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1. Introduction

The fires of 2017 in Valparaiso, Chile, and Pedrégao Grande,
Portugal, and the fires of 2018 in Mati, Greece, and California, United
States, with chilling figures of fatalities, highlight the impossibility of
managing the intensity of fires that currently affect the forests and,
especially, wildland-urban interfaces (WUI). Scientists have begun to
investigate the phenomenon of WUI during the early 1970s in the United
States (Butler, 1976). However, WUI was not considered a complex
problem to be solved until the early 1990s, due to the growing concern
about the proliferation of human settlements in forest environments
(Weise & Wotton, 2010). WUI refers to the spatial coincidence of two
territorial subsystems—social or urban, and rural or forest—and the
interactions established between them. It is worth mentioning that it is
extremely difficult to determine the boundary between urban and nat-
ural spaces. As a result, there are areas where inhabited human struc-
tures overlap with areas that are mainly forests (Davis, 1990; Stewart,
Radeloff, Hammer, & Hawbaker, 2007; USDA, 2001). The emergence of
the European Observatory for the prevention and defence against forest
fires affecting WUI (Wildland-Urban Interface Forest Fire Risk Obser-
vatory and Interest Group in Europe [WUIWATCH, 2017] of the Euro-
pean Commission), highlights the interest and concern about WUI fires.

WUI started to be considered a new type of land use that needs new
regulations (Caballero, 2017). Fires are no longer having that regulatory
role of land uses in order to reduce continuous forest stands or to obtain
farmlands. This way, fires become a major enemy. Landscapes tradi-
tionally occupied by farmlands, pastures, or little dense forests, become
landscapes where urban uses are confused with forest uses. Conse-
quently, they become much more vulnerable to forest fires (Cortnet,
Gardner, & Taylor, 1990; Radeloff et al., 2005; Theobald & Romme,
2007; Caballero et al., 2007; Badia, Serra, & Modugno, 2011, 2019). The
WUI phenomenon is very common in European countries (Castellnou,
Rodriguez, & Miralles, 2005, pp. 9-11) and, precisely, the areas with the
largest burned surfaces coincide with the largest WUIs (Modugno,
Balzter, Cole, & Borrelli, 2016). After decades and decades of
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abandonment of traditional activities, different typologies of fires
related to the process of fuel accumulation—called ‘generations of
fires’—have emerged (Costa, Castellnou, Larranaga, Miralles, & Kraus,
2009). Currently, there are discussions about the sixth generation, i.e.,
fire that generates conditions in which such a level of energy is released
that it has the capacity to modify the meteorological characteristics
around it. In addition, these fires create what is called a ‘firestorm’. This
phenomenon leads the fire, generating accelerations, lightning, new
ignitions and, above all, erratic winds that make the course of the fire
unpredictable (Picos, Castellnou, & Salgueiro, 2018). There are no an-
swers for everything that has currently been observed in the most recent
fires. There is no preparation for facing fires of these characteristics that
require urgent rethinking (Castellnou, 2018). “The cumulative evolution
of the pattern of forest fires has its roots in the management of land-
scapes, escalation, continuity, and fuel load caused by the abandonment
of rural activities, mainly agriculture, livestock, and forest manage-
ment” (Picos et al., 2018, p. 78).

The fires in WUIs pose different challenges that have been addressed
by different lines of research: from the point of view of the background
of the WUI problem (Butler, 1976; Vince, , Duryea, Macie, & andHer-
mansen., 2005); the analysis of changes in land uses and coverings
(Butsic, Kelly, & Moritz, 2015; Badia, Pelachs, Vera, Tulla, & Soriano,
2014, 2019); the same definition of WUI (Stewart et al., 2007; Vince
et al., 2005); the identification of typologies and the characterisation of
the interface (Caballero, Beltran, & Velasco, 2007; Chas-Amil, Touza, &
Garcia-Martinez, 2013; Galiana, Herrero, & Solana, 2011); the percep-
tion of risk (Badia & Valledeperas, 2015; Champ, Donovan, & Barth,
2013); and the analysis of the fuel structure that make up the WUIs
(Mell, Manzello, Maranghides, Butry, & Rehm, 2010).

The light detention and ranging (LiDAR) technology is becoming a
source of information of great relevance due to the great precision it
provides about the lands. One of the most widespread uses has focused
on the identification of vegetation structure, which allows improving
forest management actions (Hawbaker et al., 2009; Jakubowski, Guo,
Collins, Stephens, & Kelly, 2013; Zhao, Popescu, Meng, Pang, & Agca,
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Fig. 1. Location of the area of study.

