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Abstract

Wildfires continue to be a major factor of disturbance to Mediterranean ecosystems, and are often associated with significant
losses of properties and human lives. Fast fire detection and suppression within the first few minutes after ignition are crucial
to successfully managing wildfires and preventing their potentially catastrophic consequences. In this study, remote-sensing
methods and data were integrated wih fire behavior simulation and field data to develop a Fire Danger Index (FDI) that can
be used to detect the areas most vulnerable to wildfires. This FDI will be integrated into an automatic fire detection system
that utilizes optical and thermal land cameras and an unmanned aerial vehicle. The FDI was calculated for a nature reserve
in Southern Greece based on fire behavior, pyric history, and anthropogenic influence. Fire behavior was estimated using
the FlamMap fire simulation model, while the fuel types to include in the model were determined using state-of-the-art
remote-sensing methods and field data. The pyric history was represented by point data on fire occurrences over a period of
40 years. The anthropogenic influence was estimated based on an inverse relationship of this influence with the Euclidean
distance from roads and settlements. The calculated FDI demonstrated that a large part of the reserve, including its most
ecologically important ecosystems, is highly vulnerable to wildfires. Integrating the FDI into the automatic fire detection
system is expected to significantly improve its detection accuracy.
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Introduction

Fire is an important ecological factor that has affected the
structure and distribution of numerous plant communities
across the globe. Prior to human activities, the main ignition
sources were lightning, volcanic eruptions, and earthquakes.
Fire has since become a very important human tool that has
been widely used and misused to improve living conditions
(Naveh 1990). Both the frequency and intensity of fires have
increased dramatically under the influence of anthropogenic

Communicated by Dimitra Vagiona, Lead Guest Editor.

P4 Panteleimon Xofis
pxofis @for.ihu.gr

Department of Forestry and Natural Environment,
International Hellenic University, 1st km Drama-Mikrohori,
66100 Drama, Greece

2 ELGO-DEMETER, Hellenic Agricultural Organization
“Demeter” (formerly the National Agricultural Research
Foundation, NAGREF), Forest Research Institute, 57006,
Vassilika, Thessaloniki, Greece

activities, resulting in major impacts on natural ecosystems
and Mediterranean flora. This change in fire characteristics
has shifted the equilibrium between fire and ecosystem func-
tion, transforming fire from a natural ecological factor that
initiates succession into a human-induced land degradation
factor.

Wildfires, especially large ones, result from the combined
action of two driving forces: weather patterns and fuel availa-
bility and continuity. Over the last few years, significant efforts
have been made to study the historic and current trends in the
wildfire regime and to identify the influence of these driving
forces on past and current wildfire regimes (Dimitrakopou-
los et al. 2011; Pausas and Fernandez-Munoz 2012; Koutsias
et al. 2013; Turco et al. 2016). Despite differences between
the approaches employed in terms of the sources of data used,
the period studied, and the uncertainty when using historical
data dating back to the beginning of the twentieth century, all
of these studies reached the same conclusion. They noted a
change in the fire regime of Mediterranean Europe after the
1970s, with a significant increase in both the total number of
fires (NF) and the area burned (AB). A correlation between
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wildfire activity and weather conditions was observed, with
drought conditions favoring wildfires, and this correlation
became much stronger after the 1970s. This is a clear indica-
tion that wildfires have changed from being fuel driven before
the 1970s to weather driven after that period.

