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Abstract
Fires are among the most damaging disturbances to forests in the Mediterranean area. The study analyses the occurrence 
and characteristics of forest fires in Eastern Spain (1993–2015) to identify key variables related to burnt forest land, dif-
ferentiating fires according to their burnt area. Data are retrieved from digital cartography, the Spanish Forest Map and data 
concerning fires. Based on previous research, the variables included are altitude, slope, aspect, fuel, species, population 
and road density. The fires are classified in small (5–50 ha), medium (50–500 ha) and large (> 500 ha). Four models are 
considered to explain the proportion of burnt area based on weighted generalized linear models: a general model and one 
per size class. The results highlight the different relations of similar variables with fires according to the size. When a single 
model is considered to explain all area burnt, the relationships are mainly driven by large fires. The larger area is burnt on 
forests with pine, bushes and small trees, whereas smaller fires tend to occur on lower altitude, low slope, high population 
and road densities. There are large differences in the variables according to the fire sizes, especially for the presence of pine 
(negative in the medium fires model but positive for the large fires model) and Pasture (which only explains the small fires). 
The models can be applied to analyse occurrence by fire size in Mediterranean areas, and the results can help elaborate fire 
prevention strategies and land-planning schemes.
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Introduction

Fires are among the most destructive disturbances in forests, 
affecting not only their functions but also altering the for-
est composition and its ability to recover (e.g. Parente and 
Pereira 2016), causing economic and ecologic damage and 
even the loss of human lives. In recent years, it has been 
forecasted that climate change will result in more frequent 
and larger areas affected by fires (Fox et al. 2016; Mori-
ondo et al. 2006; Prăvălie 2018; Turco et al. 2018). Perhaps 
more dramatically, it is anticipated that extreme events will 
become more frequent, in the form of mega-fires, which 

overcome suppression efforts and threaten public safety 
(Williams 2013).

This is particularly relevant in Mediterranean for-
ests, where fires have historically shaped landscapes. The 
annual average burnt area in the area is estimated around 
430,000 ha, with approximately 57,000 fires annually (Ager 
et al. 2014; European Commission 2011). In the case of 
Spain, despite fire suppression and prevention measures 
taken during the four last decades, the number of forest fires 
has increased from 1900 fires at the beginning of 1970 to 
more than 8000, most of them caused by human activities 
(Alexandrian and Esnault 1999; Goldammer 2003). The 
good news is that part of this increment can be explained by 
improvements in the reporting methods and, therefore, better 
quality of the data (Chuvieco and Martin 2004).

Despite the complexity of its study and regarding the 
predictability of burnt area and occurrence of forest fires, 
many factors have been proposed in relation to fire regimes, 
including climate (e.g. Piñol et al. 1998; Jiménez-Ruano 
et  al. 2019), landscape configuration, structure of fuels 
and human activity (e.g. Badia et  al. 2002; Pausas and 
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Fernández-Muñoz 2012), among others. In recent years, sev-
eral studies have aimed to identify the main variables related 
to forest fires in Mediterranean areas (in terms of their size, 
intensity, behaviour, etc.), as for example, through the gen-
eration of models to assess occurrence patterns (González 
et al. 2006; González and Pukkala 2007; Marques et al. 
2011a), damage (Botequim et al. 2017; González et al. 2007; 
Marques et al. 2011b) and the overall characterization of fire 
regimes (Mateus and Fernandes 2014; San-Miguel-Ayanz 
et al. 2013).

However, there are important differences in the role of 
these factors in relation to the size of the fires: large fires pre-
sent topographic, socio-economic, forest-related variables 
and ignition’s causes that differ from small fires. Arguably, 
these differences and the weather conditions determine the 
final burnt area (Cui and Perera 2008). This implies that 
the prevention strategies must differ based on the fire size, 
considering the differences on fire occurrence patterns, 
identifying the factors that can be linked, and placing spe-
cial focus on those that can be effectively modified through 
prevention policies. Previous studies identified prevention 
management actions depending on the factors that influence 
forest fires, for instance, focusing on the fuel treatments that 
can mitigate fire hazard (Agee and Skinner 2005) or on the 
influence of fuel patterns in fire spread at landscape level 
and the treatments reducing fire spread rates (Finney 2001; 
Loehle 2004). In relation to fire behaviour, Gonzalez-Ola-
barria et al. (2019) studied the allocation of strategic areas 
to improve fire suppression against large fires, identifying 
areas that meet certain requirements related to accessibility, 
water supply and fuel management opportunities, and later 
defining tactical actions for those areas. Similarly, Alcasena 
et al. (2016) identified priority areas for mitigation as a result 
of fire spread modelling and wildfire simulations (consider-
ing fuel type, moisture content, etc.). Regarding fire ignition 
occurrence, the identification of hot spots and their causes 
can be used to design educational campaigns and law meas-
ures in those areas (Gonzalez-Olabarria et al. 2012).

