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Abstract Large-scale socioeconomic changes in

recent decades have driven shifts in the structure of

Spanish rural landscapes, particularly in those located

at the forest-agriculture interface (FAI), as well as in

their wildfire regime. Using data from more than 200

16 km2 landscape plots in Spain surveyed between

1956 and 2008 through the SISPARES monitoring

framework, we assessed the FAI vulnerability to

wildfires and identified the main landscape structural

factors related to an increased number of wildfire

events. We found that the most vulnerable landscapes

were those with high road density, high diversity of

land uses and, most importantly, with fine-grained

forest-agriculture mixtures. Ignition frequency was

lower in those landscapes where crops and woodlands

coexisted but distributed in large and well-separated

patches, and much lower where both land uses were

combined within an integrated production and man-

agement system (‘‘dehesas’’). We discuss the geo-

graphical distribution patterns and temporal trends of

the different FAI types during recent decades. We

conclude that such approach is useful to forecast the

mutual interactions between land use pattern changes

and wildfire regime in the Mediterranean agroforestry

mosaics. This would also provide an ecological base

for developing a complementary, cost-effective and

durable passive strategy of wildfire management

targeted to modify the inherent FAI susceptibility to

ignition events.

Keywords Agroforestry mosaics � Landscape

dynamics � Spatial pattern vulnerability � Structural

fire risk � Wildfire occurrence

Introduction

Wildfires play an essential role in shaping the

landscapes worldwide (Bond et al. 2004). A complex

combination of wildfire disturbances of varying

frequency, intensity and extension might be a main

direct contribution to landscape heterogeneity and to

interspersed mosaics together with other changes in

human land uses (Pickett and White 1985; Krumel

et al. 1987; Turner 1989; Forman 1995). This is
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particularly true in the Mediterranean, where land-

scapes have been modified by fires during millennia

(di Castri and Mooney 1973; Naveh 1975; Trabaud

1980; Trabaud et al. 1993). On the other hand,

landscape structure strongly modulates fire occur-

rence, spread and behavior (Turner et al. 1994;

Scheller and Mladenoff 2004; Malamud et al. 2005).

In summary, wildfire regime and landscape pattern

have been shown to have strong mutual interactions

(Romme 1982; Finney 2001).

The exact timing, location and extent of a partic-

ular wildfire are impossible to forecast. However, at

coarser temporal and spatial scales the patterns of fire

occurrence can be successfully predicted, mainly

based on climatic and topographic variables and on

models that relate fire ignition and behavior to

different characteristics of the fuel (vegetation) types

over which the fire may spread (Scott and Burgan

2005). Since climatic variables cannot be controlled

through management, the efforts in wildfire preven-

tion mainly rely in modifying forest structure and

composition (Agee and Skinner 2005). In turn, forest

composition and structure are themselves influenced

by quite the same variables that drive fire regime,

such as climate, landform, disturbance history,

different human impacts and socioeconomic pres-

sures (Romme 1982; Flannigan and Harrington 1988;

Bessie and Johnson 1995; Finney 2001; Malamud

et al. 2005). Therefore any shift in these factors may

have large impacts not only on fire patterns and

landscape structure themselves, but also in the highly

complex interactions between the two. This may

produce nonlinear and synergistic responses that go

beyond what could be expectable from the change in

each of these variables alone.

Among the factors affecting fire regime, the role of

landscape configuration is one of the most poorly

understood and commonly underestimated. Just

recently, several studies have analyzed its importance

in different regions (Schmidt et al. 2008; Catry et al.

2009; Gralewicz 2010; Moreno et al. 2011; Padilla

and Vega-Garcı́a 2011; Hely et al. 2010). The

research efforts in this direction are however over-

whelmingly small compared to those devoted to other

wildfire drivers. Some possible causes are (1) the

assumed relatively high stability of landscape pat-

terns, (2) the difficulty of analyzing, monitoring and

managing landscape patterns over the large spatial

and temporal scales at which these changes and

interactions operate, and (3) the lack of a conceptual

and methodological background to model those

landscape mosaics and their interactions with eco-

logical processes.

Nowadays, the development of landscape ecology

offers new ways for the analysis of landscape patterns

and their interactions with disturbance events. Indeed,

the relationship between landscape patterns and

processes is one of the main objectives of landscape

ecology studies (Forman and Godron 1986). There-

fore, this seems an appropriate approach to unravel

the factors behind the changes in wildfire occurrence

and spread.

Mediterranean landscapes are far from being static

ingredients of the complex combination of fire

regime drivers. Southern Europe has experienced

large scale socioeconomic changes since the mid

XXth century that have driven profound shifts in the

traditional rural landscape structure (Mazzoleni et al.

2005). Migration to cities depopulated rural areas

(Ayuda et al. 2010). Abandonment of marginal

productivity crops, decline in grazing and increase

of stabled livestock caused the transition to more

uniform rural landscapes. The decrease of firewood

harvesting, coupled with an expansion of forest

plantations to replace some of the more labor

demanding agricultural crops, have led to the coa-

lescence of forested areas and to larger woodland

patch sizes. The recent changes are in contrast with

the secular society-environment coevolution of Med-

iterranean landscapes, where forestry and agriculture

have competed and coexisted. Their coexistence in

Spain took place either within the same agrosilvo-

pastoral integrated system (landscapes of ‘‘dehesas’’)

or as an intermixture of forest and agricultural

patches with spatially well separated management

systems (Rey Benayas et al. 2007). These forest-

agriculture interfaces are frictional zones among

different social mentalities and interests. The con-

flicts among foresters, shepherds and farmers have

been stronger in the Mediterranean because the arid

climate increases the competition for the scarce water

resources.

Increased landscape vulnerability to wildfires may

be expected when the unstable balance between

structure and functional processes was broken down

during the past century. This might be the case in

those areas where the use of fire as an agropastoral

tool is now coupled with a lack of silvicultural
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treatments in the contiguous woodlands that has

increased forest biomass and fuel continuity. A

higher occurrence and frequency of ignition sources

in these border forest lands may be a key factor

behind an increased wildfire risk and vulnerability at

wider spatial scales. As a consequence of those facts,

the wildfire frequency in Spain has hugely increased

in the last five decades, mostly intentionally lighted

by farmers in the forest-agriculture interface (EGIF

2009).