Despite an increase in the resources allocated to fire sup-
pression, wildfires continue to constitute a major disturbance
factor that threatens ecosystem integrity, infrastructure, and
properties. Wildfire management needs to be rethought, with
increased attention paid to fire prevention and rapid fire detec-
tion. The identification of vulnerable areas and ecosystems
that can be managed in a way that will prevent large and cata-
strophic fires is certainly a step in the right direction (Ager
et al. 2014). Today there are a wide range of methods and
applications involving geographic information systems, remote
sensing data and methods, and simulated fire behavior that
are useful tools for planning and managing wildfires. Molina
et al. (2017) integrated several components of fire risk (fine
fuel moisture content, physiographic parameters, weather data,
and vegetation flammability) to develop an ignition index for
application at the wildland—urban interface (WUI). Mitso-
poulos et al. (2015) assessed the wildfire risk using fuel data,
fire simulations (via FlamMap), and different scenarios for
burning conditions, providing a spatially explicit estimation
of wildfire potential in the WUI of Attica in Greece. The fire
weather index (FWI) has also been widely used to estimate
the fire risk resulting from weather conditions, land use, and
seasonality; the resulting risk data can be used to ensure that
fire fighting forces are prepared and alert during high-risk peri-
ods (Ager et al. 2014). Remote-sensing methods and data are
also extremely valuable in the effort to manage and reduce
the destructive power of wild fires. When used in combina-
tion with advanced analytical approaches, the high spatial,
thematic, and temporal resolution of contemporary remote-
sensing data permits spatially and thematically accurate veg-
etation and fuel mapping, which can be successfully integrated
into fire risk analysis (Keramitsoglou et al. 2008; Sanchez et al.
2018).

In the current study, remote-sensing methods and data were
integrated with anthropogenic factors, pyric history, vegeta-
tion flammability properties, and fire simulation methods to
develop a Fire Danger Index (FDI). The developed FDI will
allow the identification of vulnerable areas that could be prop-
erly managed to reduce the risk of a potential megafire. Fur-
thermore, this spatially explicit FDI can be integrated into an
automatic fire detection system that utilizes optical and ther-
mal land cameras and UAVs.
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Materials and methods
Study area

The study was conducted in the Kotychi and Strofylia
Wetlands National Park in southeast Greece (38°6'4"N,
21°21'32"E; Fig. 1). This has been a designated national
park since 2002 and is currently governed by the Man-
agement Body of Kotychi and Strofylia Wetlands. Due to
its high biodiversity and unusually high aesthetic value,
a number of protection designations have been assigned
to the area. Part of it was recognized as a Wetland of
International Importance in 1975, when it was included
in the ten wetlands of Greece that were protected under
the RAMSAR Convention. Later, parts of the area were
recognized as Special Protection Areas (SPAs) for birds in
accordance with EC Directive 2009/147/EE, and as Sites
of Community Importance (SCIs) in accordance with EC
Directive 92/43/EEC, which led to the establishment of
the European NATURA 2000 network of protected areas.
The study area has a typical Mediterranean climate, char-
acterized by warm and wet winters and hot and dry sum-
mers. Based on the weather data collected by the weather
station at Araxos, which is the closest station to the study
area, the mean annual temperature was 17.8 °C and the
mean annual precipitation was 688 mm over the period
1955-1997. The hottest month is August, with a mean
temperature of 26.8 °C, and the coldest is January, with a
mean temperature of 10.2 °C. The mean annual maximum
temperature ranges from 21.9 to 31.0 °C, while the mean
annual minimum temperature ranges from 5.1 to 12.2 °C.
The wettest month is November, with a mean total pre-
cipitation of 132 mm, while the driest is July, with a mean
total precipitation of 3.6 mm. The dominant species in
the forested parts of the study area are Pinus pinea and
P. halepensis, while there are several different vegetation
formations, including Quercus aegilops stands, shrublands
dominated by Juniperus phoenicea, grasslands with scat-
tered short shrubs, and wet meadows.

Data and methods

The FDI developed in the current study is mainly based on
two important components of the fire regime: anthropo-
genic activity and fuel availability and burnability. It also
considers the pyric history of the area, which can indicate
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Fig. 1 Location of the study 2HB0E 2200

area
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the potential vulnerability of the area. Fuel availability
was determined from remote-sensing data and methods
along with in situ data on the structural and compositional
characteristics of the vegetation in the area. Anthropo-
genic activity was integrated into the FDI using the dis-
tance to the nearest road or settlement. The pyric history
was incorporated after collecting all fire records from the
last 40 years for the area from the local forest service and
transforming these records into a raster GIS.

