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Fire occurrence zoning from local to global scale in the European 
Mediterranean basin: implications for multi-scale fire management and 
policy
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This study proposes and evaluates a relatively new concept for fire occurrence
zoning based on documented historical  fire  records.  The proposed method
creates  continuous  kernel  density  surfaces  based  on  wildland  fire  ignition
observations. Kernels have the advantage of directly producing density esti-
mates that are not influenced by grid size or localization effects. Within this
scheme, kernel density surfaces have been created and reclassified to con-
struct  fire occurrence zones at  local  to global  scales in the Mediterranean
Basin. Specifically, fire occurrence zones were created for the European scale
(European Mediterranean Basin), national scale (Greece), regional scale (Pelo-
ponnese, Greece) and local scale (Chalkidiki, Greece). To evaluate fire occur-
rence zones, we compared the observed with the expected distribution of the
number of fires within these zones using a Monte Carlo randomization test,
finding that these numbers were statistically different in all cases. The devia-
tions observed from the expected distributions towards the high occurrence
zone indicated their successful assessment and value. In this paper, we further
discuss their potential role and use for multi-scale fire management and policy
in a European context.
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Introduction
Recent studies on forest fires in the Me-

diterranean Basin report a shift in fire fre-
quency and area burned,  an extension of
the fire season, and indications of the asso-
ciation of increased fire activity with short-
term climate oscillations (Harris et al. 2013)
and/or climate change (Moreno et al. 1998,
2013,  Moreira et al. 2011, Pausas & Fernán-
dez-Muñoz 2012, Koutsias et al. 2013, Turco
et al. 2014), exposed in various sources of

uncertainty  though (Bedia  et  al.  2014).
Wildland fires can result in significant eco-
nomic and environmental damages, degra-
dation of ecosystem functions and services
such as carbon storage, biodiversity preser-
vation,  water  production and soil  protec-
tion.  In  addition,  modification  of  ecosys-
tem succession due to fires can trigger land
cover (land use) and landscape change (Se-
bastián-López et al. 2008). The magnitude
of the problem of wildland fires, observed

even  in  biomes  like  those  characterizing
the Mediterranean Basin, of which histori-
cally forest fires have been an integral part,
raises the urgent need to develop and im-
plement  fire  management  strategies  in-
cluding  effective  fire  prevention  policies.
Long-term fire danger evaluation based on
robust methods is a critical component of
fire  prevention  policies  and  strategies
(Chuvieco et al. 2010, Oliveira et al. 2014).

The  most  common  approach  to  model
fire  ignition  patterns  and  designate  high
fire risk areas is based on the identification
of environmental and socioeconomic geo-
spatial variables that capture historical fire
occurrence patterns and explain their  un-
derlying  causal  factors,  which  afterwards
are  assimilated  into  a  spatially  explicit
“structural”  or  “static”  index.  Geospatial
data layers such as fuel load, topography,
road  density,  population,  employment
rates etc., are assembled in a database and
integrated  into  a  Geographic  Information
System  (GIS)  as  potential  factors  explai-
ning historical fire occurrence (Badia et al.
2011, Rodrigues et al. 2014).

Methodologies  to  identify  proper  para-
meters and models include qualitative rules
for assigning risk values to different varia-
bles (Castro & Chuvieco 1998), generalized
global linear models such as linear regres-
sion  (Castro  &  Chuvieco  1998,  Sebastián-
López  et  al.  2008)  and  logit  probabilistic
models  (Kalabokidis  et  al.  2007,  Vilar  Del
Hoyo  et  al.  2011),  machine-learning  algo-
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rithms (Catry et al. 2009, Bar Massada et al.
2013, Rodrigues & De La Riva 2014), Classifi-
cation and Regression Trees (CART – Amat-
ulli  et  al.  2006),  fuzzy  logic  (Castillo Soto
2012), as well as other advanced statistical
methods such as Geographically Weighted
Regression  (GWR  –  Koutsias  et  al.  2010,
Martínez-Fernández et al. 2013,  Oliveira et
al.  2014,  Rodrigues  et  al.  2014),  which  al-
lows the analysis of spatially varying rela-
tionships. Most of these approaches, how-
ever, are applied at local or regional scales,
due  to  limitations  and  constraints  found
when gathering and updating the required
geospatial data. In addition, since the rela-
tionships  between  these  factors  and  fire
occurrence  can  vary  between  different
ecosystems  and  across  different  spatial
and temporal scales (Catry et al. 2009, Xys-
trakis & Koutsias 2013), different dominant
fire risk drivers are identified depending on
the local conditions of each study. There-
fore,  there  are  limitations  to  extrapolate
the findings from one region to another or
to  generalize  the  results  from  local  to
global  scales  by  combining  the  findings
from different studies. Such efforts contain
a certain degree of uncertainty due to the
different methodologies and data used.

