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Abstract
Originally associated to arid regions, vulnerability to land degradation (LD) has rapidly spread in temperate
areas, such as the Mediterranean basin. In this region LD increased in the last years due to worsening climate
conditions, land-cover changes, soil erosion and anthropogenic pressures. Increasing land vulnerability is
mutually linked with an increasing risk of disturbance propagation: the spatio-temporal distribution of areas
with different degrees of LD determines different dynamic patterns of the disturbance; in turn, LD is strongly
affected by the disturbance occurrence regime, which alters the status quality of a given territory. These con-
siderations invite a comparison between vulnerability to LD and fire occurrence, since historically, in the
Mediterranean areas, fire represents one of the main disturbance sources, which is mostly human-induced
and with a strong seasonality pattern. Under certain conditions, LD may create conducive conditions for fire
to thrive that in turn if repeated may alter the quality status of a landscape, setting the interested area into a
LD-fire feedback dynamic. The aim of this paper is to analyse the relationship between fire incidence and LD
and their potential feedbacks in Sardinia during two reference periods, 1990 and 2000. Results indicated that
in areas already affected by high LD vulnerability there is a sort of LD-fire spiralling connection that can be
seen as a ‘mutual early-warning system’ with strong implications on fire prevention strategies and landscape
quality status monitoring.
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I Introduction

The international definition of the United Nations

Convention to Combat Desertification (see http://

www.unccd.int/convention/text/convention.php),

describes ‘land degradation’ as a ‘reduction or loss

of the biological and economic productivity’

(MEA, 2005a, 2005b) resulting from land uses

(mismanagement), or a combination of processes,

such as soil erosion, deterioration of soil

properties, and long-term loss of natural

vegetation (Giordano and Marini, 2008). Land

degradation (LD) is hence an interactive
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process involving multiple factors, among

which climate and land use play a significant

role (Geist and Lambin, 2004; Lambin et al.,

2001; Reynolds and Stafford Smith, 2002).

Particularly in the Mediterranean regions, the

biophysical and socio-economic aspects repre-

sent the main factors impacting on land

vulnerability, and their interaction may become

extremely complex through space and time,

resulting in typical LD patterns. Here, LD is

considered as a process occurring not only in

semi-natural areas, but also in agricultural and

peri-urban areas. For instance, other than soil

erosion, the major drivers of LD in the Mediter-

ranean basin are soil sealing, soil compaction

due to agricultural intensification, soil saliniza-

tion, and soil contamination due to industrial

activities (Montanarella, 2007). All these phe-

nomena occur in agricultural and peri-urban

lands other than in natural or semi-natural areas.

In order to identify and foresee the local dis-

tribution of vulnerable areas, understanding of

the spatio-temporal trends (rather than of the

actual status) of LD represents a key issue both

from the ecological and policy point of view

(Dube, 2007). Based on these considerations, the

working hypothesis of this paper is that LD,

determining the sensitivity level of an area,

directly influences disturbance dynamics, and

that the spatio-temporal distribution of areas

with different degrees of LD determines differ-

ent occurrence patterns of the disturbance. In

turn, LD is strongly affected by the disturbance

occurrence regime, that alters the status quality

of a given territory. This mutual interaction

between disturbance regimes and landscape

structure may become complex, resulting in

temporally and spatially varying patterns (Lloret

et al., 2002; Roberts, 1996).

Historically, in the Mediterranean area fire

represents one of the main disturbance sources

and more than the 90% of all fires occurred are

human-induced. Furthermore, the strong season-

ality, with wet periods, which allow fuel to accu-

mulate, and dry periods, providing favourable

‘risk’ conditions, increases the fire-proneness

of these areas (Beverly and Martell, 2005;

Keeley and Rundel, 2005; Shakesby et al., 2007).

The importance of fire in shaping ecological

processes has long been recognized (Frost and

Robertson, 1987; Goldammer and de Ronde,

2004; Pyne et al., 1996). While the ecological

role of fire is well documented, its broader role

in environmental processes and resulting feed-

backs has until now received limited attention

(Gonzalez-Perez et al., 2004; Pyne et al., 1996;

Van Wilgen et al., 1997). Recent work has

shown that in addition to its known ecological

dimensions, fire is also an important land use

tool, a growing global hazard and a factor

involved in landscape processes with feedbacks

on LD (Dube, 2007; Fiorucci et al., 2007;

Goldammer and de Ronde, 2004).

Changes in LD patterns are likely to modify

the susceptibility to fire of an area; vice versa

high fire occurrence may alter its land quality

status. This complex interplay between fire and

LD may be further enhanced under climate and

land use change scenarios.