To identify and map the vegetation types in the area,
very high spatial resolution (VHR) aerial photographs were
integrated with high-resolution (HR) satellite images in an
object-oriented analysis (OBIA) environment using the soft-
ware eCognition (Trimble Inc. 2014). Integration of VHR
and HR data allowed us to use the VHR data to accurately
delineate the various land cover types and to use the HR
data (which had better temporal and spectral resolution) for
thematically accurate land cover classification (Xofis and

21°25'0"E 21°30'0"E 21°35'0"E
1 1

38°15'0"N

21°25'0"E 21°300"E 21°35'0"E

Poirazidis 2018). The VHR aerial photographs, which were
provided by the Greek National Cadastral Organization, had
a spatial resolution of 0.25 m and a thematic resolution that
covered the visual and the near-infrared parts of the electro-
magnetic spectrum. A time series dataset of four Sentinel 2
images acquired in August 2018, December 2018, March
2019, and May 2019, respectively, was compiled. Sentinel
2 is a constellation of two polar-orbiting satellites launched
by ESA as part of the Copernicus program (formerly known
as GMES; Drusch et al. 2012). These satellites deliver mul-
tispectral data at a spatial resolution of up to 10 m in the
visual and near-infrared bands and high thematic resolution
at spatial resolutions of 20 and 60 m, with a revisiting fre-
quency of 5 days. All images were processed at level 2A,
and the ten bands at spatial resolutions of 10 and 20 m were
used.

Ancillary vector data were also employed to delineate
agricultural and urban areas. The classification process was
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assisted by ground truth data collected in situ at 50 plots
in May 2018, where the land cover type was recorded as
well as a number of structural characteristics that were also
used to estimate fuel characteristics. Training data were also
collected through visual inspection of the VHR aerial pho-
tographs. Various classifiers were tested for their effective-
ness at identifying the selected classes. The performance of
each classifier was assessed as its efficiency at reproducing
the training set. The random forests algorithm was found to
be the best-performing classifier for this study area and the
data used (the other classifiers tested were the classifica-
tion trees, support vector machines, and k-nearest neighbor
algorithms). Various postclassification refinements were
employed in order to avoid a “salt and pepper” result. Iso-
lated objects that were surrounded by one particular class
and were smaller than the minimum mapping unit (0.25 ha)
were assigned to the enclosing class. Furthermore, each iso-
lated object that was smaller than the minimum mapping
unit and neighbored more than one class was assigned to the
class with which it had the longest common border. Eleven
classes representing different land cover types were identi-
fied in total. The accuracy of the final product was assessed
using an error matrix based on 142 randomly distributed
independent observations for which the true land cover type
was verified in situ.

The first step in OBIA is the generation of objects based
on the spectral similarity of neighboring pixels. The degree
of homogeneity of each object is determined by the user,
who sets an appropriate scale parameter (Bock et al. 2005).
Normally, the final stage of the classification process
involves merging neighboring objects belonging to the same
class. However, this was not done in the present work; the

Table 1 Fuel models used in the study for the identified land cover types

objects used during the classification process were also used
in the next stage, where a fuel model (FM) was assigned to
each object based on the land cover type and the vegetation
structural characteristics of the closest sample plot, forming
a fuel map. This allowed the variation in structural char-
acteristics observed within the same vegetation type to be
represented in the fuel map.