An alternative approach to overcome the
limitations and problems arising from the
positional  inaccuracies  or  uncertainties  of
fire ignition points is to adopt administra-
tive districts such as counties or municipali-
ties (Lee et al. 2006,  Chen 2007,  Martínez
et al.  2009) or map tiles (Vazquez & Mo-
reno 1998) as the basic spatial processing
unit.  However, studies based on aggrega-
ted data are vulnerable to the Modifiable
Areal  Unit  Problem  (MAUP  –  Openshaw
1984,  Bailey & Gatrell  1995), since the ag-
gregation scheme used is to some extent
arbitrary  and  modifiable  (Jelinski  &  Wu
1996).  Additionally,  aggregated  statistics
may lead to partial information loss (Perry
& Dixon 2002).

Fire occurrence zones can be created by
using kernel densities (Worton 1989, Bailey
& Gatrell 1995,  Seaman & Powell 1996) in
an attempt to overcome the loss of infor-
mation  from  aggregation  constraints  and
to address the inherent positional inaccura-
cies of fire ignition points. The kernel den-
sity  concept  was  originally  introduced
within the framework of fire occurrence by
Koutsias  et  al.  (2002,  2004)  to  overcome
the  problems  arising  from  the  positional
uncertainty  of  historical  fire  records.  Ker-

nel density interpolation has also been ap-
plied by  Podur et al. (2003) to analyze the
spatial  patterns of  lightning-caused forest
fires in Ontario. Finally, in other studies the
approach  of  kernel  density  interpolation
has been applied as a preliminary step pre-
ceding spatial analysis of the causal factors
and subsequent fire risk modeling (De La
Riva et al. 2004,  Amatulli et al. 2006,  Vilar
Del Hoyo et al. 2011).

The goal of our study is to evaluate the
kernel  density  estimation  in  multi-scale
(i.e.,  local  to global  scale) fire  occurrence
zoning in the Mediterranean Basin. Specifi-
cally,  fire occurrence zones are presented
and  evaluated  for  the  local  (Chalkidiki,
Greece),  regional  (Peloponnese,  Greece),
national (Greece), and European scale (Eu-
ropean  Mediterranean  Basin).  The  paper
focuses on the statistical evaluation of fire
occurrence zones at multiple spatial scales
and the discussion of  their  value and use
for  multi-scale  fire  management  and  fire
policy.

Materials and methods

Study areas and wildland fire data
Several  study  areas  were  established

within the European Mediterranean Basin
(Fig.  1)  to  cover  the  requirements  of  the
multi-scale approach followed in our study.
For each study case different data where
used to create and evaluate the kernel den-
sity surfaces summarized in  Tab. 1. For all
Greek study areas the fire database used to
create the kernel density surfaces consists
of  the  fire  ignition  points  recorded  bet-
ween  1985  and  1995  in  Greece,  when  a
total of 15 206 fire events were registered
by the forest  authorities.  To evaluate the
kernel  density  surfaces  on  the  national
level  in  Greece,  we used  the fire  ignition
points of 1996 (one year later than those
used to create the kernel density surfaces)
when 1320 fire events were registered. For
the regional level in the Peloponnese, the
2007  fire  perimeters  (12  years  later  than
those used to create the kernel density sur-
faces)  were  used,  provided  by  the  Euro-
pean  Forest  Fire  Information  System
(EFFIS) of the European Commission Joint
Research Centre (JRC). At EUMed scale we
used the kernel density surfaces that were
created  within  the  EU  research  project
“SPREAD”, using fires that occurred within
the  period  of  1992-2000  and  made  avai-
lable using community centroids (number
of  fires  per  community),  with  the  excep-
tion  of  Greece  where  the  already  men-
tioned  x and  y coordinates  for  1985-1995
were available  and used.  To evaluate the
kernel density surfaces at EUMed scale we
used the fire perimeters of 2000-2010 pro-
vided by the JRC. For all cases the evalua-
tion data were either point observations or
fire perimeters that occurred in the subse-
quent years after those used to create the
kernel  density  surfaces,  in  order  to  avoid
over  fitting  during  the  evaluation  phase,
when  the  same  data  are  used  for  both
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Fig. 1 - Several study areas of different magnitudes were established within the Euro-
pean  Mediterranean  Basin  to  capture  the  scale  requirements  of  the  multi-scale
approach.