In Mediterranean areas, fire is a recurrent

phenomenon and under natural conditions

fire maintains the dynamic equilibrium

responsible for high biodiversity; but repeated

and severe fires can seriously damage ecosys-

tems. Frequent and more intense fires reduce the

vegetation cover and biomass of an area,

affecting the productive soil layer which leads

to soil exposure to meteorological agents

(Pérez-Cabello et al., 2010), physical and

chemical soil impoverishment (Gimeno-Garcı́a

et al., 2000; Larchevêque et al., 2005), change

in species composition and vegetation structure,

loss of the seed bank of perennial plants, and

increase of fast-growing invader species (Dube,

2007). These effects have strong implications

on biodiversity decline, soil erosion, general pro-

ductivity of the landscape, and therefore on the

LD of the interested area (Shakesby et al., 2007).

On the other hand, degraded areas appears to

be more prone to fire occurrence than non-
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degraded ones (Kyereh et al., 2006). In particu-

lar, in Mediterranean regions, degraded areas are

mainly characterized by annual herbaceous and

shrubby plant species; these kinds of vegetation

are extremely fire-susceptible due to their low

moisture content and the easily flammable fuel

load (Pellizzaro et al., 2005). Furthermore,

degraded areas are located in both semi-natural

areas as well as in agricultural lands and in the

wildland-urban interface where the high human

presence determines a higher probability of igni-

tion sources and hence of fire occurrence

(Bajocco and Ricotta, 2008).

This paper aims at verifying the existence of a

feedback between fire incidence and LD in

Sardinia, a typically Mediterranean region highly

affected by fire. Does high fire occurrence

determine increase in LD sensitivity? Does

increase in LD sensitivity determine high fire

occurrence? The objectives are hence, on one

hand, to quantify how LD influences fire inci-

dence patterns in space and time, and, on the other

hand, to verify to what extent the frequent burning

of an area is linked with its LD trend. Results

demonstrated the existence of LD-fire feedback

dynamics that works as a ‘mutual early-warning

system’ with strong implications on fire preven-

tion strategies and landscape quality status

monitoring.

II Material and methods

1 Study area

The island of Sardinia is located between

38�51’N and 41�15’N latitude and between

8�8’E and 9�50’E longitude, and covers roughly

24,000 km2 (Figure 1). Sardinia is characterized

by a complex physical geography, with a preva-

lently hilly topography and extreme heterogene-

ity in geological and morphological features,

with a wide variety of biotopes and a long

history of human presence. The highest eleva-

tion is 1834 m; average elevation is 338 m. The

climate of Sardinia is predominantly Mediterra-

nean with hot and dry summers and mild and

rainy winters. Average annual rainfalls range

from less than 500 mm in the coastal areas to

more than 900 mm in the inner mountainous

regions. Mean annual temperature ranges from

11�C to 17�C.

Land cover along the coast and the main river

valleys is dominated by sclerophyllous shrubs,

thermomediterranean Quercus ilex forests, and

agricultural lands that cover about 45% of the

study area. Most urban areas of Sardinia are

located in the coastal zone. In the interior areas,

forest stands combined with pastures and

shrublands prevail. The principal forest forma-

tions include mesomediterranean Quercus ilex

and Q. suber forests. At higher elevations the

sclerophyllous oak forests merge with broad-

leaved forests of Quercus pubescens.

Sardinia is characterized by a strong incidence

of fires, mainly during the driest summer months,

with a mean of about 2000 events per year. The

intense wildfire activity (Bajocco and Ricotta,

2008), together with grazing pressure (D’Angelo

Figure 1. Location of the study area
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et al., 2000; Enne et al., 2002), local droughts

(Fiori et al., 2004), mismanagement and saliniza-

tion of groundwater resources (Santini et al.,

2010), deforestation, land overexploitation and

abandonment (Giordano and Marini, 2008) rep-

resent the key factors causing LD in Sardinia. For

a more detailed description of the LD processes

in the study area, see Motroni et al. (2009).

2 Land degradation sensitivity map

According to the Environmental Sensitivity

Areas (ESA) framework (Brandt et al., 2003),

LD sensitivity maps were produced for 1990 and

2000 (Figure 2). The ESA procedure was imple-

mented on the framework of the Medalus project

on the Mediterranean LD and rapidly became

a standard for several international, interdisci-

plinary research projects which carried out

extensive evaluations of LD sensitivity (Brandt

et al., 2003). This framework was applied at both

the regional and local scale in several Mediterra-

nean areas (Portugal, Spain, Italy, Greece)

showing complex and locally differentiated

environmental processes. The procedure is quite

feasible and able to integrate indicators from dif-

ferent data sources. It was extensively validated

in the field at several target sites (Kosmas et al.,

1999) by analysing the correlation between the

ESAI and indicators of soil quality and physical

degradation (Basso et al., 2000; Lavado Contador

et al., 2009).