Modelling the differences in the variables according to 
burnt area and understanding the management alternatives 
contributing to fire prevention are essential to designing 
preventive measures. This approach can potentially con-
tribute to improve fire prevention strategies taking into 
account the spatial component of these disturbances and 
the final burnt area. In the last 20 years, fires have burnt 
more than 280,000 ha of forest land in Eastern Spain (Comu-
nitat Valenciana), causing important economic losses and 
degrading vulnerable ecosystems. As in other Mediterranean 
regions and countries (Ager et al. 2014; European Com-
mission 2011), most of the fires were caused by humans: 
deliberated or due to accidents and neglection. The present 
study analyses the spatial dimension of forest fire patterns 
in the region based on empirical records. The objective is 

to identify the main variables describing the characteristics 
of the areas burnt according to the eventual size of the fire 
event, by using models with descriptors based on topogra-
phy, land uses, structure of living fuels and socio-economic 
variables.

Materials and method

Study area and data sources

The study entailed the Comunitat Valenciana located 
in Eastern Spain (Comunitat Valenciana, NUTS ES52), 
which is formed by three provinces: Alicante/Alacant, Cas-
tellón/Castelló and Valencia/València (ES521, ES522 and 
ES523, respectively), covering 23,255 km2, and with an 
altitude ranging from sea level up to 1838 m. The forest 
land, which covers approximately 56% of the study region 
(1,267,042 ha), is divided into woodland or tree covered 
forest (tree coverage from 5 to 20%, including sparse for-
est), which covers 747,825 ha, and non-tree covered for-
est (tree coverage lower than 5%, e.g. bushes and pasture 
lands), with 519,217 ha. The forest area is dominated by 
Pinus halepensis, covering 72% of the tree covered forest 
land (518,664 ha). Regarding the non-tree covered for-
est, garrigue (Quercus sp.) is the dominant shrub forma-
tion (159,578 ha), followed by Rosmarinus sp. formations 
(52,799 ha) (Valenciana 2015). The study area is densely 
populated with nearly to 5 million inhabitants in 2017 and 
more than 3 million households in 2011 (Instituto Nacional 
de Estadística 2018). Population is unequally distributed 
through the territory, with higher densities near the coastline 
and depopulated rural areas [6.8% of the population live in 
rural areas (Valenciana 2011)].

The study region is one of the regions with higher occur-
rence of large fires in the country (Ministerio de Agricultura, 
Pesca y Alimentación 2019), where an increasing incidence 
of high-intensity plume-dominated fires has been reported 
(Barberà et al. 2015). According to the decennial fire reports 
from the Spanish Ministry for the Ecological Transition, the 
studied region was the fourth region in the country with 
the largest percentage of forest area affected by large fires 
in relation to the total burnt forest area during the period 
1996–2005 (Ministerio de Medio Ambiente 2006), ascend-
ing to the third position during the period 2001–2010 (Min-
isterio de Agricultura, Alimentación y Medio Ambiente 
2012) and to the second position in the period 2006–2015 
(Ministerio de Agricultura, Pesca y Alimentación 2019).

The characterization of forest fires in the study area 
was based on data concerning number and type of forest 
fires, date of the fire events, cause, meteorological condi-
tions, perimeter and occurrence, provided by Centro de 
Información y Documentación Ambiental de la Comunitat 
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Valenciana (CIDAM), Dirección General de Prevención de 
Incendios Forestales, Conselleria de Agricultura, Medio 
Ambiente, Cambio Climático y Desarrollo Rural (Valenci-
ana 2018), during the period 1993–2015. The data contained 
recorded information from 10,722 fire events, affecting a 
total of 301,483.5 ha from which 285,024 ha were forest 
lands.

Additional data were retrieved from the Spanish Forest 
Map (MFE50), with scale 1:50.000, elaborated by Min-
isterio de Agricultura, Alimentación y Medio Ambiente 
(1997–2006), with measurements in the study area during 
the years 2000–2003. The map collects data about the situ-
ation of the forests, taking into account its composition and 
structure. Parameters like tree coverage, the different spe-
cies occupation and its stage of development conform the 
cartography of the MFE50.

Data on slope, aspect and altitude were extracted from 
the Digital Terrain Models of the region (1:200) provided 
by Instituto Geográfico Nacional. Concerning data of road 
network, it was retrieved from Centro Nacional de Infor-
mación Geográfica and elaborated by the Instituto Geográ-
fico Nacional. Finally, data concerning population density 
was retrieved from disaggregated Corine land cover 2000 
(EEA/JRC) maps following Gallego (2010).