2011; Zimblea et al., 2003). In this sense, the identification of the fuel
density in forest covers is one of the main objectives to measure the
dangerousness of fires (Price & Gordon, 2016). There are studies that use
LiDAR data for: detecting fires of small magnitude (Utkin, Lavrov,
Simoes, & Vilar, 2002); identifying safety zones for extinguishing
equipment (Dennison, Fryer, & Cova, 2014); mapping of fuel reduction
zones (Kramer, Collins, & Stephens, 2014); quantifying the character-
istics of forest cover and undergrowth (Edson & Wing, 2011); or pre-
venting fires based on risk mapping (Gonzalez-Olabarria, Rodriguez,
Fernandez-Landa, & Mola-Yudegoef, 2012). Other studies have been
oriented towards the identification of WUI, although it is true that their
use for managing fires in WUI has been scarce (McNamara, 2006). The
identification and characterisation of forest stands and the classification
of buildings in WUI based on the risk, or the same assessment of the risk
of fires in WUISs, have been the subject of studies (Robles, Rodriguez, &
Alvarez-Taboada, 2016; Rosa & Stow, 2014; USDA, 2004). There are
some studies that used this technology for the characterisation of fuel at
a detailed scale, in order to maximise the effectiveness in fuel reduction
(Yebra, Marselis, van Dijk, Cary, & Chen, 2015). A study, similar to the
present one, was carried out by Skowronski et al. (2015), which, based
on the combination of aerial photographs, LiDAR data, and cadastres,
aimed at characterising the fuel load in the different parcels, and per-
forming actions to reduce risk and prioritise the interventions.

The present study goes beyond the creation of a prioritisation map of
the interventions for the purpose of preventing forest fires based on the
percentages of forest cover in each cadastral parcel. Moran’s index
(Moran, 1950) was used to adjust this first map by taking into consid-
eration the status of neighbouring parcels to assign prioritisation values.
There are no precedents of the application of Moran’s index for the
preparation of a prioritisation parcel map as it has been applied in our
study. However, there are works that have measured spatial autocor-
relation to estimate forest volume at the municipal level (Kalivas, Kol-
lias, & Apostolidis, 2011), evaluate the degree of scatter or fire grouping
(Nunes, Lourenco, & Castro Meira, 2016; Avila-Flores, Pompa-Garcia, &
Vargas-Pérez, 2010), or analyse the degree of dependence of the spectral
response in the different burned areas using satellite images (Lanorte,
Danese, Lasaponara, & Murgante, 2013).

WUI is one of the priorities for planning the prevention and extinc-
tion of forest fires, because, in the case of an emergency, the priority is
the defence of individuals and their properties. The increase in forest
density and continuity in WUI and surrounding areas made the man-
agement of wooded forest stands of these areas a priority in the present
study.

The goal of our work was to use LiDAR technology to obtain accurate
information about the structure of fuel in the WUIL Three specific ob-
jectives were proposed: (a) to identify the wooded forest cover of a given

area at a detailed scale (approximately 1:1000); (b) to prepare thematic
maps of prioritisation for the intervention in cadastral parcels for the
purpose of reducing fuel load; and (c) to provide the necessary meth-
odological information to be easily used in other areas of study. The
resulting information becomes a tool of great potential for local
administration, because it facilitates decision-making in the manage-
ment of prevention. Two working hypotheses were proposed: (1) the
differentiation between urban cadastral parcels in terms of the canopy
fractional cover (CFC), which is a very useful tool to establish a hier-
archy in the prioritisation of interventions; and (2) there are groupings
of parcels with high percentages of CFC, which should also be taken into
account in the prioritisation of the interventions. We aimed at answering
the following research questions: Is LiDAR technology an effective tool
for the prevention of fires in the WUI at municipal level? Is LiDAR an
effective tool for map and characterizing vertical forest structure? The
combination of Lidar technology with Moran’s I, makes it possible to
stablish a hierarchy in the prioritisation of parcels intervention?

The effectiveness of prevention in WUI requires tools to evaluate the
fuel load at a detailed scale. The high precision of the LiDAR data makes
them a source that the municipal administration cannot disregard. There
are two levels of use, namely: (1) in the prevention phase, prioritisation
of risk reduction actions; and (2) in the extinction phase, prioritisation of
actions at the time of the emergency. In the present study, we focused on
the prevention phase.