The methodology is based on more than 10

variables covering different themes, including

Figure 2. ESAI distribution maps in 1990 (left) and 2000 (right)
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the geological, topographical and climatic con-

ditions, the anthropogenic pressure, and the typ-

ical features of land cover for Mediterranean

Europe. Statistical analysis was performed for

each variable in order to define (1) the correla-

tion of the variable to the stage of LD, (2) the

correlations within the data matrix, and (3) the

contribution of each variable to the estimation

of land sensitivity (Basso et al., 2000). To each

variable a set of sensitivity scores was assigned.

Scores were derived from the statistical analysis

and from additional information gathered from

the available literature (Kosmas et al., 2000a,

2000b). A sensitivity analysis and a focus group

analysis were finally carried out in order to indi-

cate the most valid, low-cost and efficient set of

key variables and scores by theme (Kosmas

et al., 1999). For each theme, a quality indicator

was calculated by averaging the sensitivity

scores of the selected variables. The variables

selected to create the ESAI maps (Table 1) refer

to four themes: climate, soil, vegetation, and

human pressure (see Basso et al., 2000; Lavado

Contador et al., 2009).

Climate quality was described in the ESA

framework by the average annual rainfall rate

(RAI), aridity index (ARI) (defined as the ratio

between rainfall and reference evapotranspira-

tion, both measured over a long term) and aspect

(ASP). The reference evapotranspiration rate

was calculated using the Penman-Monteith for-

mula. These indicators were calculated using

basic information available in the National

Agro-meteorological Database of the Italian

Ministry of Agriculture (Salvati et al., 2008).

Two analysis periods were selected: 1961–

1990 and 1971–2000.

Soil data were obtained from the soil quality

map produced in the framework of the DISMED

project (Brandt, 2005) and derived from the Eur-

opean Soil Database (ESD). According to the

standard ESA model, variables including soil

texture (TEX), depth (DEP), slope (SLO), drai-

nage (DRA), rock fragments (FRA) and parent

material (PAR) were used (Kosmas et al.,

2000a, 2000b). This information was supplemen-

ted by ancillary data (see Salvati and Zitti, 2009).

The impact of vegetation on LD was quanti-

fied according to Kosmas et al. (2000a): a weight

was attributed to each land use category in order

to obtain a classification of the territory based on

the different level of sensitivity of its vegetation

(Brandt et al., 2003) in terms of fire proneness

(FIR), protection from soil erosion (ERO),

drought resistance (DRO), and vegetation cover

(PLA). Such indicators were obtained from Cor-

ine Land Cover (CLC) cartography in 1990 and

2000 (Basso et al., 2000).

Finally, the impact of human pressure on LD

was assessed as a result of processes such as the

increase of population density and the intensifi-

cation of agriculture (eg, Otto et al., 2007). The

population density (DEN) was measured at

the municipal level in 1981, 1991 and 2001 on

the basis of the National Census of Population

(Salvati and Zitti, 2007). The annual demographic

growth rate (GRW) calculated for defined

time horizons (1981–1991 and 1991–2001) was

computed at the same geographical scale. An

index of agricultural intensification (AGR) was

further obtained from the CLC maps of 1990

and 2000. According to Kosmas et al. (2000a),

a weight was attributed to each land use in order

to obtain a classification of the territory based on

crop intensity (Salvati et al., 2007).

Four thematic indicators, quantifying the

environmental quality in terms of climate

(Climate Quality Index, CQI), soil (Soil Quality

Index, SQI), vegetation (Vegetation Quality

Index, VQI) and land management (Land

Management Quality Index, MQI), were

estimated as the geometric mean of the different

scores for each involved variable as follows:

CQIi,j ¼ (RAIi,j*ARIi,j*ASPi,j)1/3

SQIi,j ¼ (TEXi,j*DEPi,j*PARi,j*FRAi,j*

DRAi,j*SLOi,j)1/6

VQIi,j ¼ (FIRi,j*EROi,j*DROi,j*PLAi,j)1/4

MQIi,j ¼ (DENi,j*GRWi,j*AGRi,j)1/3

The scores of each thematic indicator ranges

from 1 (the lowest contribution to land

Bajocco et al. 7



sensitivity to degradation) to 2 (the highest con-

tribution to sensitivity to degradation). ESAI

was subsequently estimated in each i-th spatial

unit and j-th year as the geometric mean of the

four partial indicators (Basso et al., 2000) as

follows:

ESAIi,j ¼ (SQIi,j*CQIi,j*VQIi,j*MQIi,j)1/4

The ESAI score ranges from 1 (the lowest land

sensitivity to degradation) to 2 (the highest sen-

sitivity to degradation). Within this range, eight

classes of land sensitivity were identified (Table

2) in accordance with Basso et al. (2000) and

Brandt et al. (2003). The environmental signifi-

cance of these thresholds was successfully tested

by Lavado Contador et al. (2009). Unclassified

cells were excluded from further analysis.