As mentioned above, a survey was conducted in the 50
plots in the part of the study area covered by woody vegeta-
tion according to a stratified random sampling design. The
stratification was made using a CORINE land cover map.
All trees and shrubs in each plot were recorded, along with
a number of measurements such as breast height diameter
(BHD), tree height (used to calculate canopy height), live
and dead crown base height, crown diameter, and canopy
cover. For shrubs, the diameter at ground level was recorded
instead of BHD. Litter depth was measured, and the exist-
ence and average estimated diameter of dead branches were
recorded. The field data included some parameters that
significantly influence fire behavior, such as dominant spe-
cies, vegetation cover, crown density, crown base height,
tree height, and crown perimeter. Those data were used in
literature-derived allometric equations to obtain a rough esti-
mation of the fuel load present in each plot (Tsiourlis 1992,
1994, 1998; Tsiourlis and Kasapidis 1999; Smiris et al.
2000; Tsiourlis et al. 2003; Ruiz-Peinado et al. 2011; Nunes
et al. 2013). These estimations, along with pictures and notes
taken for each plot, were used in the process of assigning
each plot to one of the fuel models (FMs) described in the
literature for similar areas (Anderson 1982; Dimitrako-
poulos 2002; Scott and Burgan 2005; Palaiologou 2015;
Kalabokidis et al. 2015). The land cover types of nonwoody

FM code Description

Coresponding land cover type(s)

Source

FMO1 Pine forests with a shrub understorey covering more  Pure or mixed stands with P. pinea and P. halepensis Palaiologou (2015)
than 50% of the area
FMO02 Pine forests with a shrub understorey covering less ~ Pure or mixed stands with P. pinea and P. halepensis Palaiologou (2015)
than 50% of the area
FMO03 Pine forests with an occasional shrub understorey Pure or mixed stands with P. pinea and P. halepensis Palaiologou (2015)
GS1 Low load, dry climate grass-shrub Grasslands Scott and Burgan (2005)
GS3 Moderate load, humid climate grass-shrub Recently burned areas Scott and Burgan (2005)

(dynamic)
GS4 High load, humid climate grass-shrub (dynamic)
SH2 Moderate load, dry climate shrub
SH7 Very high load, dry climate shrub

Wet meadows
J. phoenicea shrublands (moderate density)
J. phoenicea shrublands (high density), artificially

Scott and Burgan (2005)
Scott and Burgan (2005)
Scott and Burgan (2005)

regenerated stands of P. halepensis and P. pinea
not exceeding 8 m in height

TU1 Low load, dry climate timber-grass-shrub (dynamic)
NB3 Agricultural areas

NB8 Open water

NB9 Bare ground

Q. aegilops stands
Agricultural areas
Sea and inland water
Bare ground

Scott and Burgan (2005)
Scott and Burgan (2005)
Scott and Burgan (2005)
Scott and Burgan (2005)
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vegetation and unvegetated sites, as identified in the OBIA,
were also assigned one of the standard fuel models described
by Scott and Burgan (2005) based on the descriptions pro-
vided and in situ visual inspections. All FMs used in the
study along with the corresponding land cover types are
shown in Table 1, while a full description of their proper-
ties is shown in the Table 3 in the Appendix.

In the next step, the FM of the nearest plot of the same
land cover type was assigned to each of the polygons gener-
ated during the OBIA. Using the same approach, the struc-
tural characteristics canopy height (CH), canopy cover (CC),
and canopy base height (CBH) were assigned to each poly-
gon. As a result, four raster data sets that were required for
the fire simulation were generated.

The generated raster data, along with a digital elevation
model (DEM), a digital aspect model (DAM), and a digital
slope model (DSLM), were used in the fire simulation model
FlamMap (Finney 2006) to estimate the potential fireline
intensity and fire rate of spread. All raster data used in the

Fuel Models
B Fm1
[ Fm2
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[ \B3
[CTINB8
[ N\B9
B Gs1
[ Gs3
B Gs4
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B sH7
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L

Fig.2 Raster maps used as input data in the fire simulation with FlamMap

fire simulation are shown in Fig. 2. The fireline intensity
and fire rate of spread estimated in FlamMap were rescaled
to a scale of 0 to 1 to produce the fire intensity (FI) index
and the rate of spread (ROS) index for integration into the
final FDI. A west wind with a velocity of 6 Beaufort was
assumed for the simulation, and a dry fuel moisture sce-
nario was adopted. The crown bulk density (CBD) was set
at 0.3 kg/m? for all fuels.