Methods

Forest lands were classified according to altitude, slope, 
aspect, fuel, species, population density and road density 
(Table 1), following a similar approach to González and 
Pukkala (2007) and Marques et al. (2011a). Fuel and spe-
cies classes were created using the data from the Spanish 
Forest Map (MFE50) measurements (data from 2000–2002 
for ES521 and ES523, and 2003 for ES522). Fuel classes 
were defined according to the stage of development of the 
dominant species and the structural type (vegetation struc-
ture by land use). In case that the vegetation cover was less 
than 20%, the fuel class was 0. In those cases, it was con-
sidered that there was not enough vegetation and fuel to be 
included in the models. The variable fuel was considered 

with the values 1–4 depending on the dominance of pasture, 
bushes or trees at different stages of development (accord-
ing to Table 1). Similarly, the species class was 0 when the 
tree coverage was less than 20%. The variable species was 
obtained after a preliminary analysis of the present tree spe-
cies in the study area, which indicated that the dominant 
tree species is Pinus halepensis with the largest coverage in 
comparison with the other species. In order to also consider 
other pine species present (e.g. Pinus nigra), P. halepensis 
was grouped with other pine species under the class pine. 
The class oak grouped all the present oak species in the 
study area (e.g. Quercus ilex and Quercus robur). Other spe-
cies included among others: Juniperus sp., Phoenix sp., Olea 
europaea, Fagus sylvatica. The population density map was 
used to create the population density classes and average 
population densities, which were used as an input for the 
models (together with the rest of classes in Table 1). The 
country road network was used to calculate road density, 
through the line density function from ArcGIS software. The 
criteria to establish the intervals for each variable depended 
on the maximum and minimum values present in the study 
area for each one. Through the analysis of the histograms of 
the variables and using as a guide the intervals established 
by González and Pukkala (2007) and Marques et al. (2011a), 
the limit values of the intervals and classes were determined.

Layers with all the classes per variable were created 
through the raster package in R (Hijmans 2017) and merged 
with ArcGIS. This operation generated 6997 strata for the 
whole region, or land areas with similar attributes for poten-
tial management and planning purposes (Bettinger et al. 
2016), with particular combinations of all variables classi-
fied in Table 1, which contained 578,446 cells (measuring 
200 × 200 m each cell). In order to improve the models, the 
average values of altitude, slope, road density and popula-
tion density for each 200 × 200 m cell were utilized through 
the use of a grid with the average values of those variables 
overlapped to the strata. In this way, the average values for 
each cell are used as an input for the models. In the models, 
aspect, fuel and species were considered as dummy vari-
ables, included according to the created classes. Once all 

Table 1   Variables used to classify land area in the Comunitat Valenciana (Eastern Spain)

Variables Classes

Altitude (N = 5) 0–200 m, 200–600 m, 600–1000 m, 1000–1400 m, 1400–2100 m
Slope (N = 5) < 3%, 3–12%, 12–20%, 20–35%, > 35%
Aspect (N = 4) 315–45° (North), 45–135° (East), 135–225° (South), 225–315° (West)
Fuel (N = 5) Vegetation cover < 20%, pasture, bushes and small trees (height < 8–10 m), medium trees 

(height > 8–10 m and diameter < 20 cm), mature trees (diameter > 20 cm)
Species (N = 5) Tree coverage < 20%, pine, oak, pine and oak mixture, other species
Population (N = 3) Population density < 25 hab km−2, 25–100 hab km−2, > 100 hab km−2

Road density (N = 5) 0–50 km km−2, 50–100 km km−2, 100–150 km km−2, 150–200 km km−2, > 200 km km−2
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the study area was classified, the proportion of burnt and 
non-burnt strata was calculated.

Then, the data were divided according to the burnt for-
est area. The division was performed for forest fires result-
ing in burnt area entailing 5–50 ha (small fires), 50–500 ha 
(medium fires) and larger than 500 ha (large fires). Exact 50 
and 500 were considered medium and large fires, respec-
tively. Fires burning less than 5 ha were initially considered, 
but eventually disregarded due to the resulting low predictive 
performance of the model. Before modelling the proportion 
of burnt area for the different size classes, a descriptive anal-
ysis of the size classes was performed, relating each size to 
the weather conditions (maximum temperature and relative 
humidity measured on the day of the fires), predominant fire 
type, number of events and also to the modelling variables. 
To test the differences between classes for some of these 
variables, ANOVAs were performed.

The model (Eq.  1) describes the linear relationship 
between the proportion of burnt area and the considered 
variables or predictors. To maintain the prediction within 0 
and 1, the logit transformation of the burnt area (y) was used 
as response variable. In total, four models were produced 
for each of the area burnt classes: small fires, medium fires, 
large fires and a general model considering all data available 
(including fires smaller than 5 ha).

where pi is the observed proportion of burnt area. The aver-
age value of each strata for each of the variables consid-
ered was used to define X, being β parameters to be esti-
mated. Concerning the distribution of the error term, two 
model families were considered for the random errors of 
the models, binomial and quasibinomial. The final decision 
was made to better address potential over-dispersion in the 
response (i.e. additional unexplained variation) in those 
models having a residual deviance higher than the residual 
degrees of freedom. Both model families result in identical 
parameters, but the decision affects the estimation of the 
standard errors (with more conservative confidence intervals 
in the case of quasibinomial). After a preliminary analysis 
of the residual deviance, it was assumed a binomial distribu-
tion in the case of the small fires model and quasibinomial 
distribution in the rest of the models.

