind areas, and this in turn affected burn probability and 
wildfire transmission. For instance, we showed how northern and 
western Sardinia WZs presented the worst wildfire risk conditions in 
days with southern and southwestern winds: the advection of hot and 
dry air masses from the south through the inner parts and the north of 
the island results in an evident wildfire risk gradient from south to north. 
On the other hand, strong winds from the west and north-west promoted 
an increase in wildfire risk in eastern and southern WZs. Similarly to 
Sardinia, and particularly to the northern and western areas of the is-
land, hot and dry conditions due to southerly advections (SW and S 
winds) triggered the majority of wildfires and area burned in Catalonia 
(Spain) [102] and northern Tunisia [103]; likewise, Rodrigues et al. 
[104] reported that southerly winds boosted wildfire size for mainland 
Spain. The significant role played by air advection on wildfire regime 

and risk, as well as on large wildfire occurrence, in Mediterranean 
climate contexts, was also confirmed by a number of other studies (e.g., 
[105–113]). 

Few prior studies applied wildfire spread simulation modeling to 
explore wildfire transmission and exposure at large scales and fine res-
olutions in southern Europe [23,55,79,114]. From this point of view, 
this work provides a novel modeling approach and represents a relevant 
contribution to wildfire risk assessment in Mediterranean areas. At 
broader scales, characterizing wildfire exposure and risk profiles with 
objective variables such as burn probability, wildfire intensity, or 
wildfire transmission can help reduce fragmentation and differences in 
existing risk evaluation methods and systems at the regional and na-
tional levels in the Mediterranean areas. Even if wildfire risk manage-
ment is affected by several intrinsic uncertainties, particularly in areas 
where ignitions are largely determined by human factors such as in 
southern Europe or in other Mediterranean climate areas, this work can 
provide a sound basis to characterize topological properties of wildfire 
risk and to incorporate potential wildfire spread and behavior into the 
current regional, provincial or municipality plans for improving wildfire 
prevention and risk mitigation. From this perspective, our results un-
derline the importance of collaborative planning and strategies among 
municipalities or landscapes which present similar wildfire exposure 
profiles or are interconnected by cross-boundary wildfire transmission 
networks [23,115–118]. Overall, the development of comprehensive 
fire management strategies is of prominent concern in Southern Euro-
pean areas, due to the expanding scale of wildfire risk and associated 
extreme events [119,120]. With our work, we offer quantitative 
methods to assess wildfire exposure and risk on Mediterranean 
fire-prone ecosystems: this is a preliminary fundamental step towards 
the definition of the most effective means to build fire resilient land-
scapes and fire adapted communities, and to reduce potential wildfire 
exposure and losses by adequate strategies [121–123]. Moreover, our 
work has the potential to support wildfire and landscape management 
strategies, as well as to inform ongoing investments and efforts devoted 
to increase landscape fire-resilience and human community protection 
in Mediterranean areas. For instance, the areas characterized by the 
highest wildfire transmission values ideally represent priority zones for 
landscape fuel treatments devoted to reducing wildfire intensity and fuel 
connectivity, and therefore at enhancing wildfire suppression potential 
and limiting escaped events. Another relevant aspect is the identification 
of the municipalities and structures with the highest exposure values: 
promoting strategic fuel management activities to given targets nearby 
the home ignition zone can be critical to lower the potential losses 
related to extreme wildfires and to protect human life, values and assets. 
In this light, the high-risk interface areas of northeastern coastal Sardi-
nia, where we have been observing a progressive increase of dispersed 
housing units close to wilderness, touristic fluxes in the summer season 
and wildfires burning nearby these areas, represent a key zone to pay 
attention to [124,125]. In addition, our findings can be used to detect 
the natural or anthropic values most vulnerable to wildfires, and to 
characterize them in terms of expected wildfire behavior or transmission 
potential. This information can be crucial to inform and optimize cur-
rent and future fuel management, urban planning, and agro-forestry 
policies according to local fine-scale wildfire exposure profiles. Like-
wise, wildfire exposure and transmission outputs can be used to inform 
fire managers about the specific sites where potential wildfire spread 
and behavior largely overwhelm fire suppression capacity, so that in-
terventions of terrestrial and aerial forces in those zones can be limited 
or even excluded for safety reasons. Analyses of potential effects of 
wildfires on environmental factors such as soil erosion [126–128], water 
supply protection and carbon cycling [129,130], as well as on economic 
losses and suppression costs [54,131,132], can be also informed and 
quantified with probabilistic frameworks based on similar wildfire 
spread modeling approaches, in order to account for the uncertainty in 
wildfire occurrence, spread and intensity. 