2. Materials and methods
2.1. Study area

The area selected for conducting the study was a municipality of
Matadepera in the metropolitan region of Barcelona, Spain, with an area
of 24 km? a population of more than 9000 inhabitants in 2017
((IDESCAT)), and 354.3 inhabitants/km?. Matadepera is located at a
distance of approximately 30 km from the city of Barcelona, and about
3-5 km from two large cities of the metropolitan region of Barcelona,
Sabadell and Terrassa (with 200,000 inhabitants each) (Fig. 1). The
main characteristics of the municipality are, on the one hand, its large
area within Sant Lloren¢ del Munt park natural park and Serra de I’Obac
(approximately 60%), and, on the other, the sustained growth of the
population during the last four decades. This growth was the result of
the construction of single-family homes, giving rise to a horizontal
structure of urbanisation.

This area of study is of great interest, because it exemplifies the sit-
uation of extreme vulnerability to fires in the WUI, and was subject to a
methodology perfectly applicable to other regions with similar charac-
teristics (Fig. 2).
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Fig. 2. Territorial structure of Matadepera.

2.2. Data

The data used to conduct the present study were obtained from three
different sources, namely: (a) The LiDAR data were downloaded from
the website of the Institut Cartografic i Geologic de Catalunya (ICGC),
Spain. The main characteristics of these data were minimum density of
0.5 points/m? and the fact that it covered all Catalonia in different pe-
riods (2016 and 2018). The data were distributed into blocks of 2 x 2 km
in compressed LAZ format (ICGC, 2018). The topographic map (1:5000)
was downloaded from that same institution in order to have a layer with
the buildings and swimming pools of the area, and correct some im-
perfections of the LiDAR data, such as the presence of points of vege-
tation on top of buildings.

The data obtained were the distances from the sensor to any object or
surface measured by laser. This distance to the objects is determined by
measuring the delay time between the emission of the pulse and its
detection through the reflected signal. A pulse can have several returns
depending on the objects it detects until it reaches the ground. In
addition to this information, the LiDAR sensor also classifies each pulse
of each object with which it has bounced, according to one of the classes
defined in the Accuracy Standards for Digital Geospatial Data. Each
LiDAR point contains the following information: intensity; number of
returns; classification of points; edge of the flight line; RGB; GPS time;
scan angle; and scan direction. The ICGC provides the LiDAR sheets
already classified in the following way in its web portal for downloading
data: 0 = never classified; 1 = not assigned; 2 = ground; 3 = low
vegetation; 4 = medium vegetation; 5 = high vegetation; 6 = building; 7
= low point; 8 = model key points; 9 = water; 10 =rail; 11 =road; 12 =
reserved; 13 = cable protector; 14 = cable conductor; 15 = transmission
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tower; 16 = cable structure connector; 17 = bridge platform; 18 = high
noise; 19-63 = reserved; and 64-255 = defined by the user; (b) The
parcels from the cadastral cartography. The General Directorate of
Cadastre offers the possibility of downloading cadastral cartography for
free at a scale of 1:5000. In the present case, we used the urban cadastre
with continuity to the urban grid (Sede Electronica del Catastro, 2018);
and (c) The Urban Map of Catalonia (MUC, 2018) from the Catalan
government to obtain parcels classified as “urban green space system”.

2.3. Methods

In this section, we describe the procedure followed for the prepara-
tion of the maps of the percentage of CFC from the cadastral parcels, and
Moran’s index, so that any researcher who has LiDAR data can replicate
it. Each researcher should adapt the methodology to the characteristics
of the data according to the available sources.

2.3.1. Process to create the map of the percentage of CFC of the parcels
We used 24 LiDAR files from 2017, and after merging them in a LAS
Dataset, we proceeded to:

1) Filter values to produce a Digital Elevation Model (DEM) (all returns,
by filtering class 2 — ground and 8 — model key points) and to produce
a Digital Surface Model (DSM) (all returns, by filtering 2 — ground, 3
—low vegetation, 4 - medium vegetation, 5 - high vegetation and 8 -
model key points) (Fig. 3).

2) Calculate the difference between DSM and DEM. This resulted in a
Digital Vegetation Model (DVM), where values represent vegetation
height (Fig. 3).