Despite its importance in the Mediterranean, few

research projects have been devoted to the forest

agriculture interface in comparison with the urban

forest interface or the pure forest landscapes (Badia

and Pallares 2006, among others). Analyzing the

interactions between the forest-agriculture interface

and the wildfire regime requires long term data on the

agroforestry mosaics, which has been an important

methodological bottleneck hampering progress in this

direction. At the moment, just studies at a limited

spatial or temporal scale have been carried out

(Romero-Calcerrada et al. 2008; Vilar et al. 2010;

Chuvieco et al. 2010). Only through the implemen-

tation of long term monitoring systems that problem

can be solved. Several national monitoring initiatives

have been recently developed in Europe, which

deliver nation-wide samples on selected landscapes,

habitats, and regions, such as the UK countryside

survey, the Swedish environmental mapping project

NILS, and other continental-wide initiatives (Euro-

pean Project EBONE, www.ebone.wur.nl/UK). In

Spain, the SISPARES monitoring system has been

designed to evaluate the trends in the structure of

rural landscapes (Elena-Rosselló et al. 2005). Such

system was conceived with an appropriate size of the

sampling sites, a homogeneous spatial scale, and a

time window long enough to record changes from

1956 to present. Besides, more than 60% of the

SISPARES samples are located in the forest agri-

culture interface. This makes SISPARES particularly

adequate for assessing the trends in the landscape

biophysical internal features that make the landscape

susceptible to wildfire. In addition, after 40 years of

systematic wildfire data acquisition in Spain, we are

now in a good position for a deeper study on those

relationships and hypothetical causes of fire

occurrence.

In this study we aimed to assess the spatial and

temporal patterns of landscape vulnerability to

wildfires at the forest agriculture interface across

Spain in the last five decades. We intended to provide

(1) a better understanding of the drivers of fire

ignition and damage in Mediterranean agroforestry

interfaces as related to the abundance, pattern and

mixture of the different land uses, and (2) conceptual

bases to land planners for designing landscape

patterns which minimize wildfire vulnerability. These

new planned patterns should decrease the inherent

high susceptibility of the forest agriculture interface

to fire ignition events. They should be key features

for developing a cost-effective and long-term, dura-

ble approach for wildfire management focussing on a

passive protection strategy.

Materials and methods

Study area characterization and stratification

Our study area covered all the Spanish lands within

the Iberian Peninsula and the Balearic Islands (about

497,000 km2 in total). Geographically, Spain is a

Southern European country located at the western part

of the Mediterranean basin. Its position among the

Atlantic Ocean and the Mediterranean sea, its high

mean elevation (2nd in Europe, after Switzerland) and

the abundant mountain systems are responsible for

varied climatic types: Oceanic, Mediterranean, Con-

tinental and Alpine. Lithologically, there is a wide

diversity of bedrocks from most geological periods.

All these biophysical factors have made possible a

diversified vegetation of sclerophillous, evergreen

conifer and deciduous hardwood forests. Historically,

agriculture, forestry and husbandry have coexisted in

most of the regions and have modelled its rural

landscapes after millennia of human use of wildfire as

a powerful management tool.

Landscape spatial structure data have been

recorded in a spatially and temporally consistent

manner over all the study area in four different years

(1956, 1984, 1998 and 2008) in 206 selected sample

plots within the SISPARES monitoring framework

(Elena-Rosselló et al. 2005, www.sispares.com). The

sampling intensity, taking into account the plot size

and the total extension of the study area, is about

1/146. Landscape data were derived from the inter-

pretation of aerial photographs combined with field

surveys in the two most recent dates. Each sample has
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an extension of 16 km2, as in other landscape moni-

toring studies (Honnay et al. 2003), and a minimum

mapped patch size of 1 ha. However, when the

delineated patches (of at least 1 ha) comprise multi-

ple portions of different land uses (each smaller than

1 ha) that are intermixed at such fine scale, these

patches are classified as a fine-grained mixture of

those land use types.

The distribution of these sample plots is fully

representative of the biogeoclimatic structure of

Spain, because they were selected using a stratified

sampling procedure as related to the CLATERES

classes (Elena-Rosselló et al. 1997), with each

SISPARES sample representing one of these CLA-

TERES classes. CLATERES was designed for get-

ting estimates at a national scale of a wide variety of

ecological features and used a classification approach

adapted from the country survey land classification

system (Bunce et al. 1996). The CLATERES classes

consist in ecological zones with similar biotic and

abiotic factors such as topography, vegetation, and

climate. The CLATERES classes were used to

aggregate the SISPARES plots in five climatic strata

(humid, sub-humid, sub-arid, arid and hyper-arid) in

order to evaluate the differences in wildfire occur-

rence across different climatic conditions.

Characterizing landscape structure at the

forest-agriculture interface

We considered as the forest-agriculture interface

those landscapes in which agricultural and forest

lands occupied each at least 10% but no more than

90% of total area. Two sets of variables were selected

to characterize the spatial pattern composition and

configuration of the landscape plots at the forest

agriculture interface and to analyze the relationships

between those variables and wildfire occurrence in

the rural areas across Spain. The first set of variables

referred to the area covered by the following eight

major land use types: forests, forest plantations,

riparian woodlands, shrubs, pastures, agro-forestry

areas called ‘‘dehesas’’, crops, heterogeneous agri-

cultural areas (lands mainly occupied by agriculture,

with significant areas of natural vegetation), rocks,

water bodies, and artificial surfaces (urban and

industrial areas). These land use types correspond to

level 3 of land cover CORINE classification (EEA

1995). The second set was made up with eleven

landscape structure variables described in Table 1.

Wildfire data and statistical analysis

of the relationships between ignition frequency

and landscape structure

For characterizing the spatiotemporal patterns of

wildfire occurrence we used the national fire database

(EGIF), the most complete collection of wildfire data

in Spain, which is compiled by the Area de Defensa

Contra Incendios Forestales of the Spanish Ministry

of Environment. EGIF records daily wildfire data

since 1974, including their causes, which are sum-

marized yearly at a 10 km 9 10 km UTM square

resolution. Wildfire ignitions intentionally caused by

agricultural and forestry practices are included in

EGIF. Such a database allows for a combined

analysis of fire occurrence and landscape structure

(as provided by the SISPARES framework described

earlier) from 1974 to present. In particular, we

analyzed the frequency of wildfire ignitions since

1974 in a total of 5101 UTM 10 km 9 10 km

squares. A total of 468,471 fire ignitions were

recorded in the EGIF database within this period.