Tab. 1 - Data used to create the kernel density surfaces and data used to evaluate the
fire occurrence zones for each study case.

Study area Source of
data used

Period covered
by data

Number of
ignition 

points used

Evaluation
data

Local 
(Chalkidiki)

Greek National 
Forest fire 
database

1985 to 1995 218 1996 and 1997
fire events
(29 events)

Regional (the 
Peloponnese)

Greek National 
Forest fire 
database

1985 to 1995 2720 EFFIS (JRC) fire
perimeters
(year 2007)

National 
(Greece)

Greek National 
Forest fire 
database

1985 to 1995 15206 1996 fire events
(1320 events)

Global (EUMed - 
European 
Mediterranean 
Basin)

“SPREAD” 
database and 
Greek National 
Forest Database

1992-2000/
/1985-1995

28 001 community
centroids

(211 626 fire
ignitions points)

EFFIS (JRC) fire
perimeters

(years 2000-2010)
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training and evaluation.
At EUMed scale fire statistics as reported

by the five Mediterranean countries (Por-
tugal,  Spain,  France,  Italy  and  Greece)
present some incompatibilities due to dif-
ferent  methodologies  followed  on  fire
reporting.  These different applied metho-
dologies result in a different total number
of  fires  per  year  (and therefore  different
fire  densities)  within  each  country  which
cannot  be  justified  from  differences  in
country’s fire regime. A standardization of
the  density  values  within  each  country
before  merging  them  was  considered  to
avoid over- or under-estimation within and
between the countries, with the disadvan-
tage of  the unification of  the density  va-
lues. The main reason underlying such deci-
sion was the quite different number of igni-
tion points available for each country that
mainly  reflects  the  different  methodolo-
gies used to report fire ignitions, and not
the  actual  events  occurred  based  on  the
fire regime of each country.

Methodology

The kernel density approach
For all the study cases the kernel density

interpolation  was  applied  keeping  the
same  concept  whenever  possible,  but
using different data and scales.  The fixed
mode  approach  was  adopted  when  the
original fire data were provided in  x and y
coordinates, in order to keep the smooth-
ing parameter of the kernel constant over
the entire study area. In this case the mean
nearest distance of fire ignition points was
considered to define the size of the band-
width. When the fire data were aggregated
to community centroids the adaptive ker-
nel  density  interpolation  approach  was
used, as this allows variation of the kernel
size according to the concentration of the
interpolated points. This enables us to deal
with  the  spatial  arrangement  of  commu-

nity centroids that is not constant through-
out the whole extent of the study area. In
some areas the community density is high
because the geographic extent of the com-
munities is small, while in others the oppo-
site  holds.  Therefore,  over-  or  under-esti-
mation of fire occurrence is likely.

The kernel density surfaces were rescaled
with the criterion of “equal area” to create
four equal  area fire  occurrence zones for
Greece, and five for the EUMed scale.

Evaluation of fire occurrence zones of 
kernel density surfaces

The expected number  of  fires occurring
under complete spatial randomness would
be 25% or 20% in each zone, since each fire
occurrence  zone  corresponds  to  1/4  (all
Greek study cases) or 1/5 (EUMed scale) of
the  total  area,  respectively.  Deviations
from  this  expected  distribution  towards
the high occurrence zones indicate a suc-
cessful  assessment  of  fire  occurrence  zo-
nes.  The estimated fire  occurrence zones
created  based  on  the  kernel  density  sur-
faces of  both the fire  ignition points  and
the  control  points,  were  evaluated  using
the fire  perimeters  of  the year  2007 pro-
vided  by  the  JRC,  and  the  fire  ignition
points that occurred in 1996 in Greece. To
statistically  compare  the  results  between
the different approaches of kernel density
interpolation,  we  applied  a  Monte  Carlo
randomization  test  (Moreira  et  al.  2001,
Bajocco  &  Ricotta  2008,  Conedera  et  al.
2010), without considering any criteria dif-
ferent from complete randomness using a
Microsoft  Excel® macro  (Pezzatti  et  al.
2009). The wildfires were randomly reassi-
gned  to  each  class  of  the  geographical
layer so that the probability of assignment
to each class is equal to the relative extent
of that class over the entire area (Bajocco
& Ricotta 2008). Finally, we estimated the
resource  selection  index  defined  as  the
ratio of the observed over available to burn