The strata had a variable size, with some covering large 
areas, whereas others were made of only a few cells. In order 
to take into account the relative importance of each of the 
stratum and its contribution to the model, weights were 
assigned according to the number of cells per stratum. The 
models were based on a weighted generalized linear model, 
and the parameters were fit with the maximum likelihood 
approach.

(1)yi ≡ ln

(

pi

1 − pi

)

≡ Xt
i
� + �i

A measure of the goodness of fit of the models was cal-
culated based on the pseudo-R2 of the predicted versus the 
observed values of burnt area (Eq. 2), with the same weights 
as in the models, following:

where wi is the weight for stratum i, representing the area in 
raster cells, and ŷi is the predicted percentage of area burnt.

In all the models, the logarithmic transformation of the 
road density and slope was applied in order to transform 
the distribution of the data. Finally, the predictions of the 
models were observed for different values of the variables 
selected.

Results

In the period studied, a total number of 10,722 fire events 
occurred in the study area, burning 301,483.5 ha of land, of 
which 285,024.2 ha were forest land (Fig. 1); thus, 21.9% of 
forest land was burnt during the studied period. The coex-
istence of different land uses in the region is remarkable 
(Fig. 1, left); it can be observed that many fires occurred 
in locations where there was interaction between different 
land uses and fuel compositions. As in other Mediterra-
nean countries, the number of human-caused fires in the 
region was larger than the number of natural fires: deliberate 
fires (N = 3308) and fires due to negligence and accidents 
(N = 4475) were the most common ones, fires due to acci-
dents and human negligence were responsible for the largest 
burnt forest area (54% of the forest burnt area), and natural 
fires, caused by lightning, represented about 24% of the total 
burnt forest area.

There were differences in the spatial distribution of fires 
(Fig. 2). Whereas there were a high number of small fires 
regularly distributed across the study area, when consider-
ing large fires, there were few and irregularly distributed, 
prevailing in interior forest areas rather than coastal. Hence, 
there were qualitative differences in the distribution of fire 
events by size class, in both number and spatial distribu-
tion. In this way, small fires represented only 2.7% of the 
total burnt forest area, medium fires represented 8.1%, and 
large fires represented 87%, despite the fact that the respec-
tive number of fires by those classes was 585, 146 and 59 
fires. Fire recurrence was observed in some locations (Fig. 2, 
right), where there was overlapping between fires of different 
sizes occurring in different years during the studied period.

Concerning the forest burnt area (Fig. 3), 1994 and 2012 
were the years when more forest land was burnt. A few fires 
were responsible for large burnt areas, whereas there were 

(2)R2
= 1 −

∑

wi

�

yi − ŷi
�2

∑

wi

�

yi −
∑ wiyi

∑

wi

�2
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frequent fire events resulting in small areas burnt. Grouped 
by size classes, 7968 ha of forest land was burnt by 585 
small fires, 23,247 ha by 146 medium fires and 248,653 ha 
by 59 large fires. An extreme example was in 2012, when 
only two forest fires were responsible for 48,000 ha of forest 
land burnt.

Fires occurred mainly in pine forest (P. halepensis) 
and when the most common fuel corresponded to areas 
covered with bushes and small trees. In average, each fire 
burnt 26.58 ha of forest land (Standard error (SE) = 5.46). 
For large fires, surface and crown fire played an impor-
tant role, whereas small fires spread mainly through 
surface, based on area burnt (Table 2, based on Valen-
ciana 2018). The mean maximum temperature and rela-
tive humidity measured on the day of the fires for all fires 
together (including fires smaller than 5 ha) were 15.5 °C 

(SE = 0.09) and 44.15%, respectively (SE = 0.26). When 
analysed separately (Table 2), there were differences in the 
climatic variables for the small, medium and large fires. 
Fire size increases as the mean maximum temperature 
increases, whereas the relative humidity decreases. Results 
for altitude showed that large fires occurred at higher alti-
tudes and in barely populated areas. The statistical com-
parison of the three size classes, performed through one-
way ANOVA tests and Tukey test for multiple pairwise 
comparisons, showed significant differences among the 
size classes (p value < 0.001) for burnt forest surface and 
maximum temperature, but not for relative humidity (p 
value = 0.107). The largest differences occurred between 
the small and large size classes.

The coefficients of the models (Table 3) were significant 
and did not show strong correlations between the variables, 

Fig. 1   Main land uses (left) and location of reported burnt area (right, up) in the region (Comunitat Valenciana, Eastern Spain) during the period 
1993–2015. Both maps are overlapped in the illustration (right, bottom)
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indicating multicollinearity. During the fitting process, non-
significant variables or factor levels were removed.

The broad classification of species composition resulted 
to be less significant than expected for some classes. The 
proportion of burnt area increased as a response to the pres-
ence of pine (in the large fires model and all fires model) 
and, at a lower level, pine and oak mixture (β2). Small 
fires did not seem to be dependent on the present species, 

happening regardless differences in species composition. 
Pasture lands (β3) presented a higher probability of small 
fire occurrence. The presence of bushes with small trees (β4) 
was positively related to all fire sizes.