Based on the available data, landscape vulnerability

is better measured through data of the wildfire

ignition rather than of burnt area (Gralewicz 2010),

because the former is independent from the level of

post-fire suppression and therefore better related to

the structural landscape characteristics that determine

the occurrence of wildfire events. Consequently the

underlying intrinsic conditions leading to ignition are

emphasized (Stocks 2002).

In order to spatially link the SISPARES and

wildfire databases, we overlaid the 10 km 9 10 km

UTM grid of wildfire occurrence with the CLATER-

ES classes. This process was facilitated because the

CLATERES classes were designed with 2 9 2 km

resolution and a UTM projection as for the wildfire

data. For each CLATERES class (each corresponding

to a continuous region with homogeneous biogeocli-

matic conditions and represented by one SISPARES

plot) we calculated 38 descriptors of wildfire occur-

rence from the UTM 10 km 9 10 km squares inter-

secting that class: the number of ignitions in each of

the 35 different years in that period and in the periods

from 1974 to 1984, from 1985 to 1998 and from 1999

to 2008 (with the last year of each these three periods
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matching to one of the successive SISPARES

surveys). We hypothesized that the landscape com-

position and configuration recorded by SISPARES at

each survey would eventually be associated with

wildfire occurrence in the subsequent years. Conse-

quently, landscape structure in 1956 was related with

fire events in the period 1974–1984, 1984 with the

period 1985–1998, and 1998 with the period

1999–2008. Large differences between wildfire

occurrences in these three periods did not allow for

a joint statistical analysis for the whole 1974–2008

period. Therefore, each period was normalized (mean

0, variance 1) resulting in three values of NYFF

(normalized yearly fire frequency) at the 206 SIS-

PARES sample squares.

An analysis of the factors determining landscape

vulnerability to wildfire occurrence was performed

through a two step statistical model aiming to assess

(and remove) the climatic influence, and to assess the

landscape structure influence across climate strata.

The first step consisted in a general linear model of

repeated measures (three periods) with the annual

total rainfall (WorldClim, version 1.3., Hijmans et al.

2005) as the independent variable and the NYFF as

the dependent variable. In the second step we used as

the dependent variable the residuals obtained in the

previous step in order to assess through a general

linear model to what extent FAI landscape structure

variables could explain wildfire occurrence beyond

what already captured by climate. Since landscape

structure variables can be highly correlated (e.g.

Riitters et al. 1995), the model in this second step

only included those landscape structure variables that

presented a Spearman correlation between them

lower than 0.6; therefore not all the variables listed

in Table 1 were finally entered in the model. The

model also included those quadratic terms of the

variables in Table 1 that presented a significant

relationship with the residuals from the previous step.

Classifying the rural landscapes based on their

vulnerability to wildfire occurrence at the

forest-agricultural interface

We classified the rural landscapes in six types

depending on the amounts of forest and agricultural

lands and on the types of mixtures between them. This

classification included two non-FAI landscapes, Types

I (pure agricultural) and VI (pure forest). Type V was

differentiated because it corresponds to a FAI

Table 1 Metrics used to describe landscape composition (PR and SDI) and configuration (the rest of the metrics) in the 16 km2

SISPARES plots across Spanish rural landscapes

Metrics Description

Patch richness (PR) Number of different land cover types present

Shannon diversity index (SDI) Shannon index calculated from the proportions of total area covered by each land cover type

Patch density (PD) Number of patches per unit area

Edge density (ED) Total length of edges between patches per unit area

Mean patch fractal dimension

(MPFD)

Twice the logarithm of patch perimeter divided by the logarithm of patch area (average for all

patches)

Mean patch size (MPS) Average size of patches in the landscape

Mean patch edge (MPE) Average edge length of patches in the landscape

Largest patch index (LPI) Proportion of total area covered by the largest patch in the landscape

Mean shape index (MSI) Sum of the ratios between the perimeter and the square root of area for every patch in the

landscape, divided by the number of patches

Forest-agriculture boundaries

(FAB)

Total length of agricultural-forest edges per unit area

Fine grained forest-agriculture

mixtures (FGFAM)

Percentage of landscape total area covered by fine-grained forest-agriculture mixtures. These

mixtures are defined as conglomerates of adjacent units that are each smaller than 1 ha and

correspond to both forest and agricultural lands. These are mapped as a single mosaic

(heterogeneous) patch in the SISPARES monitoring framework

Road density (RD) Total road length per unit area

FAB and FGFAM have been purposefully defined for the objectives of this study. Further details on the rest of the metrics can be

found in McGarigal and Marks (1995)
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predominantly managed under an integrated agrofor-

estry system where most patches are sharing forest and

agricultural uses (dehesas). The other three types

corresponded to mosaics of spatially separated forest

and agricultural lands that were differentiated based on

the landscape structure variable that was most signif-

icantly associated to wildfire occurrence (step 2 in the

model described in the previous section). The differ-

entiation of these three types was performed through a

regression tree analysis (CART) of the wildfire

occurrence in the 206 SISPARES samples using the

corresponding landscape structure variable, FGFAM.

The ability of the resulting FAI landscape typol-

ogy to effectively discriminate the FAI landscape

wildfire vulnerability was tested through ANOVA of

the NYFF per partial period and for the total study

period. This allowed us to estimate how much

variation of the wildfire frequency was explained by

the FAI landscape types. For each period, the 206

SISPARES plots were classified in the FAI landscape

types (Fig. 3) and characterized by the NYFF of their

own CLATERES class.

Finally, the temporal patterns were assessed by

analyzing the changes in FAI landscape type distri-

bution through time. We also considered data on rural

population and agrarian employment rates during the

studied period as provided by the INE (Spanish

National Institute for Statistics 2008) in order to

support our discussion on the underlying causes for

these temporal patterns.