The anthropogenic activity was integrated into the final
FDI using the distance from roads and settlements. A raster
dataset representing the Euclidean distance from all roads
and settlements in the study area was created. When the
distance from roads was at least 500 m, the fire danger asso-
ciated with the proximity to roads was set to 0. Catry et al.
(2009) reported a strong association between ignition risk
and distance from roads for distances of 0-500 m. The initial
distances were also rescaled to values of between 0 and 1,
with 1 indicating immediate proximity to a road or settle-
ment and O corresponding to a distance of 500 m or more
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from roads. This process generated the human index (HI) for
integration into the FDI.

Finally, the pyric history was also taken into account
when estimating the final FDI. Data from all fires that have
been recorded in the area over the last 40 years were col-
lected from the local forest service and were vectorized into
polygons and points. The kernel density estimation function
tool in ArcGIS 10 was employed to convert the point data
into an estimation of the fire risk based on the pyric history
of the area. The values were also rescaled to lie between 0O
and 1, with O indicating a low risk and 1 the highest risk,
in order to generate the fourth component of the FDI—
the pyric history index (PH). The inclusion of an index to
depict the spatial pattern of past fire ignitions is of particular
importance in studies that attempt to estimate fire risk. In
Greece, and possibly elsewhere in the Mediterranean where
free-range livestock breeding is still practiced, fires are often
deliberately set in areas that have relatively low flammabil-
ity but have high potential for use as rangelands in order to
improve grazing conditions. Although these ignitions rarely
result in large and intensive fires, their inclusion in the FDI
is expected to increase the estimated fire danger in areas
with low flammability but a high frequency of past ignitions.
This should result in more effective protection of these areas
and should help to prevent deliberate ignitions in the future.

Fire danger is a function of three main factors: the prob-
ability of a fire, the behavior of a fire, and the damage that it
causes to ecosystems, properties, and infrastructure (Calkin
et al. 2010; Finney 2005). Fire occurrence is reportedly posi-
tively associated with proximity to anthropogenic infrastruc-
ture, including roads and settlements (Clarke et al. 2019).
Similarly, pyric history is a proxy for the ignition pattern
in an area. It was therefore decided that these two factors
that are both proxies for ignition risk should have a com-
bined weight of 30%, with 20% assigned to the proximity to
anthropogenic infrastructure and 10% to the spatial pattern
of past ignitions. Fire intensity and rate of spread are both
important components of fire behavior and largely deter-
mine how catastrophic a fire can be. They are both related
to the fuel type and condition, and it is essential to quan-
tify them and integrate them into the fire danger estimation
(Scott et al. 2013). These two fire behavior characteristics
constitute the main components of the FDI, so their weights
were set at 50% and 20%, respectively, based on the reported
literature. The above four components were integrated into
the final FDI using the following formula:

FDI =0.5xFI+ 0.2 X ROS + 0.2 x HI 4+ 0.1 X PH.

Figure 3 shows a flow chart for the entire study.
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Fig.3 Flow chart for calculating the FDI
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Results

The overall accuracy of the mapping product resulting from
OBIA (Fig. 4) was estimated at 89%, while the kappa statis-
tic was 0.88, indicating excellent performance by the clas-
sifier. Thus, the map was sufficiently accurate to be utilized
for further analysis in the current study. The detailed accu-
racy statistics are presented in Table 4 in the Appendix. As
expected, wet meadows and water, including sea water, were
the dominant land cover types in the study area (percentage
cover: 31.2 and 18.2%, respectively; Table 2). Grasslands

Table 2 Land cover class distribution in the study area

also covered a significant proportion of the study area, espe-
cially in the northern part, which was the most degraded part
of the study area due to heavy grazing by domestic animals.
The three formations of pine, which are often associated
with high-intensity crown wildfires, collectively covered
almost 12% of the study area.

The process of assigning fuel models to the various land
cover types revealed that the great majority (84%) of pine
forests were eventually assigned the fuel model FMO1,
which is characterized by the highest fuel load among the
three available fuel models. This is due to the existence of a
dense shrub understorey in the majority of the pine forma-
tions, which makes the stands extremely fire prone. J. phoe-
nicea formations were assigned in almost equal proportions
to the two available fuel models for shrubland formations,

Land cover class Area (ha) Cover (%)  Indicating the existence of both moderate- and high-density

- formations in the study area.