According to Lavado Contador et al. (2009), in

order to make the spatial calculations, all the

variables were digitized in raster format at 250

x 250 m pixel size, corresponding to the mini-

mum pixel size of the digital terrain model used

for slope and aspect determination. Over the

entire investigated area, the average (and coeffi-

cient of variation) ESAI values were 1.302

Table 1. Variables used in ESAI, units of measure and statistical sources

Theme Variable Scale
Unit of
measure Source

Soil quality Soil texture 1:250,000 Sensitivity
class

Ministry of Agriculture,
European soil database

Soil depth 1:250,000 mm Ministry of Agriculture,
European soil database

Parent
material

1:250,000 Sensitivity
class

Ministry of Agriculture,
European soil database

Rock
fragments

1:250,000 Sensitivity
class

Ministry of Agriculture,
European soil database

Drainage 1:250,000 Sensitivity
class

Ministry of Agriculture,
European soil database

Slope Raster 250 x
250 m pixel size

% Ministry of Environment

Climate
quality

Annual mean
rainfall rate

1:400,000 mm Meteorological statistics

Aridity index 1:400,000 mm/mm Meteorological statistics
Aspect Raster 250 x

250 m pixel size
Angle Ministry of Environment

Vegetation
quality

Fire risk 1:100,000 Sensitivity
class

Corine Land Cover

Erosion
protection

1:100,000 Sensitivity
class

Corine Land Cover

Drought
resistance

1:100,000 Sensitivity
class

Corine Land Cover

Vegetation
cover

1:100,000 Sensitivity
class

Corine Land Cover

Land man-
agement
quality

Population
density

1:500,000 People
km-2

Census of Household

Population
growth rate

1:500,000 % Census of Household

Agricultural
intensity

1:100,000 Sensitivity
class

Corine Land Cover
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(6.6%) and 1.306 (6.3%) in 1990 and 2000,

respectively.

3 Forest fire data

Fire data were provided by the Forest Service of

Sardinia and contain all the fires recorded from

1995 (no data available before) to 2008 with the

geographic (UTM) coordinates of the ignition

point and the size.

For the analysis of the relationship between

fire and LD, we used two comparable

four-year periods of wildfires: 1995–1998 and

2005–2008, adequate to be referred to the ESAI

maps produced (Figure 3).

During the 1995–1998 period, 6900 wildfires

were registered, that burned totally 43,639.5 ha;

during 2005–2008, the total number of fires

occurred was 8793 that burned 54,867.8 ha.

Firesize ranges from 0.01 ha to 5992 ha during

the first time period, and from 0.01 ha to

9029 ha during the second.

In order to verify the representativeness of the

fires occurred during the two analysed periods

with respect to the whole available fire history,

we compared the spatial patterns of 1995–1998

and 2005–2008 fires with the entire data set of

1995–2008 fires across the different Corine

Land Cover (CLC) types of the study area. First,

for each land cover type we computed the rela-

tive density and compared the obtained values.

The density of fires on different land cover types

appeared similar in the three periods: as an

example, in 1995–1998, 2005–2008 and 1995–

2008 only about 7% of fires burned in urban and

peri-urban areas, while the majority (more than

60%) burned agricultural areas and 30% burned

natural and semi-natural lands. Then we com-

puted for the three periods and each land cover

type the average nearest-neighbour index

(R) as the ratio of the average observed distance

from each point in the pattern to its

nearest neighbour, to the average distance

expected if the pattern were randomly distribu-

ted, which depends solely on the density of the

pattern being studied. The index R varies from

0.00 for a totally clustered pattern through 1.00

for a random distribution, to a maximum of 2.15

for a completely regularly spaced pattern. The

results confirmed the similar degree of clustering

Table 2. Classification of the study area in terms of sensitivity to LD

ESAI
class ESAI score

Sensitivity
class Land description (examples)

1 (NA) <1.17 Not affected Areas not threatened by LD
2 (P) 1.17 – 1.22 Potentially

affected
Areas threatened by LD under significant climate change, if a particular
combination of land use is implemented or where off-site impacts will
produce severe problems elsewhere