ratio.  A  resource  selection index >  1  sug-
gests positive fire selectivity (preference),
while  an index < 1  suggests  negative  fire
selectivity (avoidance – Manly et al. 2010).

Results

Applying the kernel density approach

Chalkidiki (local scale)
The fire occurrence zones at local scale in

Chalkidiki,  Greece  (Fig.  2),  based  on  the
kernel  density  interpolation,  were  taken
from the study by  Koutsias  et  al.  (2004),
where  the  authors  introduced  the  kernel
density concept in wildland fire occurrence
and risk mapping. In this study, density sur-
faces were created and used to delineate
zones of fire occurrence at landscape level
by  smoothing  the  influence  of  the  indivi-
dual fire ignition point.

The Peloponnese (regional scale) 
The  fire  occurrence  zones  at  regional

scale in the Peloponnese, Greece (Fig. 3),
based on the kernel density interpolation,
were taken from the kernel density map of
Greece which is the result of the work by
Koutsias  et  al.  (2005) and  Koutsias  et  al.
(2014). The kernel density estimates were
rescaled with the criterion of equal area to
create four equal area fire occurrence zo-
nes within the Peloponnese.

Greece (national scale)
At  national  scale,  the  fire  occurrence

zones (Fig. 4) based on the kernel density
interpolation,  result  from  the  work  of
Koutsias  et  al.  (2005) and  Koutsias  et  al.
(2014). In this study, we applied the kernel
density interpolation approach on wildland
fire  ignition  points  occurring  in  Greece
from  1985  to  1995.  We  applied  different
kernel sizes using the fixed approach, while
the kernel  size was based on the nearest
neighbor distance of the wildland fire igni-
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Fig. 2 - Fire occurrence zones based on
kernel density surfaces at local scale in
Chakidiki, Greece. The yellow dots are
the ignition points used in the analysis

(see Tab. 1).
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tion points. Apart from the kernel density
of fire ignition points, we applied the me-
thod  to  control  points  created  based  on
different buffer zones established around
the fire ignition points. By applying a ran-
dom  sampling  scheme  excluding  certain
buffer  zones  around  fire  ignition  points

(Kalabokidis  et  al.  2007),  we  adopted  a
sampling scheme to avoid creating control
points  that  would  fall  on  the  same  or
nearby  fire  ignition  points.  The  buffer
zones  were  chosen  based  on  the  mean
nearest  neighbor  distance  of  fire  ignition
points.

European Mediterranean Basin (Global 
EUMed scale) 

The fire occurrence zones at EUMed scale
(Fig. 5), based on the kernel density inter-
polation, result from the EU research pro-
ject  SPREAD  (Allgöwer  et  al.  2004).  The
aim of this study was to define large-scale
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Fig. 3 - Fire occurrence zones based on 
kernel density surfaces at regional scale 
in the Peloponnese, Greece.

Fig. 4 - Fire occurrence zones based on 
kernel density surfaces at national scale 
in Greece.
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wildland  fire  occurrence  patterns  and  to
identify  “fire  hot-spot  areas”  in  southern
Europe by using fire ignition observations
aggregated at  community  level.  An adap-
tive kernel density interpolation approach
was followed, in which the (geographically
defined)  community  centroids  represent
the “spatial anchor points”, and where the
number of fires per community was used
as the intensity variable for the kernel den-
sity  estimation  calculations.  After  several
experiments,  locally  varying  bandwidth
sizes  proved  to  perform  best,  and  the
interpolation  of  10  community  centroids
under  the  same  kernel  showed  a  reaso-
nable variability in the resulting density sur-
faces.