Agricultural land 9727 1.1 The fire simulation performed using FlamMap provided
Bare ground 3750 4.3 two of the four components of the FDI developed in the
Burned area 127.9 1.5
current study, and these two components are also the most
Grasslands 1349.2 15.4 . : . . .
' important since they have a collective weight of 0.7 in the
J. phoenicea 3440 39 relevant formula. Fireline intensity varied a lot between the
Mixed pines 252.1 29 . . .
various land cover classes as a result of differences in veg-
P. halepensis 589.9 6.7 . " .
etation structure and composition. The highest values were,
P. pinea 202.9 2.3 in vine f hile the 1
. 2374 ” as expected, observed in pine forests, while the lowest were
Q. aegilops 5 ‘4 1 5 seen in grasslands, followed by the recently burned sites
Water 738. 3L (Fig. 5). No significant differences were noted between the
Wet meadows 1594.5 18.2 . . . . . .

: 0] | three pine formations, which was rather surprising given the
Tota 8784.0 0o differences in understorey vegetation and CC between them.
Fig.5 Estimated fireline 110000
intensity for the burnable land
cover classes in the study area. 100000
Different letters indicate statisti-
cally significant differences. 90000 a
The vertical bars denote 95% a a
confidence intervals 80000

E
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=
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I
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Wet Meadows Grasslands Q. Aegilops P. Pinea
Burned Area J. Phoenicea Mixed Pines P. Halepensis
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Fig.6 Estimated rate of spread 65
for the burnable land cover
classes in the study area. Differ- 60
ent letters indicate statistically d
significant differences. Vertical
bars denote 95% confidence 55
intervals —_
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This probably indicates that even a small cover of under-
storey vegetation is enough to initiate a crown fire, which
generally leads to wildfires of high intensity.

Rate of spread also varied significantly between the
various land cover types (Fig. 6). The highest values were
observed in recently burned areas and wet meadows, where
rate of spread reached or exceeded 50 m/min, while the
lowest were seen in Q. aegilops formations and grass-
lands. The slow advancement of fire on grasslands was not
expected given that these formations consist of fine and
easily burnable fuel. However, the grasslands in the study

Landcover Class

area are degraded due to heavy grazing and frequent fires.
This results in a very low and often discontinuous fuel load
that prevents the rapid spread of fire. Wet meadows, on the
other hand, have high fuel loads due to their favorable soil
moisture conditions. When they dry during the summer
period, they constitute an extremely flammable fuel, which
explains the high rates of spread observed for wet mead-
ows in the current study. No significant differences were
observed between the three pine formations and the J. phoe-
nicea shrublands, which exhibited moderate to high rates of

Legend
—

(d) -

Low:o

Fig.7 Rescaled values of the four components of the FDI: fireline intensity (a), rate of spread (b) human impact (¢), and pyric history (d)
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spread. The rescaled values of fireline intensity and rate of
spread (Fig. 7a, b) were integrated into the FDI.

Values for the anthropogenic activity, estimated as the
distance to roads and settlements (Fig. 7c), indicate that
almost the entire area is highly vulnerable to accidental
wildfires that are often associated with high anthropogenic
activity. Although the dense network of roads and fuel
breaks (which are also used as roads) may aid fire suppres-
sion efforts, it may also increase the fire risk in areas with
high human presence, such as the area studied here.