Although MTT wildfire models can provide relevant elements for the 

Fig. 9. Simulated wildfire area burned by land use classes as a function of the 
transmission types in Sardinia. The data report the sum of the annual wildfire 
received and transmitted (a), and the percentages of wildfire transmission types 
of each land use class (b). CMF: conifer and mixed forests; AA: anthropic areas; 
SV: sparse vegetation; PC: permanent crops; AFA: agro-forestry areas; HAA: 
heterogeneous agricultural areas; COF: cork oak forests; BF: broadleaf forests; 
NP: natural pastures; SH: shrublands; GR: grasslands. 
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estimation of wildfire spread and behavior and the optimization of 
management strategies, the inherent limitations and assumptions of the 
modelling equations and variables involved should be taken into 
consideration [133,134], as well as the need of careful calibration and 
validation before their application [29,88,91]. In addition, the network 
analysis performed in this work quantified the transmission from the 
initial land use source to the final sink, but did not consider the sequence 
of transmission through multiple land uses and the effects of land uses in 
between. Future work will focus on this aspect, and in more detail in the 
identification of land types and landscape situations where wildfires are 
accelerated. 

Work is also in progress to replicate the methodological approach 
proposed in this study and assess wildfire exposure and transmission in 
neighboring Italian and French regions (Corsica, Tuscany, Liguria and 
PACA Region). At present, the above regions use different methods to 
characterize and map wildfire hazard and risk, even if wildfire behavior 
and dynamics in high-danger days are relatively comparable and risk is 
often exacerbated by the great incidence of touristic fluxes and facilities 
in areas highly exposed to wildfires during the whole summer season. 

5. Conclusions 

European and National programs on wildfire prevention and man-
agement underline the need to implement more holistic fire manage-
ment approaches with the primary goals of reducing the incidence and 
extent of wildfires and promoting the definition and application of 
standardized methodologies, thus overcoming the differences imposed 
by national and regional boundaries. This study offers a novel compre-
hensive and quantitative method to assess wildfire exposure and trans-
mission across Mediterranean fire-prone ecosystems. The method is 
based on the application of a wildfire spread and behavior modeling 
approach that allows us to derive objective measures of risk variables 
such as burn probability, flame length or wildfire transmission. With the 
present work, we intend to improve the promotion of common wildfire 
management and prevention strategies and to strengthen the potential 

to protect natural and cultural values and communities from extreme 
events in the Mediterranean Basin, as well as to cope with the challenges 
posed by future climate changes in terms of increased wildfire risk in this 
area. 
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Fig. 10. Wildfire transmission network for the main 
land uses of Sardinia. Network edges represent wild-
fires transmitted from one land use to another, as 
shown by the arrow and colored by its source. The 
size of each node is related to the amount of wildfires 
received from that node. Arrows are colored by the 
source ignition and width represents the area burned 
at four scales (<50, 50–100, >100–250 and > 250 ha 
yr− 1). Node size represents the sum of incoming fire 
at four scales (<250, 250–500, >500–1000 and >
1000 ha yr− 1). Self-burning and edges less than 40 ha 
yr− 1 are not shown.   
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R.M. Trigo, Climate drivers of the 2017 devastating fires in Portugal, Sci. Rep. 9 
(2019), https://doi.org/10.1038/s41598-019-50281-2. 