Geoprocessing tools were applied in order to remove extreme values
and vegetation over buildings and swimming pools. As depicted in
Fig. 4, this involved:

a) masking of buildings and swimming pools over the vegetation layer;

b) reclassification to distinguish values below 0 m, from 0 to 25 m
(vegetation cover), and also to distinguish values over 25 m. This
enables the removal of errors in values below 0 and values over 25 m.
Following observation during field work, it was determined that the
trees were not taller than 25 m;

3) Theresulting DVM map was crossed with a cadaster layer using zonal
statistics. Through this we obtained a table with statistical values of
DVM (0-25 m) for each parcel (Fig. 4).

4) Calculation of the Canopy Relief Ratio (CRR) for each cadaster parcel
D,

DEM

Filter classes:
2 - Ground

8 — Model keypoints

(DSM=DEM)
—— %

3 v

/ DSM

24 LIDAR files

(2x2 km)

Filter classes:
2 - Ground
3 —Low vegetation

(2017)

5 — High vegetation

4 — Medium vegetation

\8 — Model keypoints

Fig. 3. Sequencing steps 1 and 2. Creation of the DVM.
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PARCEL

Trees > 0,5 *

CNR

Bush <0,5 m*

Fig. 4. Sequencing steps 3, 4, and 5. Creation of tree and shrub maps.

DVM_G
Zonal statistics 10-20 Moderate
20-35 High
JRnCEL >35 Very high
(spv) « 100 @GS
stp

Fig. 5. Sequencing steps 6, 7, and 8. Creation of the percentage map of CFC of cadastral parcels.

H — Hmi
CRR = ‘med mtin7 a

e Hmed - is the mean height vegetation
e Hmin — is the minimum height
e Hmax - is the maximum height,

Which defines the horizontal structure of vegetation. The result in-
dicates whether, in each parcel, there is more bush surface or more trees,
i.e. more values below 0.5 m (bush) or above 0.5 m (trees) (Fig. 4).

When we calculated the CRR, we found that Matadepera pre-
dominates, especially the woodland. For this reason, this paper is
focused on analysing this coverage. Different studies indicate that
studying this coverage, requires data from 4 m (Price & Gordon, 2016).
Therefore, the DVM values must be reclassified to work with tree data
encompassing heights of 4-25 m (Fig. 5).

5) We used zonal statistics to obtain a table where, for each parcel, we
have the statistics of the values of DVM that overlap with parcels.
Then we calculated CFC (2).

spv)*100

CFC= ( 2)
stp

where.

e Spv - are vegetation surfaces
e stp — is the total surface of the parcel;

That is to say, the proportion of soil covered by the vertical projec-
tion of the crown of the trees (Fig. 5).

6) We reclassified all percentage values to obtain a map ranging from
low (value 1) to very high priority (value 4) of intervention, taking
into account that more than 35% of cover is high risk (according to
the technical conditions presented in decree law 123/2005 of June
14th and 5/2003 law of April 22nd of 2003 (DECRETO 123/2005),
‘En la franja de proteccién el estrato arbéreo se tratara de manera que
la fraccién de cabida de cubierta del arbolado no supere el 35%’ (‘In
the protection strip the arboreal stratum shall be treated in such a
way that the wood-covered housing fraction does not exceed 35%’.))
(Fig. 5).

We removed the parcels of the cadaster classified according to the
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Fig. 6. Sequencing step 9. Elimination the parcels of Urban Green Space System Planning with a large percentage of CFC-covered parcels. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Bl Green spaces

Cadaster
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(< 10%)

(11-20%)
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Bl G- 75%)

W - 5%
.

Fig. 7. Grid 5 x 5 m and percentage of CFC in each cell.

UMC for Urban Green Space System Planning, to avoid having a large
percentage of CFC-covered parcels over a large area, which would
contain a very high CFC variability (Fig. 6). Fig. 7 shows the percentage
of variety within a single parcel, captured by dividing the territory into a
grid of 5 x 5 m, and assigning a percentage to each cell.

7) We symbolize the resulting map in graduated colours to obtain the
priority map.

Defining the intervals in the preparation of the prioritisation map is a
controversial factor. The information that the map transmits depends on
the definition and the number of intervals. The criterion that justified
the classification is the decree law 123/2005 of June 14th and law 5/
2003 of April 22nd (DECRETO 123/2005), which establish that the CFC
should not exceed 35%. For this reason, a CFC above 35% established a
very high prioritisation. Thus, the established intervals have been

<10%, 10-20%, 21-35% and >35%. To allow for differentiation of the
CFC above 35%, a new reclassification of intervals was made: <10%,
10-20%, 21-35%, 36-50%, 51-75% and >75%.