Evaluation of fire occurrence zones

The Peloponnese (regional scale)
The fire scars of 2007, the year with the

highest  total  of  burned  areas  ever  re-
corded  in  Greece  (Koutsias  et  al.  2012),
were overlaid onto the fire occurrence zo-
nes (Fig. 3), and the distribution observed
was estimated and compared with its ran-
dom expectation (Fig. 6). The observed dis-
tribution  of  fire  occurrence  zone  values
was  statistically  significantly  different  to
the  expected  distribution  under  a  com-
plete  spatially  random  process.  For  the

occurrence zone value of 4 (very high) the
percentage  was  65.68%  (Fig.  3),  much
higher  than  and  statistically  significantly
different  to  the  expected  one  of  24.69%.
The resource selection index is higher than
the threshold value of 1 only in the case of
the highest risk zone (2.66), denoting posi-
tive  selectivity  (preference)  of  the  fires,
while  all  the others  have  values  below 1,
denoting  negative  selectivity  (avoidance)
of the fires.

Greece (national scale) 
The wildfire ignition points of 1996, one

year after the period 1985-1995 used to run
the kernel density interpolation, were over-
laid onto the fire occurrence zones (Fig. 4)
and  the  distribution  observed  was  esti-
mated and compared to the expected one
(Fig.  6).  The observed distribution of  fire
occurrence  zone  values  was  statistically
significantly different to the expected one
under  a  complete  spatially  random  pro-
cess.  Again,  for  occurrence  zone  4  (very
high) the percentage was 63.79% (Fig.  4),
much  higher  than  and  statistically  signifi-
cantly  different  to  the  expected  one  of
24.98%.  The resource  selection index was
higher than the threshold value of 1 only in
the  case  of  the  highest  risk  zone  (2.55),
denoting  positive  selectivity  (preference)
of the fires, while all the others presented

values below 1,  denoting negative selecti-
vity (avoidance) of the fires.

European Mediterranean Basin (Global 
EUMed scale) 

The fire perimeters of 2000-2010, one de-
cade after the period used to run the ker-
nel  density  interpolation,  were  overlaid
onto the fire occurrence zones (Fig. 5). The
observed  distribution  was  estimated  and
compared  with  the  random  expectation
(Fig.  6).  The observed distribution of  fire
occurrence  zone  values  was  statistically
significantly different to the expected dis-
tribution  under  a  complete  spatially  ran-
dom  process,  since  especially  for  occur-
rence  zone  5  (extreme)  the  percentage
was 47.65% (Fig. 5), much higher than and
statistically  significantly  different  to  the
expected one of 20% (actually 16.27%). The
resource selection  index was higher  than
the  threshold  value  of  1  only  for  the  ex-
treme  (2.93)  and  very  high  zones  (1.52),
thus  denoting  positive  selectivity  (prefe-
rence)  of  the  fires.  The  other  zones  pre-
sented values below 1, thus denoting nega-
tive selectivity (avoidance) of the fires.

Discussion
As the recent observed changes in wild-

land fire regimes are increasingly affecting
human  and  ecological  resources,  a  need
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Fig. 5 - Fire occurrence zones
based on kernel density surfaces

at European/global scale in the
European Mediterranean Basin.
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has  arisen to develop  quantitative strate-
gies and approaches for fire risk manage-
ment,  including  methods  for  risk  assess-
ment  (exposure  and  effects)  and  mitiga-
tion of fire effects (Miller & Ager 2013, Salis
et al. 2013b, Viedma et al. 2015). The effects
of fire on landscape may vary from region
to  region  because  of  differences  in  rege-
neration patterns among main land cover
types,  topographic  constraints  and  local
fire  histories  (Viedma  2008,  Bradstock  et
al. 2010). Despite the fact that the majority
of  fires  have  human  causes,  fire  ecology
models often fail to integrate human land
and fire use patterns as, for example, most
savanna ecology models (Laris 2011). Addi-
tionally, fire incidence depends not only on
structural factors such as the type of vege-
tation  or  climate  conditions,  but  also  on
spatial  factors (Vázquez & Moreno 2001).
In  general,  variables  defining  landscape
composition or  proximity  to  human influ-
ence (Moreno et al. 2011), along with land-
scape structure  (Viedma et  al.  2009)  and
human  activities  such  as  agriculture  and
construction related to development pro-
jects, are also important underlying factors
of fire risk in the Mediterranean (Martínez
et  al.  2009),  while  their  spatial  relation-
ships may vary (Koutsias et al. 2010). Under
this perspective fire-fighting organizations
design and implement operational projects
to successfully prevent,  forecast and sup-
press  forest  fires.  Many  factors  such  as