[22] A.A. Ager, A.M.G. Barros, H.K. Preisler, M.A. Day, T.A. Spies, J.D. Bailey, J. 
P. Bolte, Effects of accelerated wildfire on future fire regimes and implications for 
the United States federal fire policy, Ecol. Soc. 22 (2017) 12, https://doi.org/ 
10.5751/ES-09680-220412. 

[23] F.J. Alcasena, A.A. Ager, J.D. Bailey, N. Pineda, C. Vega-García, Towards a 
comprehensive wildfire management strategy for Mediterranean areas: 
framework development and implementation in Catalonia, Spain, J. Environ. 
Manag. 231 (2019) 303–320, https://doi.org/10.1016/j.jenvman.2018.10.027. 

[24] D.E. Calkin, J.D. Cohen, M.A. Finney, M.P. Thompson, How risk management can 
prevent future wildfire disasters in the wildland-urban interface, Proc. Natl. Acad. 
Sci. Unit. States Am. 111 (2014) 746–751, https://doi.org/10.1073/ 
pnas.1315088111. 

[25] M.A. Finney, The wildland fire system and challenges for engineering, Fire Saf. J. 
(2020), https://doi.org/10.1016/j.firesaf.2020.103085. 

[26] A.A. Ager, N.M. Vaillant, M.A. Finney, A comparison of landscape fuel treatment 
strategies to mitigate wildland fire risk in the urban interface and preserve old 
forest structure, For. Ecol. Manag. 259 (2010) 1556–1570. 

[27] P. Palaiologou, K. Kalabokidis, A.A. Ager, M.A. Day, Development of 
comprehensive fuel management strategies for reducing wildfire risk in Greece, 
Forests 11 (2020) 789. 

[28] E.D. Reinhardt, R.E. Keane, D.E. Caulkin, J.D. Cohen, Objectives and 
considerations for wildland fuel treatment in forested ecosystems of the interior 
western United States, For. Ecol. Manag. 256 (2008) 1997–2006. 

[29] M. Salis, B. Arca, F. Alcasena, M. Arianoutsou, V. Bacciu, P. Duce, B. Duguy, 
N. Koutsias, G. Mallinis, I. Mitsopoulos, J.M. Moreno, J.R. Perez, I. Rodriguez, 
F. Xystrakis, G. Zavala, D. Spano, Predicting wildfire spread and behavior in 
Mediterranean landscapes, Int. J. Wildland Fire 25 (2016) 1015–1032. 

[30] G. Bovio, M. Marchetti, L. Tonarelli, M. Salis, G. Vacchiano, R. Lovreglio, M. Elia, 
P. Fiorucci, D. Ascoli, Gli incendi boschivi stanno cambiando: cambiamo le 
strategie per governarli, Forest@ - Rivista di Selvicoltura ed Ecologia Forestale 14 
(2017) 202–205. 

[31] T. Curt, T. Frejaville, Wildfire policy in Mediterranean France: how far is it 
efficient and sustainable? Risk Anal. 38 (2017) 472–488. 

[32] M.-A. Parisien, Q.E. Barber, K.G. Hirsch, C.A. Stockdale, S. Erni, X. Wang, 
D. Arseneault, S.A. Parks, Fire deficit increases wildfire risk for many 
communities in the Canadian boreal forest, Nat. Commun. 11 (2020) 1–9. 

[33] M.P. Thompson, D.G. MacGregor, C.J. Dunn, D.E. Calkin, J. Phipps, Rethinking 
the wildland fire management system, J. For. 116 (2018) 382–390, https://doi. 
org/10.1093/jofore/fvy020. 

[34] T.D. Penman, C. Eriksen, R. Blanchi, M. Chladil, A.M. Gill, K. Haynes, J. Leonard, 
J. McLennan, R.A. Bradstock, Defining adequate means of residents to prepare 
property for protection from wildfire, International Journal of Disaster Risk 
Reduction 6 (2013) 67–77, https://doi.org/10.1016/j.ijdrr.2013.09.001. 