Results

Spatial and temporal patterns of wildfire

occurrence and causality

Total wildfire occurrence showed a mean value of

13,413 events per year from 1974 to 2008, but with

three partial periods with remarkably different

records as shown in Fig. 1. The first period from

1974 to 1984 was characterized by the lowest

frequency of fire events (average baseline of 5,807

events) and a slow increase in wildfire occurrence. In

the second period, from 1985 to 1998, the increase

rate accelerated resulting in a maximum in the

number of fires towards the end of the XXth century

(average baseline of 15,758 events). The third period,

starting from 1999, had the highest frequency (aver-

age baseline of 18,497 events). Nevertheless, the

number of fires was initially stabilized and then

decreased significantly in the last years.
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Fig. 1 Diagram of the yearly evolution of wildfire occurrence

along the study period (1974–2008). Solid trend line corre-

sponds to the 5 year mobile mean. Narrow dotted lines indicate

average values for the three partial periods (5,807, 15,758 and

18,497 events, respectively). Dotted line is baseline for the

whole study period (13,413 events). SISPARES surveys (SS#

arrows) appear closely related to critical changes in the

evolution trend: 1984 is closed to a inflection point in the

growing trend, and 1998 is linked to the highest fire occurrence

records
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In all the three partial periods indicated in Fig. 1,

the highest number of fire ignitions with respect to

the mean number in each climatic stratum was found

in the north and northwest of Iberian Peninsula

(Fig. 2), that is, in the humid extreme of the Spanish

climatic gradient. Some mountain systems like the

Pyrenees and low lands over the south and the centre

of Spain were in general less prone to wildfires

(Fig. 2). This distribution showed an even more

polarized and sharply defined ignition pattern through

time, with a reinforcement of the high wildfire

occurrence in the north-western regions, followed to

a lesser degree by some areas around mountainous

systems located towards the centre of Spain (Central

and Iberian ranges), as shown in Fig. 2. However, the

geographic pattern has been very stable in the whole

studied time span. See Fig. 6.

The analysis of variance of NYFF in the three

partial periods using the climatic strata of CLATER-

ES as the classification factor indicated that the

wildfire occurrence was significantly higher in the

humid extreme of Spanish gradient. Significant

differences between the first period and the next

two periods were found in all strata (F = 221.85;

P \ 0.001).

As far as the direct causes are concerned, accord-

ing to the EGIF database, in the period 1996–2008,

78.47% of total ignitions recorded in Spain were

caused by humans: 47.45% deliberately lighted, and

31.02% by accidental or neglected activities. 4.78%

were caused by natural factors, and 14.81% remained

with unknown causes (MARM 1996–2005, 2006,

2007, 2008). But these trends are quite different in

the humid and sub-humid regions, including Galicia,

Fig. 2 Maps of the relative ignition rates of the geoclimatic

strata in the three studied periods: 1974–1984, 1985–1998 and

1999–2008. The relative ignition rate of a stratum in a given

period was calculated as the deviation from the average of fire

frequency in the whole Spain during that period, expressed as a

percentage of the baseline (Negative values indicate lower fire

frequency than the average, and positive ones mean higher

frequency). Absolute fire frequency in any stratum is calculated

as the mean value of the yearly ignition frequencies of their

10 9 10 km squares. The three maps allowed comparing the

geographical distribution pattern of fire occurrence, once the

effect of the period factor was removed

Fig. 3 Classification of

forest agriculture interface

of Spain based on the

landscape structural

features. FAI Forest

agriculture interface,

AGRIC agricultural coarse

grain fields, LUCT landuse

land cover type
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Asturias, Cantabria and the Basque Country where

ignitions recorded in the same period were 62.05%

deliberately lighted, and 15.54% by accidental or

neglected activities. Only 1.09% was caused by

natural factors, and 19.52% remained with unknown

causes.

Landscape structure variables related to wildfire

occurrence

The effect of climate represented by annual total

rainfall on wildfire occurrence was significant in the

three periods explaining close to 50% of variance

(Table 2). Residuals of this analysis were explained

by means of landscape structure variables in each

period. Fine grained forest-agriculture mixtures

(FGFAM) and road density (RD) had significant

effects in the three partial periods. Shannon diversity

index (SDI) and mean patch size (MPS) had only

significant effects in the second period (1985–1998).

FGFAM was the variable most significantly asso-

ciated to wildfire regime. The quadratic relationship

between wildfire occurrence and FGFAM (see

Table 2) indicated that the landscapes with a mod-

erate amount of fine-grained mixtures of forest and

agricultural land uses (between 9.3 and 26.0%) were

those with a higher number of fire ignitions, as shown

in Fig. 4.

Testing the potential of the FAI types

for assessing landscape vulnerability to wildfire

NYFF in the whole study period 1974–2008 was

significantly higher in those landscapes classified as

fine and medium-grained mixtures (Types II and III),

and particularly in Type II. After applying the

Games-Howell test, three groups of FAI landscape

types were positively tested as different in terms of

wildfire vulnerability: group 1: Type II, group 2:

Types III and VI, Group 3: Types I, IV and V. these

groups have implicitly tested the discriminant

potential the FAI intermixed landscape of Types II,

III and IV, showing significant differences in vulner-

abilities (Fig. 5). In the overall 1974–2008 period, the

landscape vulnerability to ignition events of the fine-

grained forest-agriculture mixtures was about four

times higher than the average vulnerability of all

Spanish landscapes (Fig. 6). In the three partial

periods, Type II was proved to be significantly the

most vulnerable FAI landscape structural type.

Among the other types, only Type III was positively

tested as more vulnerable than Type IV. In general

terms, the partial analysis has shown the same results

than the overall one: the pure agriculture (Type I), the

Integrated FAI (Type V) and the coarse grained

intermixed FAI (Type IV) are significantly less

vulnerable than national averages. On the other hand,

medium grained intermixed FAI (Type III) and pure

Table 2 General linear analyses of (1) normalized wildfire

frequency (NYFF) explained by annual total rainfall (ATR) in

SISPARES plots using repeated measures; (2) residues of (1)

explained by landscape structure variables of SISPARES plots of

three dates: 1956, 1984, and 1998, matching with the wildfire

occurrence period 1974–1984, 1985–1998 and 1999–2008,

respectively

Dependent variable Independent variable df 1974–1984 1985–1998 1999–2008

R2 F P R2 F P R2 F P

(1) NYFF ATR 204 0.45 169.7 0.001 0.50 206.2 0.001 0.49 193.0 0.001

(2) Residues of NYFF 197 0.14 3.9 0.000 0.23 7.3 0.000 0.21 6.5 0.000

FGFAM 4.9 0.03 20.0 0.000 15.8 0.000

FGFAM2 4.3 0.04 17.3 0.000 8.4 0.004

SDI n.s. n.s. 10.1 0.002 n.s. n.s.

RD 8.1 0.005 7.6 0.006 7.6 0.006

MPS n.s. n.s. 5.01 0.03 n.s. n.s.

LPI n.s. n.s. n.s. n.s. n.s. n.s.

MPFD n.s. n.s. n.s. n.s. n.s. n.s.

FAB n.s. n.s. n.s. n.s. n.s. n.s.