3 (F1) 1.23 – 1.26 Fragile Areas in which any changes in the delicate balance of natural and human
activities is likely to bring about LD. As an example, the impact of
predicted climate change could affect vegetation cover, intensify soil
erosion, and finally shift the level of sensitivity of the area to the ‘critical’
class. A land use change (eg, a shift towards cereal cultivation on sensitive
soils) might produce immediate increase in runoff and soil erosion, and
perhaps pesticide and fertilizer pollution downstream

4 (F2) 1.27 – 1.32
5 (F3) 1.33 – 1.37

6 (C1) 1.38 – 1.41 Critical Areas already degraded through past misuse, showing a threat to the
environment of the surrounding land (eg, badly eroded areas subjected
to severe runoff and sediment loss)

7 (C2) 1.42 – 1.53
8 (C3) >1.53

Source: Lavado Contador et al. (2009)
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of the examined data sets with respect to the whole

fire archive. The R index of both 1995–1998 and

2005–2008 was similar to the R index of 1995–

2008: 0.53, 0.51 and 0.50, respectively, in semi-

natural areas; 0.50, 0.48 and 0.46 in agricultural

lands; and 0.35, 0.32 and 0.29 in peri-urban areas.

4 Statistical analysis

The analysis of the geographic distribution of the

fire events has always been an important issue in

fire pattern modelling, and now is going to

receive more attention for landscape modelling

and for fire management and prevention actions.

Nowadays many fire management decisions are

still exclusively based on fire spread and suppres-

sion difficulty. However, as resources are limited,

it is important to define priorities among areas,

and to areas with higher ignition frequency

should be given priority for surveillance (Vascon-

celos et al., 2001). The fire ignition probability is

hence an essential element in assessing fire occur-

rence patterns (eg, Finney, 2005; Vasilakos et al.

2007).

This paper focuses on fire ignition rather than

on fire size because, in terms of LD sensitivity of

a given area, the frequency of fire occurrence in

the same land cover type matters more than the

Figure 3. Maps of the ignition points respectively for the fires of 1995–1998 (left) and 2005–2008 (right)
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dimensions of the fire. Few large fires (as

typically occur in Sardinia) weakly impact on

the LD status of a territory, while repeated fires,

even if small in size, strongly affect the soil and

vegetation quality of the burned territory.

In order to quantify the relationship between

the different levels of LD sensitivity and the

fire ignition patterns, we used the ‘fire selectiv-

ity’ approach proposed by Moreira et al. (2001)

that relates landscape composition and fire

proneness. We tested the proneness of the dif-

ferent ESAI classes to fire in terms of number

of fires; ie, we identified the LD sensitivity

classes where the fires are more or less than

expected by a random null model (Bajocco and

Ricotta, 2008).

To determine whether the number of fires in

the examined ESAI classes is significantly

different from random, we constructed the

following Monte Carlo simulation comparing

the fires of 1995–1998 with the ESAI map of

1990, and the fires of 2005–2008 with the ESAI

map of 2000: all fires were randomly reassigned

to the land sensitivity classes of the correspond-

ing map, such that the probability of assignment

of each fire to a given ESAI class was kept equal

to the relative extension of that class. The null

hypothesis is that fires occur randomly across

the landscape such that there is no difference

between the relative abundance of fires in each

ESAI class and the relative extension of each

class within the analysed landscape (Bajocco

and Ricotta, 2008). Therefore we compared, for

each four-year period, the actual number of fires

in each ESAI class with the results of 999 ran-

dom simulations. For each ESAI class, p-values

(two-tailed test) were computed as the propor-

tion of Monte Carlo-derived values that were

as low or lower (as high or higher) than the

actual values.

We then analysed the fire behaviour in

relationship with the LD dynamics of the study

area. The hypothesis to be tested was if there is

a feedback connection between LD sensitivity

and fire; that is, on one hand, if LD sensitivity

increased where ‘past’ fires (1995–1998)

occurred, and, on the other, if ‘future’ fires

(2005–2008) occurred preferentially where LD

sensitivity increased.

We hence performed a change detection (CD)

analysis and found the cells that, in the decade

going from 1990 to 2000, have improved,

remained stable, or worsened in terms of LD

sensitivity. The CD analysis produced the transi-

tion matrix of Table 4.