On the other hand, the presence of medium (β5) and 
mature trees (β6) seemed to reduce the probability of fire 
occurrence. The squared road density (β8) relates negatively 
with proportion of burnt area in all the cases. Hence, the 

Fig. 2   Distribution of burnt areas along the period 1993–2015 in the Comunitat Valenciana (Eastern Spain) according to extent of fire, i.e. a 
small, b medium and c large fires. Small, medium and large fires overlapped (right)

Fig. 3   Annual total burnt forest area in the Comunitat Valenciana, and number of fires in relation to the burnt forest area during the period 
1993–2015
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higher road density, the lower the proportion of burnt area. 
The regression coefficients were lower in the large fires 
model, so there are fewer large fires when the road network 
is denser. The variable slope without transformation (β9) is 
positively related to fire occurrence for all the sizes. The 
square transformation of the slope (β10) gives negative val-
ues for the general and the large fires models, being non-
significant for the rest of the models. In this way, where 
there are steeper slopes, there is less area burnt by large 
fires. According to all models, altitude (β11) is negatively 
related to proportion of burnt area; the higher the altitude, 
less proportion of burnt area. The only significant aspect 
class was east (β12), except for the small fires, which did 
not show dependence on aspect to occur. Population density 
(β13) was significant for all the models and negatively related 
to proportion of burnt area in all the size models. Modelling 
results show that where there is more population, the propor-
tion of burnt forest reduces.

Regardless the large number of events classified as small 
fires, the consideration of the proportion of burnt area for 
each one of them is limited by the use of a grid with the aver-
age values of part of the modelling variables (slope, altitude, 
road and population density). For the large fires, the amount 
of grid points (average values per cell) that would fall within 
the fire event is higher, allowing more values for the con-
struction of the models; on the contrary, several small events 
count only one value (i.e. there is one value per cell). As a 
result, predictions for slope must be limited to values lower 

than 60%; after this threshold, small and medium events are 
poorly represented in the data available, and the lines are a 
mere projection of the trend following the exponential trans-
formation used in the model (Fig. 4). For the altitude variable, 
all models behave as expected and show a decrease in the 
proportion of burnt area as the altitude increased. In this case, 
the predictions of burnt area for all fires and large fires almost 
overlapped completely.

In general terms, the proportion of burnt forest land by large 
fires is lower when the road density increases, whereas the 
area burnt by small and medium fires is larger when the road 
density is between 100 and 200 km km−2 (Fig. 4). Similarly, 
the burnt area is lower as the population density increases, for 
all fire sizes, reflecting the fact that human presence is perhaps 
a driver for more frequent ignitions and small fires but do not 
necessarily translates in larger burnt areas, as highly populated 
areas do not host large forests and the area of the fire events 
is smaller.

Results for the pseudo-R2 of the observed values versus the 
predicted values are: 0.14 (small fires), 0.22 (medium fires), 
0.55 (large fires) and 0.57 (general model for all fires). The 
preliminary model for very small fires (< 5 ha) resulted in a 
pseudo-R2 = 0.02, and no further analysis was performed. The 
small fires model is limited by the discrete nature of the area 
covered by these events, restricting the data to unique val-
ues for each cell or fire event. The dispersion in this case was 
higher than for the rest of the models.

Table 2   Principal variables of 
fire events classified by size 
in Eastern Spain (Comunitat 
Valenciana) during the period 
1993–2015

The standard error is represented in parenthesis
a Percentage of total number of fires, bpercentage of total burnt forest area, cpercentage of the dominant fuel 
type coverage present in each fire size class. In the case of altitude, slope and population density, the values 
were calculated including all the burnt area associated with the fire event

Fire size (ha) 5–50 50–500 > 500

N 585 146 59
5.45%a 1.36%a 0.55%a

Burnt forest surface (ha) 7968.08 23,247.46 248,653.9
2.7%b 8.1%b 87.2%b

Mean burnt surface (ha) 13.62 (0.42) 159.22 (8.64) 4214.47 (835.09)
Forest formation P. halepensis P. halepensis P. halepensis

22.26%b 21.53%b 24.25%b

Fuel type Low vegetation cover Bushes/small trees Bushes/small trees
44.9%c 41.01%c 48.74%c

Fire type Surface Surface Surface, surface and crowns
Mean relative humidity (%) 41.17 (1.05) 40.12 (1.95) 33.98 (2.92)
Mean max temperature (°C) 15.21 (0.40) 16.53 (0.86) 21.03 (1.49)
Altitude (m) 414.67 (12.31) 471.14 (22.21) 617 (32.25)
Slope (%) 16.93 (0.51) 20.38 (1.2) 16.84 (1.38)
Population density (hab km−2) 37.44 (13.21) 20.75 (11.03) 9.2 (5.55)
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Discussion

The present study focused on a characterization analysis of 
the forest fires in Eastern Spain (Comunitat Valenciana), 
identifying the possible variables related to the size of the 
areas eventually burnt. The extensive data from different 
sources compiled in this study were the basis of a compre-
hensive analysis from different approaches, considering 
topography and socio-economic variables. These data also 
provided the opportunity to study and model forest fires at 
different scales, as it included information at stand level and 
at landscape level.