Acronyms of variables are the same as those described in Table 1
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forest (Type VI) showed the average vulnerability

(Fig. 5).

Spatial and temporal patterns in the forest-

agricultural interface types

While the pure and coarse-grained mixture land-

scapes were distributed throughout all or most of

Spain, the fine-grained mixture landscapes (Type II)

and the integrated agroforestry systems (‘‘dehesas’’)

(Type V) were respectively concentrated towards the

NE (Galicia) and the SE (Extremadura), as shown in

Fig. 6. These two latter landscape types were those

that decreased most in the half-century evaluated

period (Fig. 7). They did not only reduce their

presence but their geographic scope as well, being

increasingly concentrated in the two cores of their

distribution (Fig. 6). A decrease was also found for

the number of plots in the coarse-grained landscape

category (Type IV) (Fig. 7). The landscapes that

increased more in the 53 year period were those

corresponding to Types VI (pure forest) and III

(medium-grained mixtures), as shown in Fig. 7.

Overall, the landscapes located at the forest agricul-

ture interface (Types II, III, IV and V) decreased

from 153 to 136 plots in the 1956–2008 period,

although they always represented more than 60% of

the total number of SISPARES plots (Fig. 7).

Fig. 4 a Dendrogram of tree regression analysis for the whole

1956–2008 period: 618 (206 SISPARES squares 9 3 periods)

residues from general linear analysis of wildfire occurrence per

10 9 10 km UTM cell (number of ignitions/year), once

detracted rainfall factor, have been analysed using fine grained

forest-agriculture mixtures index (FGFAM) as independent

variable (risk estimation = 0.45; SE = 0.07). FGFAM was

used since this landscape structural variable most significant

correlated to wildlife occurrence, as shown in Table 2. Number

of SISPARES plots and residual wildfire occurrence average in

each box is indicated by N and M, respectively. The most

significant division is established for FGFAM = 9.27%:

taxonomic threshold of 10% for discriminating FAI Type II

from FAI Type III. b Diagram of the distribution of wildfire

occurrence among FGFAM. The quadratic model fitted shows

a maximum wildfire occurrence at 15% of fine grained forest

agriculture mixture. Arrows indicate the two break points

identified for FGFAM in the CART analysis of a
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62% of the SISPARES plots did not change their

landscape structure type during the five decades. The

most dynamic structural types over the entire period

were those of the three intermixed structures in the

forest agriculture interface (Types II, III and IV),

while the most stable categories were the pure

landscapes (Types I and VI), as summarized in

Fig. 7. The most dynamic partial period in the

agricultural-forest interface was the one between

1956 and 1984 (see Fig. 7), with the major flows

occurring between the different scales of mixture of

the two land uses: from Types III–VI, from Types II–

III, from Types IV–III and reciprocally. Most of the

losses of agricultural-forest mixture areas were due to

their conversion to purely forested landscapes

(Fig. 7).

Discussion

Landscape structure features most correlated

to wildfire occurrence: diversity of land uses, fine

grained mosaics and road density

First of all, our results have confirmed that climate

regime is the overall key ecological factor for

determining the landscape vulnerability to wildfire

in Spain. Both CLATERES climate stratification and

the annual total precipitation are significantly corre-

lated to fire frequency. Accordingly, landscapes in the

more humid climates have higher biomass production

and consequently are much more vulnerable than

those under arid conditions. (Vázquez et al. 2006).

However, our results indicate that, even when the

climate effect on fire vulnerability has been

accounted for, a high wildfire occurrence is associ-

ated to more diverse landscapes, a higher road density

and the presence of fine-grained agroforestry mix-

tures. Our results for the impact of roads on fire

ignition frequency concur with other studies that have

studied in detail the role of transportation networks as

a source of fire ignitions (Romero-Calcerrada et al.

2008; Gralewicz 2010; between others). Roads are an

incision and a pathway into the forest landscape that

favours the presence of wildfire sources such as those

related to urban picnickers and cross-country motor

bikers.

The impact of landscape diversity on ignition

frequency is also well known, and is a clear

consequence of the coexistence of different land uses

that most probably produces conflicts among the

different land management objectives in a particular

landscape. In our analysis, the values of this diversity

index are largely determined by the relative amounts

of forest and agricultural areas, which are the two

land uses dominating the landscapes here studied. A

diversity of decision makers eventually increases

socio-economic conflicts and results in the use of fire

as a powerful tool to transform and shape the

landscapes towards those stages that are considered

more beneficial for some land owners (Romme

1982).

Indeed, a very special and prominent feature of the

Mediterranean landscapes has been the strong com-

petition among foresters, shepherds, and farmers for

lands where water is a scarce limiting resource.

Although the vegetative period is rather long in the

Fig. 5 Diagrams showing the results of analysis of variance of

normalized yearly fire frequency (NYFF) in the proposed FAI

landscape types. Upper diagram shows the general ANOVA of

NYFF in 618 SISPARES sample squares (206 squares 9 3

study periods) classified in the FAI landscape typology. Lower
diagrams show the results of the three partial ANOVAs of

NYFF carried out separately with the 206 SISPARES sample

classified in 1956, 1984 and 1998 using the FAI landscape

typology (SS = SISPARES Survey). According to Games-

Howell test, the general ANOVA establishes three statistically

different groups of FAI types marked with circles: group 1:

Type II, group 2: Types III and VI, group 3: Types I, IV and V

(P \ 0.05)
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Fig. 6 Spatial distribution of the SISPARES landscape plots

corresponding to each of the six vulnerability typologies for the

four different dates in which these plots were surveyed.

Observed mean annual values of wildfire occurrence per

10 9 10 km for each typology are indicated
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Mediterranean, there is a long drought season of

about two months in summer that largely reduces the

biomass production. Only by irrigation the summer

season can be productive in intensive agricultural

systems. Otherwise, extensive non-irrigated crops

and pastures require much larger field areas with

rotations of several years. Consequently, farmers

have been managing against woody vegetation as a

water competitor to their crops. The lack of hedge-

rows among fields is a landscape feature resulting

from that competition (Jongman and Bunce 2008).