2.3.2. Process for preparing the Moran’s index map

Several studies have applied statistical indices of spatial, or even
spatial and temporal autocorrelation, to study the concentration or
scatter of a quantitative variable related to forest fires (Chou, Salazar,
Power, & Dezzani, 1990; Pérez-Verdin, Marquez-Linares, Cortés-Ortiz,
& Salmeron-Macias, 2010; Barreal & Loureiro, 2015). With the purpose
of analysing the spatial autocorrelation between the horizontal vegeta-
tion structures of the cadastral parcels (CFC), we worked with two
indices, one global and the other local, based on Moran’s statistics
(Anselin, 1995; Goodchild, 1986; Griffith, 1987; Moran, 1950). There
are other statistical indices to study spatial patterns, such as Geary’s C
(1954), or the G of Geary’s C (1992); however, Moran’s index has been
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Fig. 8. a) Priority map of the interventions, according to percentage of CFC at intervals of <10%, 10-20%, 21-35%, and >35%. b) Map of the percentage of CFC at

intervals of <10%, 10-20%, 21-35%, 36-50%, 51-75%, and >75%.

the most used method to measure spatial dependence based on the lo-
cations and values of the next units. The Global Moran’s I indicates
whether the values analysed follow a pattern. In this sense, we can
mention three types of spatial autocorrelation, namely: (1) Negative (or
dispersed): very close areas have very different CFC values, i.e., a parcel
with high values is surrounded by others with low values, or vice versa.
In this case, the result of Moran’s index will be negative; (2) Positive (or
grouped): very close areas have similar CFC values (high or low), i.e., a
parcel with high or low values, surrounded by others with high or low
values. In this case, the result of Moran’s index will be positive; and (3)
Random: similar values are not found (high or low) nearby, nor an
alternation between high and low values. In this case, the result of
Moran’s index will be zero (GeoDa, n.d).

Anselin Local Moran’s I is complementary to the analysis presented
previously, and is designed to calculate the spatial autocorrelation for
each unit (parcels, in our case) within a subset and present a visual by
map. It is important to point out that this index is part of the Local In-
dicators of Spatial Analysis (LISA) (Anselin, 1995). This index will also
identify whether the parcels follow a cluster or dispersion pattern and
distinguishes between: a statistically significant cluster of high values; a
cluster of low values; an outlier in which a high value is surrounded
primarily by low values; and an outlier in which a low value is sur-
rounded primarily by high values. A high positive local Moran’s I value
implies that the location under study has high or low values similar to its
neighbours, thus the locations are spatial clusters. Spatial clusters
include high-high clusters (high values in a high value neighbourhood)
and low-low clusters (low values in a low-value neighbourhood). A high
negative local Moran’s I value means that the location under study is a
spatial outlier. Spatial outliers are those values that are obviously
different from the values of their surrounding locations (Lalor & Zhang,
2001; Zhang, Yan, & Chen, 2006).

Another way to visualise the results of spatial autocorrelation is
using graphs (scatter diagram, parallel coordinate graph, or cartogram).
For the present study, the scatter diagram best adapted to the repre-
sentation of the results, specifically the univariate Moran’s scatter. This
graph shows the normalised values of each parcel of the variable under

study in the X axis (CFC), whereas, the Y axis shows the spatial delay
(average value of the standardised CFC of a parcel with respect to all its
neighbours) (Sanchez, 2008). The resulting graph shows: a regression
line, with the value of the global Moran’s index statistics (plus angle,
plus correlation), and four quadrants in which Moran’s autocorrelations
of each parcel are marked (top right: high value surrounded by high
values; bottom right: high value surrounded by low values; bottom left:
low values surrounded by low values; and top left: low value surrounded
by high values).