Combining all the different data sets also produced limi-
tations, which were solved by using raster versions of the 
maps. The use of data in raster facilitated the computation 

processes related to the identification of areas of similar 
characteristics. However, this was at the expense of reducing 
spatial information, as the vector information is transformed 
into raster. Despite this, the reduction in information was 
minimal compared to the advantages in data processing and 
did not affect the results significantly.

Another limitation was related to the variables extracted 
from the MFE50 (1997–2006) map and its combination with 
the fire data set (1993–2015), as unfortunately did not have 
a full overlapping in their timeframes (the MFE50 meas-
urements in the study area were done between 2000 and 
2003). Although this would not have an overall effect, as 
most of the land uses have not been significantly changed, it 
could, however, produce bias in those locations with a fire 
event previous or subsequent to the MFE50 measurements. 

Table 3   Principal variables of fire events classified by size in the Comunitat Valenciana during the period 1993–2015

SE standard error
All variables were significant: p value < 0.001. **p value 0.01, *p value 0.05

Variable Small Medium Large All fires
(5–50 ha) (50–500 ha) (> 500 ha)

β0 − 5.809 − 4.509 − 0.715 − 0.707
β1 (pine) − 0.322 0.6 0.424
β2 (mixture) 0.479
β3 (pasture) 2.062
β4 (bushes and small trees) 0.39 0.676 0.371 0.445
β5 (medium trees) − 0.567 − 1.441 − 1.19
β6 (mature trees) − 0.355 − 1.936 − 1.583
β7 (roads) 0.026 0.028 0.007 0.006
β8 (roads2) − 6.5 × 10−3 − 8.3 × 10−5 − 5.428 × 10−5 − 4.235 × 10−5

β9 (slope) 0.035 0.045 0.105 0.101
β10 (slope2) − 1.83 × 10−3 − 1.66 × 10−3

β11 (altitude) − 1.33 × 10−3 − 1.69 × 10−3 − 0.97 × 10−3 − 1.04 × 10−3

β12 (East) 0.200** 0.067* 0.076*
β13 (population) − 0.506 − 0.608 − 0.615 − 0.576

Variable SE SE SE SE

β0 0.136 0.220 0.108 0.106
β1 (pine) 0.083 0.047 0.045
β2 (mixture) 0.083
β3 (pasture) 0.294
β4 (bushes and small trees) 0.049 0.070 0.037 0.037
β5 (medium trees) 0.089 0.064 0.062
β6 (mature trees) 0.062 0.062 0.059
β7 (roads) 1.36 × 10−3 2.25 × 10−3 1.107 × 10−3 1.02 × 10−3

β8 (roads2) 4.12 × 10−6 7.257 × 10−6 3.979 × 10−6 3.569 × 10−6

β9 (slope) 0.006 0.002 0.004 0.004
β10 (slope2) 1.015 × 10−4 1.002 × 10−4

β11 (altitude) 1.02 × 10−4 1.570 × 10−4 6.788 × 10−5 6.906 × 10−5

β12 (East) 0.067 0.03 0.003
β13 (population) 0.020 0.041 0.021 0.019
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In those cases, the forest structure, species composition and 
fuel characteristics between fires, among others, could have 
changed (see Cardil et al. 2017), resulting in an over-repre-
sentation of land uses related to bushes and small trees in 
previously burnt mature forests. This limitation is difficult 
to overcome as there are no prior maps with an adequate 
description of the species composition and structure, and this 
limitation has also been present in previous studies with a 
similar objective (e.g. González and Pukkala 2007; Marques 
et al. 2011a). The preliminary analysis of the data assessing 
this issue and the model performance resulting suggested 
that any potential bias due to the timeframe sequence of the 
data was limited and did not affect the overall analysis.

Concerning the variables chosen, this study improved the 
models created for neighbouring regions in the Mediterra-
nean area (González and Pukkala 2007) by explicitly includ-
ing socio-economic factors. The division concerning area 
burnt also improved the approach taken by Marques et al. 
(2011a), as permits analysing the fire size distribution and 
the relation of the variables with the size of the burnt areas. 
Although several studies addressed fire risk of large fires and 
mega-fires (e.g. Attiwill and Adams 2013; de la Barrera et al. 
2018; Williams 2013), the use of different fire size ranges 
in Mediterranean areas for analysis and modelling is still an 
approach seldom proposed. In this line, a similar study in 
Portugal (Moreira et al. 2010) utilized size classes to explore 

Fig. 4   Marginal dependence of the proportion of burnt area by forest 
fires for a pine forest on east aspect and bushes and small trees, as a 
function of altitude (m above sea level), slope (%), population density 