Since the middle ages, the shepherds, well organized

in a common institution called Mesta, had lobbied in

Spain for ensuring pastures all year around for their

flocks. Because this Mediterranean summer drought

affected most of the lowlands, it was necessary to

move their flocks up to the mountain highlands,

looking for the summer pastures, and grazing through

forested areas (or through their interface with other

land uses) along their way. This transhumance was

very important in terms of landscape impacts because

it occurred at a national scale (affecting almost the

whole Spain) and because it involved frequent

burning to avoid the competition of woody plants

for the scarce resources (Pineda 2001). Our results

suggest that these effects and relationships, although

not as prominent today as in other historical times,

still play an important role to determine wildfire

occurrence patterns, at least in some Mediterranean

areas.

Fine-grained versus coarse-grained forest-

agricultural mixtures: a key feature

of Mediterranean landscape structure, a great

difference for wildfire occurrence

The impacts of forest-agriculture diversity on wildfire

occurrence were much more prominent when these

land uses were interspersed at fine spatial scales

(below 1 ha). Our results showed that fine-grained

forest-agricultural mixtures were associated to igni-

tion events much beyond what could be expectable

by simply considering the total amount of these two

land uses in the landscape. Fine-grained mixtures

seem to enhance the competition for space and

resources at the more local scales in which manage-

ment and traditional landowners use and perceive

the landscape (Chas-Amill et al. 2010). Therefore,

either intentionally or not, these mosaics make the

overall landscape more susceptible to ignition events

associated to uncontrolled slash burning, woody

Fig. 7 Flow chart of the

dynamic evolution and

changes among structural

landscape types. The

arrows indicate changes

from one type to another

within a given period, with

thicker arrows
corresponding to a larger

number of SISPARES

landscape plots changing

between those types. For

example, the first arrow by

the left indicates that

between 1956 and 1984,

one plot changed from

Types I–II, and another one

changed their type from II–

IV. The initial (1956) and

final (2008) number of plots

within each landscape type

are indicated at the left and

right of the chart

respectively
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vegetation control, etc. It seems clear from our results

that not only landscape composition (as captured for

instance by the diversity indices discussed earlier) but

also spatial configuration are determinant of fire

regime in the Mediterranean rural landscapes.

Indeed, we have shown that the amount of fine-

grained forest-agricultural mixtures (FGFAM) is the

main structural landscape factor behind an increased

landscape vulnerability to wildfires. Interestingly,

such mixture type does not need to be dominant in the

landscape for triggering a high wildfire occurrence.

The most vulnerable landscapes were those in which

those fine-grained mixtures represented between 9

and 26% of total area. Within the complex and

synergistic set of factors that drive fire regime, a

relatively modest amount of these fine-grained agri-

cultural mosaics seem to be a sufficient and poten-

tially explosive ingredient boosting fire occurrence.

That amount of fine-scale mixtures guarantees the

required number of fire ignitions that, coupled with

other adequate conditions (e.g. meteorological) and

with the rest of the landscape presenting other more

fuel-abundant and continuous forest types, deter-

mines the largest vulnerability to wildfires of all the

landscape types at the forest-agriculture interface.

‘‘Dehesas’’ as an integrated and non-fire prone

agroforestry system

On the other extreme of the vulnerability gradient in

the Spanish rural landscapes, agroforestry integrated

landscapes (Type V) showed the less intense wildfire

regime, at similar levels than pure agricultural (Type

I) or coarse grained mixture (Type IV) landscapes.

These landscapes are defined by the predominant

presence of agrosilvopastoral systems called ‘‘dehe-

sas’’, similar to the Portuguese ‘‘montados’’ (Pinto-

Correia 2000). Geographically, ‘‘dehesas’’ and

‘‘montados’’ are mainly located in the south western

regions of the Iberian Peninsula: Extremadura,

western Andalucı́a, and south western Castilla-León

in Spain and Alentejo in Portugal. Extensive granite,

quartzite and acid slates peneplains under arid

Mediterranean climate conditions have developed

poor and rocky soils where low dense sclerophillous

forest are the climax vegetation, mainly cork oak and

holm oak.

Historically, the low biomass productivity as well

as the landownership system, made these regions less

populated than Iberian average rates. Very large

properties, over 500 hectares, dominate the landscape

where local population is concentrated in a few rural

towns. The farm average size has produced a very

coarse grained pattern, even coarser than the one in

the pure forested landscapes.

The reasons for the very low vulnerability of those

landscapes dominated by ‘‘dehesas’’ are twofold.

First, from a biophysical point of view, the ‘‘dehesa’’

has a reduced forest biomass productivity, with low

fuel density and continuity that make difficult the

wildfire ignition and spread. Typical stem density for

the sclerophillous climax tree species (holm and cork

oaks) are about 20–40 trees/hectare. Simultaneously,

cattle, sheep and pigs keep herbs and scrubs under

control. Second, from the socioeconomic and man-

agement perspective, the ‘‘dehesa’’ farms are based

on very large properties where land uses coexist

within an integrated agroforestry production system.

Only one person makes the decisions in case of

conflicts among agriculture, forestry and husbandry

uses (Campos et al. 2007). Fire is under control of the

‘‘dehesa’’ managers, and is very rarely used unless for

charcoal production. On the other hand, the urban

population has restricted access to the private states,

so their impact on wildfire occurrence is marginal in

these agroforesty lands (Houérou 1993).

Temporal trends in wildfire occurrence

and landscape structure: socioeconomic factors

as driving forces

The investigation of the wildfire causes in Spain

concludes that human activities (deliberate or invol-

untary) are responsible of the 70% of ignition events.

Consequently, we have to consider the socioeco-

nomic factors as the most important drivers of the

short term changes in the fire frequency and regime

that have been here reported during this period.

During the 1970s the rural population was aban-

doning their traditional activities, such as firewood

harvesting, crops in the marginal arable lands and

extensive sheep and goat grazing practices. The

Spanish population employed in the primary sector

with agrarian activities has dramatically decreased

from 47.6% in 1950 to 6.86 in 2005 (INE 2008). The

abandonment was generalized across Spain, but

started earlier in the northern regions and then in
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the central and southern ones. During almost the

whole 20th century, the decrease of agrarian jobs

induced the migration to urban areas. But in 1980 a

reverse migration flow started, keeping the rural

population in rates around the 20%. All these

processes were part of a vast social development

across Spain that has transformed a rural to an urban

society, both mentally and geographically (Hoggart

1997).