Finally, it is worth mentioning that, for the calculation of the indices,
a spatial weights matrix is necessary to determine the contiguity of the
different parcel of the study area. In this sense, different types of
matrices can be generated according to the specifications of each study
(contiguity, proximity, flows, etc.). For the present analysis, we created
a matrix based on distances between centroids. Specifically, we
considered widths of 100 and 150 m, although the minimum threshold
to have a neighbour in all urban parcels of Matadepera was 75.8 m. The
threshold was extended to 100 and 150 m, because, with the minimum,
some parcels remained with no contiguity (Sanchez & Chasco, 2017of
the local index (final prioritisation map), we prepared a new map in
order to add a prioritisation value at 50 m from the external urban
parcels of the cadastre. The following steps were followed to generate
this new layer: (1) Creation of a buffer of 50 m from the perimeter of all
the external urban parcels, which contained the percentage of forest
cover as an attribute. In this way, the state of the cover of the territory
bordering the external parcels of the urban continuum was taken into
account, information that was not included in the first map. It is
important to point out that the buffer limit of 50 m was determined
because the strip of perimeter protection of urbanisations against forest
fires determined by the Catalan government was 25 m (Llei). It was very
important to take into account the state of the area adjacent to the
exterior parcels. This way, this strip was extended up to 50 m. This
buffer can be adapted to the current legislation of the region where it is
applied; and (2) Assignment of the corresponding value of prioritisation
(CFC) to the new layer with the buffer of 50 m.

With the previously generated layer, we used the GeoDa software to
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Table 1
Prioritisation of the interventions, according to the percentage of CFC at in-
tervals of <10%, 10-20%, 21-35%, and >35%.

% Priority % parcels % surface

<10 Low 8.2 3.7

10-20 Moderate 15.9 10.4

21-35 High 23.4 21.5

>35 Very high 52.5 64.5
Table 2

Prioritisation of the interventions, according to percentage of CFC at intervals of
<10%, 10-20%, 21-35%, 36-50%, 51-75%, and >75%.

% % parcels % Surface
<10 8.2 3.7
10-20 15.9 10.4
21-35 23.4 21.5
36-50 21.8 24.1
51-75 20.2 27.0

>75 10.5 13.4

create the spatial weights matrix with the characteristics previously
mentioned. Next, we made the calculations to generate the scatter dia-
gram and evaluate Moran’s indexes (global and local) using the GeoDa
software (univariate Moran scatter parcel) (GeoDa, n.d.). When
executing it, we included the spatial weights matrix previously gener-
ated (100 m) and the CFC values as variable X. This process was repeated
with the 150-m matrix to detect whether the spatial autocorrelation
underwent changes as significant as when extending from 75.8 to 100 m.

3. Results and discussion

The results of the present study are presented in two different parts:
(a) the map of the percentage of CFC, which provides information about
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prioritisation of the interventions in the parcels; and (b) statistical
analysis based on Moran’s index.

3.1. Map of CFC percentage

The first result obtained was the map of the percentage of forest
cover for each parcel, once the parcels of the urban green space system
were excluded. The map shows the parcels in four prioritisation cate-
gories in a hierarchical way, namely: low (<10%); moderate (10-20%);
high (21-35%); and very high (>35%) (Fig. 8a). The result indicated
that more than half of the parcels (52.5%) had more than 35% of their
area covered by CFC, with 64.5% of the total area of all the parcels
(Table 1). This classification establishes that, as maximum prioritisation,
CFC should not exceed 35%.

With a classification at six intervals, Fig. 8b and Table 2 shows a
more homogeneous distribution of the percentage of the parcels and the
areas. In addition, it allowed valuing the percentage of parcels and area
of each of the intervals above 35% (36-50%, 51-75%, and >75%).

These maps, which should be used as complementary material, are
very useful for municipal management by establishing a prioritisation in
the requirements to the owners, who should carry out the necessary
actions to reduce fuel load. Although the utility is unquestionable, the
big handicap is that the assignment of prioritisation to each parcel does
not take into account the percentage of CFC of the neighbouring parcels.
A high-priority parcel is more vulnerable if the neighbouring parcels
also have high-priority. This way, it is necessary to calculate Moran’s
index.

3.2. Moran’s index

The calculation of Moran’s index allowed obtaining the following
results: (1) Moran’s global index confirmed that CFC values of the urban
parcels in Matadepera exhibited a significant positive spatial autocor-
relation, both with the 100-m and the 150-m matrices. Specifically, for

[ Not significant (3911)
Bl High-High (554)
I Low-Low (1483)
B Low-High (626)
[ High-Low (434)

[ Not significant (2935)
- High-High (935)
W Low-Low (1643)
- Low-High (988)
[ High-Low (507)

Fig. 9. a) Priority map of the interventions, according to Moran’s index (100-m weight matrix); b) Priority map of the interventions, according to Moran’s index

(150-m weight matrix).
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Table 3
Percentage of parcels and their total area, according to Moran’s index with the
100-m weight matrix.