In particular, the analysis focused on the

‘changed’ cells only, without considering the

stable cells. On the basis of the previous

‘selectivity’ analysis results (see the findings

illustrated in the Results section and Table 3),

considering the cells transition between (inter-)

and within (intra-) the two fire-proneness groups

of ESAI classes, we derived six CD-ESAI

classes as follows:

� class abW: those cells belonging to classes

1–4 (group a) in 1990 that worsened, turning

into classes 5-8 (group b) in 2000;

� class abI: those cells belonging to classes

5–8 (group b) in 1990 that improved, turning

into classes 1-4 (group a) in 2000;

� class aaW: those cells belonging to classes

1–4 (group a) in 1990 that worsened in

2000, but did not pass in group b;

� class aaI: those cells belonging to classes

1–4 (group a) in 1990 that improved in

2000;

� class bbW: those cells belonging to classes

5–8 (group b) in 1990 that worsened in

2000;

� class bbI: those cells belonging to classes

5–8 (group b) in 1990 that improved in

2000, but did not pass in group a.

To determine whether the fire number in the

examined CD-ESAI classes is significantly

different from random, we led the same rando-

mization test as before. We performed the anal-

ysis both with the 1995–1998 and 2005–2008

fires, in order to test if the cells changed

Bajocco et al. 11



(improved or worsened) are significantly

selected by fires occurring, respectively, during

and after the transition period (1990–2000).

The numbers of fires analysed for the peri-

ods 1995–1998 and 2005–2008 are, respec-

tively, 2994 and 3970. All fires off the CD-

ESAI classified cells were excluded from the

analysis.

III Results

1 Fire selectivity versus LD sensitivity

The results of the analysis on fire selectivity in

Sardinia for the 1995–1998 and 2005–2008

four-year periods are shown in Table 3. Accord-

ing to Monte-Carlo simulations, fire incidence in

terms of number of events is selective for all

Table 4. Transition matrix of the cells from ESAI 1990 to ESAI 2000 map. In dark grey, the cells that passed
from group a to group b and vice versa (inter-group changes); in light grey, the cells that changed remaining in
the same group (intra-group changes), either from a to a, or from b to b. Cells that passed from lower to
higher ESAI classes are in bold; cells that passed from higher to lower ESAI classes are in italic.

ESAI 1990

CLASS
1

CLASS
2

CLASS
3

CLASS
4

CLASS
5

CLASS
6

CLASS
7

CLASS
8

Class
Total

ESAI
2000

CLASS 1 47 23 23 9 2 1 0 0 105
CLASS 2 119 2044 446 326 77 28 7 1 3048
CLASS 3 47 1280 2788 1025 187 112 18 0 5457
CLASS 4 27 495 1262 2289 450 155 74 4 4756
CLASS 5 1 70 207 948 2223 449 276 15 4189
CLASS 6 0 1 15 146 594 1010 305 14 2085
CLASS 7 0 0 2 44 309 458 1125 74 2012
CLASS 8 0 0 0 0 0 5 33 46 84

Class Total 241 3913 4743 4787 3842 2218 1838 154 21736
Class Changes 194 1869 1955 2498 1619 1208 713 108 10164

Table 3. Selectivity of 1995–1998 fires versus ESAI 1990 and of 2005–2008 fires versus ESAI 2000 in terms of
number of events. Lower and upper limits of the Monte Carlo simulations are also shown. Italic: values lower
than expected from a random null model, p < 0.001; bold: values higher than expected from a random null
model, p < 0.001.

ESAI
classes

1995–1998 fires versus ESAI 1990 2005–2008 fires versus ESAI 2000

Class area
(km2)

Number of
fires

Lower
limit

Upper
limit

Class area
(km2)

Number of
fires

Lower
limit

Upper
limit

Group a 1 247 58 48 102 105 25 24 65
2 3965 1 007 1093 1335 3059 885 1107 1310
3 4784 887 1355 1618 5485 1 165 2013 2290
4 4846 1 223 1381 1597 4787 1 274 1780 2008

Group b 5 3982 1 645 1138 1327 4285 2 421 1595 1844
6 2480 953 671 852 2147 1 296 744 930
7 1951 1 040 537 675 2217 1 623 799 993
8 168 87 34 71 91 104 18 55

Total 22423 6 900 22276 8 793
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ESAI classes with a high significance level

(p < 0.001). The results are the same for both

considered periods: the number of fires is higher

than expected by a random null model in the

most ‘fragile’ (5) and in all ‘critical’ (6, 7, 8)

sensitivity classes; by contrast, the number of

fires is lower than expected in the lower ESAI

classes, ie, the ‘not affected’ one (1), the ‘poten-

tially affected’ (2) and the least ‘fragile’ (3, 4).

The obtained results hence highlighted, for

both reference periods, a clear distinction between

two opposite fire-proneness groups: the first

(a) with the ESAI classes 1–4 characterized by low

fire incidence; and the second (b) with the ESAI

classes 5–8 characterized by high fire incidence

(see Table 3). This finding was used as baseline

for the analysis of fire behaviour in relationship

with the LD dynamics in the study area.