The transformation of the rural population is the

sociological process that triggered the outbreak of

wildfires in Spain (Vázquez and Moreno 1998). It

produced an increasing fuel continuity and accumu-

lation of biomass that previously was largely

extracted for firewood and other rural uses, as it still

happens nowadays in Northern Africa (Alexandrian

et al. 1998). The few remaining farmers and

shepherds kept controlling the woody biomass, but

they had to handle larger quantities than in earlier

times with a scarcer labour force in their depopulated

areas, which induced them to increasingly rely on fire

as a management tool in their agricultural lands and

surrounding landscapes. At the same time, a new

social factor and ignition source raised as urban

tourists started to spend their weekends and holidays

in the countryside, barbequing with little control and

poor knowledge of the associated risks and responses

in the forest environment.

Starting in the mid 1980s another socio-economic

factor was reported for producing 2.4% of wildfire

occurrence until end of the century (EGIF 2009). The

legal regulation for nature protection and biodiversity

conservation of about 28% of the total area of Spain

took place in less than 5 years. Local population,

farmers, shepherds, landowners, and hunters reacted

against what they interpreted as confiscation of their

rights and future potential revenues. Some wildfires

were ignited as a complain reaction.

All these changes were coincident with a steady

increase in wildfire occurrence in the forest-agricul-

ture interface. When matching the evolution of the

wildfire occurrence (Fig. 1) and the population rates

of the rural areas of Spain, 1985 appears as a critical

year: wildfires increased its occurrence, the rural

migration flows reversed and the diversification of the

rural employment started (Hoggart 1997).

In 2000 the increasing wildfire occurrence trend

reached a summit and stabilized till 2006 when the

trend reversed into a significantly lower ignition

frequency. Among other factors, this evolution might

be interpreted in political terms: in 2004, after a

catastrophic period, a very strict regulation was

passed (RD 11/2005). At the same time, educational

programs have been implemented for changing the

population attitude (FAO 2005).

All these large-scale socioeconomic changes and

related policy-making have changed not only the

vulnerability of rural landscapes to wildfire, but their

own spatial structures as well. The area covered by

forests and other woodlands has constantly and

largely increased since the 1950s decade not only

due to the abandonment of marginal agricultural

lands but also as directly resulting from vast refor-

estation programs. The large-scale Spanish refores-

tation plan towards the mid of the XXth century

(1935–1978) was followed since the 1990s by the

application of series of policies established by the

European Union (Common Agricultural Policy).

These policies were determined to promote refores-

tation in abandoned agricultural lands and were very

successful in Spain, with about 685,000 ha of

agricultural lands converted to forests in the period

from 1994 to 2006 (Sociedad Española de Ciencias

Forestales 2009).

Increments of forest lands and densification

process of dehesas and shrub land use types has

been noted also by SISPARES monitoring system.

These combined processes have resulted in impor-

tant changes in the forest-agriculture interface.

Generally speaking, the area covered by crops has

decreased, as well as the fragmentation of their

landscapes (Ortega et al. 2008). Therefore, those

types at the extremes of the vulnerability gradient,

such as the integrated agroforestry ‘‘dehesas’’ or the

intermixed fine grained landscapes, have decreased

their geographical distribution being increasingly

concentrated at their traditional cores respectively in

Extremadura and Galicia. In the case of the ‘‘dehe-

sas’’, the abandonment of grazing practices, devel-

opment of irrigation programs including reservoirs,

conversion into game hunting states, urbanization by

the main towns, including golf courses, are described

as the most frequent change driving processes

(Pérez-Soba et al. 2007). However, since 1984

‘‘dehesa’’ landscapes still remained dominant in 18

SISPARES samples mainly where cattle, pigs, coal

and cork productions make the system profitable

(Garcı́a del Barrio et al. 2004).
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Could climate change be key responsible of recent

trends in FAI vulnerability? Our conceptual

approach to the complex web of FAI driving

forces and components

Our results and discussion allow us to establish a

conceptual summary aiming to clarify the complex

web of causes and interactions existing around the

forest agriculture interfaces. The proposed conceptual

framework shown in Fig. 8 is largely based on

landscape ecology principles (Forman and Godron

1986):

1. FAIs are cultural landscapes; they result from the

action of climate, landform, vegetation and

human factors.

2. These four factors are fully determinant of the

FAI landscape structure and its functions, such as

the vulnerability to wildfire.

3. Climate and landform are the predominant

natural factors, and their impacts are effective

at much longer term than the vegetation and

human factors.

4. On their turn, vegetation and human population

are directly dependent on climate and landform.

5. Human population, often by using fire, has

impact at the shortest term in both the FAI

structure and wildfire vulnerability.

6. FAI structure and its functional vulnerability

have shown mutual interactions.

Such a conceptual approach is helpful to explore

whether climate change can be responsible for the

detected changes in FAI configuration or wildfire

vulnerability. As far as the FAI structural features it

concerns, most of the recorded changes have been

produced by new human land uses or by the

abandonment of inefficient activities rather than by

climatic causes, possibly because is too soon for

climate to fully express their impact on neither

vegetation nor landform. However, in an indirect

way, climate change could affect the human action

mainly by promoting new meteorological condi-

tions for agricultural extensive crops or forest

plantations.

From the functional landscape perspective, only

4.87% of the total number of wildfires in Spain has

reportedly been caused by natural hazards, during the

1996–2008 period. Consequently, it is very difficult

to establish a direct causal link between the increase

of FAI fire frequency and the climate change at

national scale. However, there are regional variations

from 1.09% in the humid and subhumid areas to

8.70% in the more arid areas. These natural fires are

ignited by lightning, mainly located in the eastern

Mediterranean regions where the thunderstorms in

summertime are frequent. Because of that, some

research has been carried out on the impact of

meteorological conditions in wildfire occurrence in

the regions of Valencia and Catalonia (Pausas 2004;

Piñol et al. 1998). These two papers have positively

tested the correlation among higher temperatures,

lower relative humidity and lower summer rainfall

rates with wildfire occurrence. Such findings are

consistent with our data since lightings are much

more risky for dry thunderstorms.

A deeper study on the implication of the climate

change on the vulnerability would require a longer

time period and the analysis of information on fire

spread and extension, features much more related to

vegetation fuel characteristics after changes in the

climatic condition.

Monitoring the forest-agriculture interface:

importance and requirements for delivering solid

information for decision making

The spatial–temporal dimension of the wildfire

regime-landscape pattern relationships implies the

need for information that is usually not easily

Fig. 8 Flow chart diagram summarizing the conceptual

approach to the FAI driving factors, based on our results and

other general landscape ecological assumptions (Forman and

Godron 1986). The four main factors have different time and

spatial scales of expression, as well as levels of relative

independence. Boxes are driving factors and arrows show the

direction of the predominant relationship of dependence

between factor and FAI components
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available for large study areas like the entire Spain.