Cluster Type % parcels % surface

Not Significant 55.8 60.5

High-High Cluster 7.9 7.6

High-Low Outlier 6.2 17.9

Low-High Outlier 8.9 11.3

Low-Low Cluster 21.2 2.7
Table 4

Percentage of parcels and their total area, according to Moran’s index with the
150-m weight matrix.

Cluster Type % parcels % surface
Not Significant 41.9 44.6
High-High Cluster 13.4 12.5
High-Low Outlier 7.2 21.3
Low-High Outlier 14.1 18.0
Low-Low Cluster 23.4 3.6

the 100-m matrix, the results were: Moran’s index = 0.0865; z-score:
26.97; and p < 0.01; whereas for the 150-m matrix the results were
Moran’s = 0.0853; z-score = 39.81; p < 0.01. It is worth noting that the
z-value was far from 0 (26.97 and 39.81, respectively), which indicated
that there was sufficient statistical evidence to reject the randomisation
hypothesis. There was less than 1% likelihood that this clustered pattern
could be the result of random chance; (2) The local Moran’s index
allowed knowing the prioritisation of the interventions in each parcel,
according to their percentage of CFC and those that surrounded them. In
this way, High-High parcels were those that had high CFC values, as well
as the parcels around them. High-Low parcels had high values, but were
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surrounded by Low parcels. Low-Low parcels had low values, as well as
the parcels around them. Finally, the Low-High parcels had low values,
but were surrounded by High parcels. The calculation of the local
Moran’s index was also obtained using the 100- and 150-m matrices
(Fig. 9). In this sense, it could be observed that, with 150 m, there were
less “not significant” parcels than in 100-m parcels. Some parcels ob-
tained a significant local Moran’s index value by having a wider inclu-
sion radius.

The results of frequency between the two classifications (Tables 3
and 4) did not indicate significant differences. The largest percentage of
the parcels and areas were found in the ‘not significant’ cluster, which
indicated that most of the parcels were not affected by their neighbours.
The parcels to be taken into account for their prioritisation were those
that had high values of CFC, as well as their neighbours. They repre-
sented 7.9% of the parcels in the case of Moran’s map with the 100-m
weight matrix, and 13.4% with the 150-wt matrix, which represented
7.6% and 12.5% of the total area of the parcels, respectively. In addition,
6.2 and 7.2% of the parcels, respectively, had high CFC values, and their
neighbours had low values, representing 17.9 and 21.3% of the total
area, respectively. The results of Moran’s index are shown in the maps of
Fig. 9, which complement the maps of Fig. 8.

The Moran’s scatter diagrams (Figs. 10 and 11) confirmed that there
was a spatial correlation between the CFC values of the urban parcels in
Matadepera, given that all the values were around the regression line. If
the results of the diagram made with the 100- and 150-m weight matrix
are compared, it can be seen that there was a greater autocorrelation in
the second, given that there was no parcel above 1.2 CFC stand-
ardisation due to the fact of having a greater number of neighbours.

4. Conclusions

The present study demonstrated the great potential of the data

Moran’s I: 0.0865193
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Fig. 10. Moran’s scatter diagram, according to 100-m weight matrix for the urban parcels in Matadepera, with an example that illustrates each typology.
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Fig. 11. Moran’s scatter diagram, according to 150-m weight matrix for the
urban parcels in Matadepera.