[35] A.M.S. Smith, C.A. Kolden, T.B. Paveglio, M.A. Cochrane, D.M.J.S. Bowman, M. 
A. Moritz, A.D. Kliskey, L. Alessa, A.T. Hudak, C.M. Hoffman, J.A. Lutz, L. 
P. Queen, S.J. Goetz, P.E. Higuera, L. Boschetti, M. Flannigan, K.M. Yedinak, A. 
C. Watts, E.K. Strand, J.W. van Wagtendonk, J.W. Anderson, B.J. Stocks, J. 
T. Abatzoglou, The science of firescapes: achieving fire-resilient communities, 
Bioscience 66 (2016) 130–146. 

[36] V. Leone, F. Tedim, G. Xanthopoulos, 11 - Fire Smart Territory as an Innovative 
Approach to Wildfire Risk Reduction. Extreme Wildfire Events and Disasters - 
Root Causes and New Management Strategies, 2020, pp. 201–215, https://doi. 
org/10.1016/B978-0-12-815721-3.00011-4. 

[37] C.S. Olsen, J.D. Kline, A.A. Ager, K.A. Olsen, K.C. Short, Examining the influence 
of biophysical conditions on wildland–urban interface homeowners’ wildfire risk 
mitigation activities in fire-prone landscapes, Ecol. Soc. 22 (2017) 21, https:// 
doi.org/10.5751/ES-09054-220121. 

[38] T.B. Paveglio, C.M. Edgeley, M. Carroll, M. Billings, A.M. Stasiewicz, Exploring 
the influence of local social context on strategies for achieving fire adapted 
communities, Fire 2 (2019) 26, https://doi.org/10.3390/fire2020026. 

[39] J.P. Prestemon, D.T. Butry, K.L. Abt, R. Sutphen, Net benefits of wildfire 
prevention education efforts, For. Sci. 56 (2010) 181–192. 

[40] D.E. Calkin, A.A. Ager, M.P. Thompson, A Comparative Risk Assessment 
Framework for Wildland Fire Management: the 2010 Cohesive Strategy Science 
Report. Gen. Tech. Rep. RMRS-GTR-262, U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research Station, Fort Collins, CO, 2011, p. 63. 

[41] C. Miller, A.A. Ager, A review of recent advances in risk analysis for wildfire 
management, Int. J. Wildland Fire 22 (2012) 1–14, https://doi.org/10.1071/ 
WF11114. 

[42] J.H. Scott, M.P. Thompson, D.E. Calkin, A Wildfire Risk Assessment Framework 
for Land and Resource Management. Gen. Tech. Rep. RMRS-GTR-315, U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research Station, 
2013, p. 83. 

[43] A.A. Ager, M.A. Day, K.C. Short, C.R. Evers, Assessing the impacts of federal forest 
planning on wildfire risk mitigation in the Pacific Northwest, USA, Landsc. Urban 
Plann. 147 (2016) 1–17, https://doi.org/10.1016/J. 
LANDURBPLAN.2015.11.007. 

[44] F. Allaire, J.-B. Filippi, V. Mallet, Generation and evaluation of an ensemble of 
wildland fire simulations, Int. J. Wildland Fire 29 (2020) 160–173, https://doi. 
org/10.1071/WF19073. 

[45] B. Arca, T. Ghisu, M. Casula, M. Salis, P. Duce, A web-based wildfire simulator for 
operational applications, Int. J. Wildland Fire 28 (2019) 99–112, https://doi.org/ 
10.1071/WF18078. 

[46] K. Kalabokidis, A. Ager, M. Finney, N. Athanasis, P. Palaiologou, C. Vasilakos, 
AEGIS: a wildfire prevention and management information system, Nat. Hazards 
Earth Syst. Sci. 16 (2016) 643–661. 