(hab km−2) and road density (km km−2), according to the models for 
small (5–50 ha), medium (50–500 ha) and large fires (> 500 ha)
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the ignition patterns in relation to final burnt area, showing 
that most of the area was burnt by a few large fires, which 
tended to be associated with remote areas, with low human 
presence, far away from roads, and dominated by shrubs and 
forests. In agreement with our results, Moreira et al. (2010) 
remarked the influence of human presence as a driver of 
ignitions but also being, at the same time, negatively related 
to large fires, most probably due to more effective suppres-
sion efforts and higher detection opportunities, or by the fuel 
discontinuities that the road network generates (Narayanaraj 
and Wimberly 2012). Ganteaume and Jappiot (2013) also 
studied the explanatory factors behind the occurrence of 
large fires, which represented 78% of the total burnt area in 
Southern France and were positively related to the presence 
of shrubs and pasture as well as to low road densities.

The exploratory analysis of the fire data in the area led 
to a spatial and temporal characterization, showing emer-
gent patterns when combined with land use data, climatic 
and topographical variables. At spatial level, the models 
considered slope, altitude and aspect, which acted as proxy 
variables to explain other more complex interactions. For 
instance, altitude explained the gradient related to the spe-
cies composition as well as changes in human occupation, 
although did not necessarily explain the climatic gradient as 
in González et al. (2006) as in the region the altitude ranges 
are narrower and does not have the same effect. Regard-
ing the temporal characterization, between-year variations 
showed no clear pattern, except for some events related 
to drought conditions. The analysis of the weather condi-
tions was necessarily exploratory, as a specific analysis on 
the effect of weather conditions affecting the potential fire 
spread, even when it has been proved to be a determinant 
factor (Duane and Brotons 2018; Haines 1989; Van Wagner 
1987), was not intended.

The models revealed the relations of the variables 
explored, being the fuel type and the presence of some 
species the most relevant fire-prone variables. Mediterra-
nean forests are characterized by their structural and com-
positional heterogeneity, being common the abundance of 
bushes, either as bushlands or as part of the lower forest 
strata. The results showed that bushes and small trees are the 
fuel class that mainly affects the proportion of burnt area. 
In this sense, Marques et al. (2011a) also found that shrubs 
were the land cover type most related to fire occurrence, 
which is in agreement with González and Pukkala (2007), 
Ganteaume and Jappiot (2013) and Moreira et al. (2010). On 
the other hand, pasture lands were only positively related to 
the small forest fires (as pasture lands present low amounts 
of inflammable material that ignite and burn rapidly). On 
forested areas, tree size appeared to have an influence on 
the spread of fires, being mature forest the least prone to 
result on large fires. These results agreed with the idea that 
mature even-aged forest can generate gaps in the vertical 

ladder of fuels, therefore being less susceptible to initiate 
active crown fires (González et al. 2006). However, it can 
be also considered that even if these forests are more resist-
ant to the effects of fire (González et al. 2007), any virulent 
stand-replacing fire occurring after 2003 (MFE50 measure-
ments) should have changed the structure and composition 
of the forest (Puerta-Piñero et al. 2012), generating some 
bias on the results.

Besides fuel types, the species composition influenced 
the size of the fire events. The most abundant species is 
pine, which was related to the occurrence of large fires. 
According to Alvarez et al. (2012), in poorly managed and 
undisturbed stands, P. halepensis present closer canopies 
(forming a denser forest structure), increasing the risk of 
crown fires. Moreover, due to the storage of seeds in its 
canopy, P. halepensis regenerates abundantly after a fire 
(Pausas et al. 2004). Other species (e.g. beech, ash, etc.) 
and oak did not show a significant relation with the fires, 
which can be explained by the fact that there are very few 
forest lands where these species dominate. At the same time, 
mixtures of oaks and pines were positively related to large 
fires, which links with the high recovering capacity of the 
mixed Pinus–Quercus Mediterranean-type after large and 
intense fires (Puerta-Piñero et al. 2012), although is not a 
common compositional type in the region.

Concerning topographical variables, the results were 
largely consistent with González and Pukkala (2007). 
Slopes between 12 and 35% presented the higher propor-
tion of burnt area according to the general and the large 
fires models. Usually, higher altitudes present steeper slopes, 
larger forest coverage and less accessibility. There is a point 
(slope > 60%) where this trend changed, being the small and 
medium fires more common, which could be the result of the 
extrapolation derived from applying exponential transforma-
tions or due to the fact that a small fire would cover a lower 
range of variations in slope than a large one. It can also be 
explained by the reduction in tree coverage, in such a way 
that fires do not reach larger sizes due to the lack of fuel and 
the climatic conditions (increase in relative humidity and 
temperature decrease). In this sense, the results of all models 
concerning altitude are consistent, showing that the higher 
the altitude, the lower the proportion of burnt area (similar 
trend than in González and Pukkala 2007; Guo et al. 2017; 
Pourtaghi et al. 2016). This relationship is stronger in the 
general model and for the large fires model, whereas the 
response to altitude of medium and small fires is less steep. 
As a result, forest fires at lower altitudes seem to burn larger 
areas than in higher locations.