2 Fire selectivity versus changes in LD
sensitivity

During the investigated period, 4101 cells

improved, 11,572 remained stable and 6063

worsened, in terms of LD sensitivity; this means

that about 28% of the entire study area worsened

its quality status, turning into more vulnerable

ESAI classes. Analysing each ESAI 1990 class,

Table 4 highlights that the ‘not affected’ (1) and

‘potentially affected’ (2) classes are those that

worsened most (respectively, 80% and 47%)

with respect to the total cells of the corresponding

classes. The least (3) and medium (4) fragile

classes got worse for about 31% and 24%, respec-

tively; finally, the cells of the most fragile (5) and

least critical (6) classes that worsened their LD

status were about 23% and 21% of the total.

The results of the fire selectivity analysis on

the CD-ESAI map are shown in Table 5. The

number of events showed an high significant

selectivity towards all the CD-ESAI classes

derived (p < 0.001) for both time periods

examined.

Regarding the intra-group changes, all cells

maintained their ‘fire selectivity signature’ both

for 1995–98 and 2005–08 fires. Even if the land

quality status tended to worsen within group a, it

did not show a direct correlation with the fire

occurrence. To the contrary, within group b,

even if the land quality status tended to improve,

high fire incidence continued to characterize that

area. Both fires of 1995–98 and of 2005–08 were

more likely on the cells that worsened in 1990–

2000, and less on those that improved; this

means, on one hand, that cells that passed from

a medium fragile to a more fragile and critical

LD status have experienced an extremely high

incidence of fires during the transition period

(fires of 1995–98). Additionally, the same cells

were more likely to burn in the next four-year

period (2005–2008), thus suffering a repeated

burning over time.

The results highlighted the existence of a

mutual relationship between the LD sensitivity

Table 5. 1995–1998 fires versus CD-ESAI map and 2005–2008 fires versus CD-ESAI map. Italic: values lower
than expected from a random null model, p < 0.001; bold: values higher than expected from a random null
model, p < 0.001.

CD-ESAI classes 1995–1998 Number of fires 2005–2008 Number of fires

Inter-group (a and b) abW 502 719
abI 283 383

Intra-group (a) aaW 660 701
aaI 409 429

Intra-group (b) bbW 636 996
bbI 504 742

Total 2994 3970
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trend and the fire occurrence pattern in the study

area only where there is a prolonged critical LD

status or a passage from low-medium fragile to

highly fragile-critical LD status.

IV Discussion

The high incidence of fires in the Mediterranean

region constitutes a considerable threat to people

and the natural environment; consequently, a

good knowledge of the influence of landscape

status in shaping wildfire regimes is a fundamen-

tal piece of information for understanding fire

incidence patterns in human landscapes

(Bajocco et al., 2010; Stolle et al., 2003).

Many studies have been carried out on the

relationship between the land use/land cover of

a territory and its fire regime (Bajocco and

Ricotta, 2008; Cumming, 2001; Moreira et al.,

2001; Nunes et al., 2005), thus focusing more

on the landscape structure, rather than on its

function. For instance, to the best of our knowl-

edge, no studies analysed the fire behaviour in

relationship with the LD processes of a study

area.

The first analysis aimed to identify, at the

regional scale, which ESAI classes were statisti-

cally preferred (or avoided) by fire in two time

reference periods: 1995–98 and 2005–08. The

results of both analyses clearly separate two dis-

tinct situations of fire-proneness (‘negative’ fire

selection for 1–4 ESAI classes, and ‘positive’ for

5–8 ESAI classes), that reflect how the spatial

distribution of different LD levels determines

different fire incidence patterns. These results

plainly follow the actual distribution of the land

use/land cover types underlying the ESAI

classes examined (data not shown here). In fact,

the most natural and semi-natural Corine Land

Cover (CLC) classes (belonging to the category

3 of CLC) occurred in the ESAI classes from 1 to

4, characterized by few fires, while the ESAI

cells going from class 5 to 8, and positively

selected by fire, fall in anthropized CLC classes

including peri-urban and agricultural areas (see

Bajocco and Ricotta, 2008). These findings

reflect the spatial pattern of LD sensitive areas

in the Mediterranean region, where land use

management represents a major determinant for

LD (Basso et al. 2000). In particular, urban

areas, agricultural areas and the wildland-urban

interface are sensitive zones (Mairota et al.,

1998) due to the unsustainable management of

the anthropized land uses and the progressive

degradation of the neighbouring wildlands (ie,

urban sprawl, industries, mines, resources over-

exploitation, land abandonment, deforestation,

fires, etc).