The analysis of the pyric history of the area (Fig. 7d)
provides a clear indication of the origin of a large propor-
tion of the wildfire incidents in the study area, as well as
in Greece in general. Fires seem to occur more frequently
in the northern and hilly parts of the study area, which are
covered primarily with grasslands and only sparsely with
J. phoenicea and Q. aegilops. Based on the fire simulation
results presented above, these are the least fire-prone parts of
the study area. The frequent occurrence of fire there can only
be explained by the deliberate initiation of fires by shepherds
to improve grazing conditions and prevent shrub encroach-
ment into the rangelands (this is a common practice among

Legend shepherds).
e The integration of the four components into the FDI using
- the formula above resulted in FDI values of between zero
0 2.5 5 1?«” in the nonburnable land cover classes and almost 1 in the
areas that scored the highest (Fig. 8). Analysis of the results
for the land cover classes revealed that the greatest danger
Fig.8 Map of the FDI calculated for the study area from fire is associated with the pine formations in the area,
especially the pure and mixed P. pinea stands (the average
Fig.9 Estimated FDIs for the 1.0
burnable land cover classes in
the study area. Different letters 09
indicate statistically significant
differences. Vertical bars denote 0.8 a a
95% confidence intervals ) a
0.7
X
S
0.6
£ b b
o
D 05 C
5 c
(=]
=
i
0.3
0.2
0.1
0.0
Q. Aegilops J. Phoenicea Burned Area P. Halepensis
Grasslands Mixed Piness Wet Meadows P. Pinea

Landcover Class
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value of the FDI in these stands is 0.8). Exhibiting a slightly,
but not significantly, lower fire risk are the P. halepensis
forests (Fig. 9). The least fire-prone vegetation formation is
the grasslands, followed by Q. aegilops and recently burned
areas, with an average FDI of < 0.5. The FDIs calculated
for J. phoenicea shrublands and wet meadows are slightly
above 0.5.

Discussion and conclusion

The current study integrates remote-sensing data and
methods with fire simulation techniques to generate a FDI
that is expected to assist in detecting areas at a critical
state in terms of fire potential. Furthermore, the integration
of the FDI into an automatic fire detection and decision
support system is expected to improve its detection accu-
racy and aid decision making regarding the mobilization of
fire suppression resources and the adoption of appropriate
tactics. The methods employed are well documented in the
literature, and the procedure adopted is straightforward,
meaning that it is transferable to other fire-prone areas.
The data employed are inexpensive or free to obtain, while
the continuously improving availability and quality of
remote-sensing data ensure that this approach will remain
applicable in the future. Remote-sensing data and meth-
ods are widely used to facilitate the effective management
of wildfires in an effective manner by providing mapping
products with high spatial accuracy and predictive value
for potential fire behavior and risk (Keramitsoglou et al.
2008; Pan et al. 2016; Sanchez et al. 2018).

The results presented here indicate that a large propor-
tion of the Kotychi and Strofylia Wetlands National Park
is in critical danger of a high-intensity wildfire. The stone
pine forests, which are among the most valuable ecosys-
tems in the area and are of high conservational importance
for Europe, are those that face the greatest danger. Given
the geographic isolation of the area and the small dispersal
ability of the species that inhabit it, a wildfire could have a
significant ecological cost, threatening the existence of the
species in the area. The presence of a dense understorey
appears to be the main factor that could turn a surface fire
into a crown fire; such a fire has a very high heat yield and
is difficult to restrict and suppress. Fuel reduction practices
have been suggested in the literature as an appropriate way
to compensate for the significantly increased fuel loads

@ Springer

observed in recent decades (Kalabokidis and Omi 1998).
The removal of the shrub understorey of pine forests in
zones next to roads or at the wildland—urban interface may
form part of the strategy for reducing the risk of fire.

It is now widely accepted that wildfires require the inte-
gration of several disciplines such as forest and landscape
ecology, fire ecology, pyrology, environmental modeling,
remote sensing, and others in a supplementary manner
for effective management. Furthermore, particular atten-
tion needs to be paid to the pyric history of the region of
interest, local knowledge, historical land uses, and cur-
rent trends in order to unravel the mysteries of wildfire
and increase the effectiveness of fire prevention and fire
suppression. The aim of an effective wildfire management
strategy should not be to completely eliminate wildfires,
which is practically impossible, but to restrict their eco-
logical, economic, and social cost.
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