Concerning road density, areas with a dense road network 
presented more ignitions, as in Wittenberg and Malkinson 
(2009) and Gonzalez-Olabarria et al. (2011), reflecting that 
when the accessibility increases, human-caused ignitions are 
more likely to occur (see Martínez et al. 2009). On the other 
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hand, when the road network is limited, there were few fire 
events but resulted in large areas burnt. This can be directly 
related to the accessibility and the fire detection opportuni-
ties, which are lower in areas with less transit. In the region, 
although the main road axis in the area is parallel to the sea, 
connecting the most populated areas of the Mediterranean 
corridor, the road network is denser in the central areas, con-
necting the capitals of the region with the nearest towns and 
villages. The interface between the dense road network areas 
and the mountains entails the areas with the larger fires. 
The areas closer to the sea have low forest areas and there-
fore have less burnt area. It also could be explained by: (1) 
the higher efforts in populated areas for monitoring and the 
probabilities of noticing the fires before it gets large, as the 
opportunities for quick detection and early attack increase, 
(2) accessibility due to the road network, facilitating an 
efficient movement of suppression efforts, and (3) uneven 
distribution of forest lands and roads acting as fire breaks, if 
the fire has not gain enough momentum. Regarding popula-
tion density, at lower population densities the proportion of 
burnt forest land is large, showing a similar behaviour than 
the road density variable. Consistent with Marques et al. 
(2011a), in areas densely populated, the fire events are more 
numerous. Although in urban areas with high population 
density, the burnt surface decreases.

The results emphasise the differences in the relations of 
the spatial factors explaining the burnt area, according to 
the fire size, with consequences upon potential prevention 
policies. For instance, although small fires are frequent in 
number, they present a limited impact. Many of the small 
fires are human-caused, either by negligence, accidents or 
deliberate. González-Olabarria et al. (2015) showed that the 
occurrence factors and spatial aggregation patterns of igni-
tions presented differences according to their causes (with 
special emphasis on human-caused fires), highlighting the 
role of educational and law-enforcement measures in reduc-
ing the number of human-caused fires in the region (Gonza-
lez-Olabarria et al. 2012).

Medium and large fires, on the other hand, are the result 
of additional limitations, particularly affecting the accessi-
bility and the presence of some specific fuel types. In these 
cases, a way to prepare preventive measures should include 
fire detection and suppression resources at specific locations 
during the fire season. In addition, improving and maintain-
ing the road network on strategic places can help to effi-
ciently fight incipient fires in hazardous areas. Finally, plan-
ning the allocation of fuel treatments in order to reduce fire 
spread (Finney et al. 2008) and support suppression efforts 
(Gonzalez-Olabarria et al. 2019) could serve both for pre-
vention and as a mitigation strategy to be considered. The 
reduction and fragmentation of the fuel loads through forest 
management can lead to less flammable structures (Baeza 
et al. 2005), reducing the spread of fires and extreme fire 

behaviour favoured by fuel accumulation (Finney and Cohen 
2003).

Raising the level of ambition, a long-term strategy should 
consider swifts of species, breaking the compositional con-
tinuity on large areas covered with the highly flammable 
P. halepensis, a tree species that favours and takes advan-
tage on the occurrence of high-intensity stand-replacing 
fires (Bond and Midgley 1995). For this purpose, allocating 
stands of broadleaved trees (deciduous and evergreen) and 
short-needled conifer forest types has shown a remarkable 
impact in taming fire behaviour when a fire arrives from 
adjacent more flammable pine forest (Fernandes et al. 2010). 
Finally, bush biomass control has revealed to be always a 
positive fire prevention strategy, especially when focussed on 
cleaning the transition zones between agricultural and forest 
land use, as some authors reported these areas to be prone 
to ignition (Gonzalez-Olabarria et al. 2011; Martínez et al. 
2009), although taking into consideration the risk of erosion 
associated with vegetation modifications in arid Mediter-
ranean areas (Selkimäki et al. 2012). These areas could be 
considered as firebreaks, committing more resources for its 
maintenance and tightened up regulations for the use of fire. 
At this level, stable fire management policies are key to miti-
gate wildfires (Mateus and Fernandes 2014).

Conclusions

In general, the variables have more explanatory power in 
large fires than in the small and medium fires. When burnt 
area is modelled irrespective of the fire size, the model 
mainly is explaining large fire events. The use of different 
models to explain fire events according to their size is neces-
sary in future efforts, as the relationship of the variables and 
the burnt areas is size dependent.

The resulting models can be applied to analyse the 
effect of each fire size class in Mediterranean conditions 
by describing the most influencing variables and could help 
elaborate fire prevention strategies and even complement 
land-planning schemes. The results should be complemented 
with studies considering the influence of fire danger indexes 
on potential fire spread, to include additional short-term pre-
vention measures.
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