Of particular interest is the drastic change of

fire behaviour between ESAI classes 4 and 5.

This change from the intermediate to the most

fragile ESAI class marks the LD threshold that

triggers a fire frequency that seems to exceed

landscape sustainability. Notably, fire occur-

rence increased greatly from 1995–1998 to

2005–2008 (6900 and 8793 fires, respectively),

and the major contribution to this rise was

recorded in the most degraded ESAI classes

from 5 to 8 (3725 and 5444 fires, respectively).

The second analysis of this study used a

dynamic approach, with the aim of detecting the

LD changes occurred in the two ESAI reference

periods (1990–2000), and to link them with the

number of wildfires occurred during (1995–98)

and after (2005–08) the examined decade. The

change detection analysis highlighted an

increase in the amount of vulnerable areas: about

the 28% of the investigated area worsened in LD

quality status, and 23% of this amount changed

to ‘critical’ ESAI classes.

The selectivity analysis of the 1995–98 wild-

fires, occurring during the transition decade

(1990–2000), in relationship to the CD-ESAI

classes allowed identification of potential rela-

tionships between frequent burning and increas-

ing LD sensitivity. Unexpectedly, not all the

worsening CD-ESAI classes were positively

selected by past fires (1995–98), but they

occurred preferentially only in cells where LD

sensitivity remained high through time (even if

14 Progress in Physical Geography 35(1)



improving) or evolved into higher levels of fragi-

lity or criticality. For instance, the cells of the

CD-ESAI class abW, although in ESAI 1990

belonging to the lower vulnerability classes (less

fire-prone), during the transition decade suffered

frequent burning, and in ESAI 2000 turned into the

most fragile and critical classes (more fire-prone).

This means that there was a significant fire concen-

tration in those cells that over time highly wor-

sened in their LD vulnerability status, and that

the most critical worsening in LD vulnerability sta-

tus took place typically where frequent burning

occurred.

For the same relationships, the selectivity

analysis of the 2005–08 wildfires, occurring

after the transition decade (1990–2000), not all

the worsening CD-ESAI classes were positively

associated with recent fires (2005–08), but the

fires occurred preferentially in cells where LD

sensitivity remained high through time or

evolved into high levels of fragility or criticality.

This means that subsequent fires tended to

happen in those areas where previous fire

(1995–98) had occurred and the LD status had

worsened. The results of these analyses demon-

strated the existence of a fire-LD feedback

dynamic that starts preferentially in areas

already characterized by an initial high fragility,

where many fires occur, worsening the land

quality status and promoting new burning.

The results do not demonstrate the existence of

a general correlation between the fire incidence

and the LD status across the study area, but only

in those pixels that continued to be characterized

by a highly sensitive LD status through time. So,

if a sort of spiral exists, it occurs only in highly

fragile pixels. In this perspective, the results

demonstrated the existence of what we term

‘mutual early-warning processes’ – rather than

of spiral processes – according to which a higher

fire frequency in a certain landscape should be

seen as an alert that the territory is becoming more

critically vulnerable over time or it is not going to

significantly improve its LD status; in turn, a cri-

tically worsening tendency in a given landscape

should be seen as a ‘warning’ signal that there

is a growing risk of frequent burning in that terri-

tory. Such conclusions have strong practical

implications in a perspective of ‘early-warning’

strategies. In landscapes where the human

activity plays a key role, both driving LD

evolution and influencing fire ignition, knowing

the relationship between fire and LD can allow

development of provisional models of land

sensitivity and disturbance occurrence patterns

related to changing land uses, population density

dynamics and land management practices.

V Conclusions

The inter-relationship between climate, fire

and LD at the local and regional level is cur-

rently not receiving appropriate attention.

Future LD mitigation programs should incor-

porate monitoring of fire patterns at all levels

to establish changes in fire type, behaviour and

regimes in response to changes in influential

climatic parameters (due to global warming)

and in land cover structure. Fire monitoring

should be linked to LD studies and the analysis

of their potential feedbacks established as a

basic component of ‘early warning’ systems

for land quality dynamics. From a planning

point of view, a provisional model of fire beha-

viour under changing vulnerability scenarios

can be derived, and LD trends linked to the fire

regime intensity of an area can be projected.

Knowing how landscape changes and the

effects of its change on the landscape quality

can help policy-makers in developing strate-

gies for fire risk assessment and decision pro-

cesses in land management. Finally, the ESAI

framework has been demonstrated to be a good

baseline to study the dynamics of disturbances

like fires with respect to land vulnerability.
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