specialized  requirements  and  personnel,
labor,  availability  of necessary means and
usually limited economic resources compe-
te  to  optimize  such  efforts  and  actions.
Wildland  fire  occurrence  zoning  helps  to
orient  the  managers  a priori towards  the
proper  civil  protection  actions,  while  it
might be a strategic operational advantage
for the proper development of a Decision
Support System (DSS).

At the local/regional scale, the proposed
method  could  be used  to  design  preven-
tion planning programs to reduce the risk
of fire ignition. Fire occurrence zones could
be used to guide and prioritize fuel treat-
ments  across  fire-prone  landscapes  and
resources.  Fuel  treatments  such  as  pre-
scribed  burning and thinning  may  reduce
the quantity, depth and vertical or horizon-
tal continuity of fuels, changing surface fire
spread rates and reducing the likelihood of
crowning  fire  behavior  (Cochrane  et  al.
2012). However, as stated by Fernandes et
al.  (2013), the adoption of prescribed bur-
ning in the Mediterranean Basin has been
slow, uneven and inconsistent. Its develop-
ment is constrained by cultural and socioe-
conomic factors as well as by specific fac-
tors related to demography, land use, and
landscape  structure.  Additionally,  fire  oc-
currence zones  could  be  used to  identify
areas  where  fine-scale  modeling  of  fire
spread  dynamics  should  be  considered,
and identify areas where mitigation strate-

gies limit fire intensity and spread (Salis et
al.  2013a).  Furthermore,  fire  occurrence
zones could be efficiently used to simulate
the  effectiveness  of  the  initial  attack,  to
allocate  available  fire  fighting  resources
and  to  coordinate  fire  dispatching  levels,
staff schedules and deployment, and line-
building tactics (Fried et al. 2006). Kernel-
based occurrence zones could be adopted
in  different  landscapes  to  allocate  fuel
breaks,  reduce  resource  costs  and  maxi-
mize their efficiency in controlling wildfire
spread  (Syphard  et  al.  2011).  Additionally,
fire  occurrence  zones  could  be  used  to
highlight areas where the development of
ground  fire  surveillance  and  early-detec-
tion systems is crucial for forest protection
and instant forest fire suppression (Tsiour-
lis et al. 2009).

Finally,  at regional scale, fire occurrence
zones  may  prove  very  helpful  when  ap-
proaching  the  wildland-urban  interface
problem which is very common in Mediter-
ranean  countries.  Fire  occurrence  zones
can be overlaid over urban and rural desig-
nated  areas,  thereby  defining  critical  re-
gions where the wildland-urban as well as
the wildland-rural  interface become a po-
tential problem for society as far as forest
fires are concerned (Rodrigues et al. 2014).
As stated by  Koutsias et  al.  (2012),  forest
fires  in  the  wildland-urban  interface have
become very common in Europe as popula-
tion and human infrastructure facilities are
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Fig. 6 - (left panel) The 
observed distribution of 
fire parameters (ignition 
points, fire perimeters) 
was compared to the 
expected one at the diffe-
rent scales of analysis 
using a Monte Carlo ran-
domization test. (right 
panel) A resource selection
index, defined as the ratio 
of the observed over avai-
lable to burn ratio, was 
estimated and used to 
show the fire selectivity in 
the different fire occur-
rence zones. For more 
details, see the text.
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disseminated  throughout  forested  zones,
especially in the vicinity of large cities and
tourist resorts (Viegas et al. 2003), and also
due to afforestation of abandoned agricul-
tural  lands  located  close  to  settlements
(Galiana-Martin  et  al.  2011).  Major  social
and  economic  changes  in  land  use  have
affected both  the  wildland-rural  interface
and the wildland-urban interface resulting
in  increased  quantities  of  biomass  (fuel),
higher  exposure  to  human-induced  fire,
and conflicts (Pérez et al. 2003, Massada et
al. 2009, Galiana-Martin et al. 2011, Moreira
et al. 2011, Fernandes 2013). At the national
scale,  kernel  density  surfaces  could  be
used as a standard procedure for more re-
liable  and  site-specific  early  warning  sys-
tems of fire danger estimation in countries
that  differ  in  physical  and socioeconomic
conditions (Viegas et al. 1999, Thompson et
al. 2011). In addition, fire occurrence zoning
may  offer  a  strategic  operational  advan-
tage for the proper development of a DSS
(Kalabokidis et al. 2012), since such efforts
can be applied  with  spatial  and temporal
priorities  within  fire-prone  regions.  Thus,
reduction of the necessary costs and maxi-
mization  of  the  benefits  and  outcomes
(Rideout  &  Omi  1990)  can  be  addressed
more  adequately  (cost/benefit  analysis).
Another asset of  kernel-based occurrence
zoning is that the distribution and mapping
of fire risk and behavior (Palaiologou et al.
2013) could be used for spatial allocation of
human  and  economic  resources  through-
out the year for fire program planning and
regional development, as well as for imple-
menting environmental policies, law enfor-
cement,  educational  activities  and  advan-
ced  engineering  of  fire  prevention  at  na-
tional  levels  (Pyne et  al.  1996).  Based on
fire  occurrence  zoning,  hazard  mitigation
and  monitoring  programs  may  also  be
revised  using  alternative  scenarios  and
focus  on  identified  and  educated  objec-
tives  and  impacts.  Overall,  wildland  fire
occurrence  zoning  has  the  potential  to
orient  a  priori national  land-management
authorities  towards  optimal  actions  for
emergency risk management and civil pro-
tection.