M. Salis et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2212-4209(21)00155-2/sref1
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref1
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref1
https://doi.org/10.2760/1128
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref3
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref3
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref3
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref3
https://doi.org/10.5194/nhess-17-1697-2017
https://doi.org/10.5194/nhess-17-1697-2017
https://doi.org/10.1371/journal.pone.0150663
https://doi.org/10.1371/journal.pone.0150663
https://doi.org/10.1016/j.foreco.2012.11.039
https://doi.org/10.1186/s42408-019-0048-6
https://doi.org/10.1038/s41598-020-70069-z
https://doi.org/10.1002/2016JG003389
https://doi.org/10.1002/2016JG003389
https://doi.org/10.3390/fire1010009
https://doi.org/10.3390/fire1010009
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref11
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref11
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref11
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref11
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref11
https://doi.org/10.1371/journal.pone.0062392
https://doi.org/10.1371/journal.pone.0062392
https://doi.org/10.1007/s10021-017-0172-6
https://doi.org/10.1007/s10021-017-0172-6
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref14
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref14
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref14
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref14
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref14
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref15
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref15
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref15
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref15
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref16
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref16
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref16
https://doi.org/10.1016/j.jenvman.2020.110449
https://doi.org/10.1016/j.jenvman.2020.110449
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref18
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref18
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref18
https://doi.org/10.1016/B978-0-12-815721-3.00003-5
https://doi.org/10.1007/s10342-019-01179-1
https://doi.org/10.1038/s41598-019-50281-2
https://doi.org/10.5751/ES-09680-220412
https://doi.org/10.5751/ES-09680-220412
https://doi.org/10.1016/j.jenvman.2018.10.027
https://doi.org/10.1073/pnas.1315088111
https://doi.org/10.1073/pnas.1315088111
https://doi.org/10.1016/j.firesaf.2020.103085
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref26
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref26
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref26
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref27
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref27
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref27
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref28
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref28
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref28
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref29
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref29
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref29
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref29
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref30
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref30
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref30
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref30
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref31
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref31
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref32
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref32
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref32
https://doi.org/10.1093/jofore/fvy020
https://doi.org/10.1093/jofore/fvy020
https://doi.org/10.1016/j.ijdrr.2013.09.001
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref35
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref35
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref35
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref35
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref35
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref35
https://doi.org/10.1016/B978-0-12-815721-3.00011-4
https://doi.org/10.1016/B978-0-12-815721-3.00011-4
https://doi.org/10.5751/ES-09054-220121
https://doi.org/10.5751/ES-09054-220121
https://doi.org/10.3390/fire2020026
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref39
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref39
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref40
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref40
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref40
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref40
https://doi.org/10.1071/WF11114
https://doi.org/10.1071/WF11114
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref42
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref42
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref42
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref42
https://doi.org/10.1016/J.LANDURBPLAN.2015.11.007
https://doi.org/10.1016/J.LANDURBPLAN.2015.11.007
https://doi.org/10.1071/WF19073
https://doi.org/10.1071/WF19073
https://doi.org/10.1071/WF18078
https://doi.org/10.1071/WF18078
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref46
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref46
http://refhub.elsevier.com/S2212-4209(21)00155-2/sref46


International Journal of Disaster Risk Reduction 58 (2021) 102189

15

[47] S. Monedero, J. Ramirez, A. Cardil, Predicting fire spread and behaviour on the 
fireline. Wildfire analyst pocket: a mobile app for wildland fire prediction, 
Ecological Modeling 392 (2019) 103–107. 

[48] M.-A. Parisien, D.A. Dawe, C. Miller, C.A. Stockdale, O. Bradley Armitage, 
Applications of simulation-based burn probability modelling: a review, Int. J. 
Wildland Fire 28 (2019) 913–926, https://doi.org/10.1071/WF19069. 

[49] F. Rodríguez y Silva, J.R. Molina Martínez, M.A. Herrera Machuca, J. 
M. Rodríguez Leal, VISUAL-SEVEIF, a tool for integrating fire behavior simulation 
and economic evaluation of the impact of wildfires, in: González-Cabán A (Tech. 
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