This is a significant bottleneck for carrying out any

landscape ecology research of this kind at a national

scale (Turner 1989). In particular, an important

requirement on such information is the consistency

of the data gathered from all the studied land (spatial

consistency) at different periods (temporal consis-

tency). The spatial consistency is being solved thanks

to the growing development of remote sensed land

information and related data processing technologies

(Martı́nez et al. 2010). However, the temporal

consistency is much harder to achieve when assessing

trends comprising several decades. This is an impor-

tant limitation, since information from the past is

crucial to support present management decisions and

to project changes into the future. In general, the

vaster the study area is, the lower past data

availability, which hampers the adequate disentan-

gling and understanding of the factors driving

wildfire regime and their changes at sufficiently wide

spatial scales. Indeed, in order to monitor changing

dynamics of wildfire, reduce human risk and damage

from wildfire, and maintain region specific natural

wildfire regimes, we must first understand historic

spatial–temporal patterns of wildfire (Gralewicz

2010). A comprehensive approach including land-

scape vulnerability assessment, monitoring, planning

and finally management has to be developed as a key

tool towards this end, particularly in those forest-

agricultural mixture mosaics that have been here

demonstrated to be the most vulnerable to wildfire

occurrence.

At European level, the Council on prevention of

forest fires within the European Union (2010) invites

the use of monitoring systems. The connections with

potential trends under the influence of wildfire and

social risk factors also need step up efforts within the

EU research programs. In this framework, the

usefulness of land use monitoring systems at a

national level and the need for their harmonization

at European level to maintain biodiversity and

mitigate environmental change are recognized (Metz-

ger et al. 2010). However, the connections with

wildfire hazard still need to be more specifically

addressed.

To achieve the harmonization of monitoring

systems, a consistent classification of land into

relatively homogeneous environmental strata is

needed to provide a robust framework for comparison

and analysis of environmental data and sampling

ecological resources over large geographic regions

(Bunce et al. 1996). Many countries have adapted

quantitative environmental stratifications to support

environmental management and planning, e.g. Aus-

tralia, Austria, New Zealand, Senegal, Sweden,

Norway, and Spain where the CLATERES classifi-

cation described earlier has been developed (Elena-

Rosselló et al. 1997). The Great Britain Countryside

Survey provides one of the best documented exam-

ples of a national monitoring scheme designed to

assess stock of habitats and vegetation. Other coun-

tries with similar monitoring schemes include the

Spanish SISPARES systems described above (Elena-

Rosselló et al. 2005), Austria, and Sweden. Currently,

these stratifications and monitoring systems are being

assessed to be integrated at a single system at

European level by means of the European Collabo-

rative Project EBONE (Ortega et al. 2011). This

background supports the usefulness of CLATERES

classification and SISPARES monitoring systems as

appropriate databases to analyze the relationship

between landscape structure and wildfire occurrence.

Conclusions and final remarks

Our study analyzed the mutual interaction between

landscape and wildfires in the forest agriculture

interface of Spain and showed that rural landscapes

played an important role as spatial structured systems

of ecosystems with proved impact in the ignition and

eventually in the propagation of wildfires. This is

particularly important in Spain and other Mediterra-

nean areas, where most of the cultural landscapes are

dominated by mixtures of woodlands and crops that

coexist in a variety of composition and configuration

patterns. The widespread forest-agriculture interface

that can be currently observed throughout Spanish

landscapes is the result of millennia of human

disturbance, with wildfires being one of the most

important drivers and mostly induced by humans to

shape landscape conditions. Therefore, under the

predominant climate constraints, sociological and

cultural factors as well as the susceptibility to wildfire

are among the most important drivers for past and

recent spatiotemporal pattern.

We have found in Spain a quite varied menu

of forest agriculture blends, developed with very
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different socioeconomic backgrounds somehow

dependent from the biophysical land capability and

suitability. In fact, we have a vast variety of cultural

landscapes, some of which can be considered as real

fossils because they do not balance with the current

human society’s demands. The trends in these

patterns and land use mixtures have changed in

recent decades and are expected to undergo major

changes in the short and mid term, following

underlying socioeconomic drivers and triggering

significant shifts in the wildfire regime.

Of particular relevance as holders of landscape

vulnerability to wildfires were the fine-grained forest-

agricultural mixtures, with an ignition frequency four

times higher than the pure forested landscapes, and

six times higher than the average of the rural

landscapes. Other landscape types such as ‘‘dehesas’’

were much less prone to wildfire occurrence and

therefore should be advocated as low-vulnerability

agroforestry system rather than a heterogeneous and

interspersed pattern composed by spatially separated

patches with different land uses. The forest-agricul-

ture interface types that we here defined and statis-

tically tested in Spain are of broader implications

since they are similarly replicated throughout most of

the Mediterranean basin. However, some differences

between Spain and these other Mediterranean areas

do exist and enhance the interest of our focus in the

Spanish agroforestry landscapes. First, Spain shows a

very high diversity of environmental conditions and

landscape settings because of its large extent and its

characteristic biophysical transition from temperate

oceanic and alpine until true Mediterranean climate.

In addition, Spain has recently experienced dramatic

socio economic changes that have impacted notably

the rural landscapes where the forest-agricultural

interface occurs, unlike other countries in North

Africa where population largely remains to rely on

grazing and firewood harvesting as it occurred in the

Iberian Peninsula some decades ago. Finally, the

studied Spanish landscapes present an historical

background of human disturbances and landscape

modifications that is not so prominent in other

Mediterranean countries like California, Chile, South

Africa or Australia.

In any case, we believe that the characterization

and classification of agroforestry landscapes, here

proposed and tested, has broad implications regarding

the landscape vulnerability to wildfires and hence has

as well relevant consequences applicable to land-

scape planning and management. From the perspec-

tive of long-term wildfire prevention, results from our

research should be considered as overall guidelines

for land use planning in the most vulnerable rural

landscapes. This would provide an important com-

plementary and durable approach for wildfire man-

agement based on a passive protection strategy

targeted to modify the inherent high susceptibility

of the forest agriculture interface to fire ignition

events.
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Stocks BJ (2002) Large forest fires in Canada, 1959–1997.

Journal of Geophysical Research- Atmospheres 108:511–

512

Trabaud L (1980) Impact biologique et écologique des feux de
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