European  scale  policies  on  forest  fires
require  comprehension  of  the  underlying
mechanisms  and  relationships  between
biophysical  factors,  landscape characteris-
tics, people, and wildland fires within and
among the different countries. A pan-Euro-
pean approach also requires methods that
ignore national boundaries to more clearly
identify  European  patterns  of  similarities
and  differences.  Lack  of  complete  and
comparable data,  along with  the comple-
xity of  factors  influencing fire  occurrence
and  risk,  impose  limitations  to  the  syste-
matic investigation of long-term fire occur-
rence and risk when using modeling appro-
aches  based  on  physical,  socioeconomic
and  demographic  explanatory  variables
(Oliveira  et  al.  2012).  The  kernel  zoning
approach can be used to create fire occur-
rence zones on a European level and used

to help design prevention policies adapted
to the socioeconomic, cultural and environ-
mental  conditions of  each region and na-
tion (Ganteaume et al. 2013).

Establishment  of  robust  fire  occurrence
and fire risk zones is a necessary basic step
to develop and coordinate effective Euro-
pean response mechanisms.  A transboun-
dary  spatially  explicit  risk  estimate  may
enhance  cooperation  between  the  Euro-
pean member states and the implementa-
tion of best practices in forest fire preven-
tion and fire fighting. Nowadays, there is a
need for information on fire risk that could
support integrated and long-term approa-
ches for wildland fire management in Euro-
pe.  Development  of  common  European
approaches  and  policies  on  fire  manage-
ment is required due to the transboundary
effects of  wildland fires,  the existence of
many  diverse  environmental  causes  and
consequences  related  to  this  risk  which
require  coordination  at  European  Union
scale (Montiel-Molina 2013). Currently, the
European  Forest  Fire  Information  System
(EFFIS) which is a modular DSS that moni-
tors forest fires at a continental scale and
delivers  real-time,  multi-dimensional  data
(McInerney et al.  2013),  justifies the need
for  coordinated  common  approaches  to
fire management in Europe. Since its esta-
blishment, EFFIS, whose objective is to pro-
vide accurate data to assess and mitigate
the impacts  of  wildfire  events  on society
and  the  environment  (McInerney  et  al.
2013), has influenced the further develop-
ment of  EU environmental  policies on fo-
rest  protection  (San-Miguel-Ayanz  et  al.
2013).

In  summary,  alternative  and/or  comple-
mentary to some of the classical fire occur-
rence  and  fire  risk  assessment  methods,
we propose  a  fire  occurrence  zoning  ap-
proach  at  multiple  spatio-temporal  scales
and extents in  order  to identify homoge-
neous  areas  of  similar  fire  occurrence,
based solely on documented historical fire
observations.  At  national  or  global  scales
the  proposed  methodology  could  allow
rapid identification and targeting of  high-
risk  areas  to  develop  and  implement  de-
tailed fire risk models. Furthermore, these
fire occurrence zones could be one of the
basic  inputs  for  generating  mechanistic
hypotheses  and  constructing  large-scale
fire risk maps aimed at more reliable spatial
and  temporal  prediction  of  wildland  fire
occurrence.  Fire  occurrence zoning based
solely on documented historical fire occur-
rence records is more straightforward and
less demanding on statistical assumptions
compared to model building approaches.

Finally,  two  important  issues  of  kernel
density are worth to be discussed: (i) the
mode of the kernel,  i.e., fixed versus adap-
tive mode; and (ii) the size of the smooth-
ing parameter of the kernel.

To implement kernel density estimation in
wildland  fire  occurrence,  the  fixed  mode
approach  can  be  adopted  to  keep  the
smoothing  parameter  of  the  kernel  con-

stant  over  the entire  study area for  avoi-
ding different treatments of the point ob-
servations over areas with different point
density. On the other side, when fire data
are  aggregated  to  community  centroids
the  adaptive  kernel  density  interpolation
approach  may  be  more  useful,  as  this
allows  variation  of  the  kernel  size  accor-
ding  to  the  density  of  the  interpolated
points.  This  enables  the  different  treat-
ment of the point observations over areas
with  different  point  density  according  to
the spatial arrangement of community cen-
troids that is not constant throughout the
whole  study  area.  Indeed,  in  some  areas
the community density is high because the
geographic  extent  of  the  communities  is
small,  while  in others the opposite holds.
Therefore, over- or under-estimation of fire
occurrence is likely.

In  addition  to  the  choice  of  the  kernel
type, the choice of the smoothing parame-
ter is crucial, since it controls the amount
of variation of estimates (Worton 1989). To
define the size of the bandwidth, the mean
nearest distance of fire ignition points may
be considered. The association of the size
of the smoothing parameter of the kernel
to  the  mean  nearest  distance  is  reasona-
ble,  since  the  amount  of  point  observa-
tions that has to be interpolated is related
to the information content. If  the sample
size  is  large,  which  corresponds  to  more
informative datasets, then a finer interval
resolution would be more suitable to avoid
over-smoothing and loss of  the variability
in  the  estimates.  For  small  size  samples,
which correspond to less informative data-
sets,  a  large  bandwidth  would  be  more
appropriate,  since  a  fine  interval  would
lead  to  density  estimations  that  may  be
perceived as nothing more than a random
variation. The size of the smoothing para-
meter also defines the level of scale of the
estimates;  large  intervals  diminish  local
variability and their estimates are associa-
ted  with  global  patterns,  while  narrow
intervals  preserve data variability  and are
associated to local patterns (Koutsias et al.
2004).

Conclusions and future prospects
This study proposes and evaluates a rela-

tively new concept for creating forest fire
occurrence zones at multiple scales based
on documented historical fire records.  An
attractive feature of the proposed concept
is the consistency it provides among diffe-
rent scales in terms of both methods and
data (Calkin et al. 2011). The present study
demonstrates  that  application of  the ker-
nel density technique may improve the sim-
ple  visualization-oriented use  (De La  Riva
et al. 2004, Koutsias et al. 2004, Amatulli et
al. 2007), thus becoming a useful analytical
tool  for fire risk management.  One draw-
back of  our approach,  however,  is that it
considers  only  documented  fire  history
data to create fire occurrence zones, and
therefore  does  not  capture  any  changes
that might occur in fire drivers and under-
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lying  causal  factors,  such  as  those  that
might be induced either by future climate
change or other land cover changes due to
human  activity,  which  is  very  common in
the Euro-Mediterranean region (Santini  et
al. 2014).

Future  work  should  explore  the  assess-
ment of fire occurrence zones considering
alternative scenarios such as fire size (e.g.,
only  large  recorded  wildfires),  fire  causal
factors (e.g., lightning), and other parame-
ters of the fire event (e.g., time of ignition).
This  information could help fire-managers
to  identify  areas  where  ad  hoc,  effective
fire prevention measures should be intro-
duced  or,  alternatively,  more  detailed,
large-scale  fire  risk  analysis  and modeling
should be applied.
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