obtained with the LiDAR technology. The results indicated the advan-
tages of using these data in the production of maps to support the
decision-making process. It can be stated that this is an effective tool for
the prevention of fires in WUI at municipal level due to the large spatial
resolution. The study generated two types of cartography, namely: (1)
Maps of the percentage of CFCs in each parcel: these maps were a first
approximation to the state of the parcels in the municipality, based on
the percentage of CFC. With this information, it is possible to affirm the
first hypothesis. There were differences in the percentage of forest cover,
which allowed establishing a hierarchy in the prioritisation at the time
of making requirements to the owners in order to reduce the fuel load.
This becomes a very valuable support tool for the decision-making
process; and (2) Map of Moran’s index: it allowed adjusting the previ-
ous map when taking into consideration the state of the neighbouring
parcels. The results allowed accepting the hypothesis that there was a
positive spatial autocorrelation, i.e., there was a concentration of parcels
that required a priority intervention, because they had high CFC values,
as well as the parcels around them. This map is a precedent for the
application of Moran’s index in order to elaborate a prioritisation map of
the parcels. The maps obtained are complementary and provides
actionable information for local administration and the technicians who
manage the prevention of forest fires. Contacts with the local adminis-
tration have allowed verifying the value of this cartography and the
interest in its application. They have used this cartography in the first
detection of the state of the parcels, which allowed a subsequent more
personalised diagnosis process. Therefore, the great potential of the
LiDAR data for prevention planning in the WUI is unquestionable. Once
the prioritisation is established, an information process is necessary to
make an orderly and planned intervention based on forest management
of the parcels in order to avoid the destruction of the entire forest cover.
The knowledge gained in this study can help policy makers but also, the
methodology, can be applied to other case studies. This work has
allowed systematising the procedure for obtaining and processing
LiDAR data for the municipal management of fire prevention in the WUL.
In this way, it is possible to replicate this work in other areas of study,
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which makes it a precedent for further studies. While the study and the
interest aroused by the administration is an advance in the municipal
management of fire prevention in the WUI, it can never be the only
method to be taken into account in the decision-making process. The
biggest drawback, once some errors of the collection and processing of
the original data have been overcome, was the result of the temporal
resolution of these images.

One of the aspects to consider in the prevention of forest fires in the
WUI is the state of the undergrowth, since it is the focus from which
many of the ignitions begin. Currently, this type of cover is being worked
to complement decision-making in the prioritisation of interventions in
urban parcels.

Acknowledgements

This research has been carried out under the projects: Secretaria de
Estado de Investigacion, Desarrollo e Innovacién, Gobierno de Espana
(CS02015-65257-R). Agencia de Gestio d’Ajuts Universitaris i de
Recerca, Generalitat de Catalunya (AGAUR-2017 SGR-00343).

References

Anselin, L. (1995). Local Indicators of spatial association—LISA. Geographical Analysis,
27(2), 93-115.

AVila-Flores, D. Y., Pompa-Garcia, M., & Vargas-Pérez, E. (2010). Spatial analysis of
forest fire occurrence in the state of Durango. Revista Chapingo Serie Ciencias
Forestales y del Ambiente, 16(2), 253-260.

Badia, A., Pallares-Barbera, M., Valldeperas, N., & Gisbert, M. (2019). Wildfires in the
wildland-urban interface in Catalonia: Vulnerability analysis based on land use and
land cover change. The Science of the Total Environment, 673(10), 184-196. https://
doi.org/10.1016/j.scitotenv.2019.04.012.

Badia, A., Pelachs, A., Vera, A., Tulla, A. F., & Soriano, J. M. (2014). Cambios en los usos
y cubiertas del suelo y los efectos en la vulnerabilidad en las comarcas de montana
de Cataluna. Del rol del fuego como herramienta de gestién a los incendios como
amenaza. [Land use and land cover change and the effects on vulnerability in the
mountain regions of Catalonia. The role of fire as a management tool to fires as a
threat.]. Pirineos. Revista de Ecologia de Montana., 169. https://doi.org/10.3989/
Pirineos.2014.169001.

Badia, A., Serra, P., & Modugno, S. (2011). Identifying dynamics of fire ignition
probabilities in two representative Mediterranean Wildland Urban Interface areas.
Applied Geography, 31, 930-940. https://doi.org/10.1016/j.apgeog.2011.01.016.

Badia, A., & Valledeperas, N. (2015). El valor histérico y estético del paisaje: Claves para
entender la vulnerabilidad de la interfaz urbano-forestal frente a los incendios. [The
historical and aesthetic value of the landscape: Keys to understanding the
vulnerability of forest fires in the wildland-urban-interface]. Scripta nova. Revista
Electrénica de Geografia y Ciencias Sociales, XIX(521).

Barreal, J., & Loureiro, M. L. (2015). Modelling spartial patterns and temporal trens of
wildfires in galicia (NW Spain). Forest Systems, 24(2). https://doi.org/10.5424/fs/
2015242-05713. e-022.

Butler, C. P. (1976). The urban\wildland fire interface. Fireline.

Butsic, V., Kelly, M., & Moritz, M. A. (2015). Land use and wildfire: A review of local
interactions and teleconnections. Land, 4, 140-156. https://doi.org/10.3390/
1land4010140.

Caballero, D. (2017). Wildland Urban Interface Fires In The Mediterranean Area. AF3 forest
fire models workshop. Meteogrid: Instituto Superiore Antincendi — Rome, 22nd June
2017.

Caballero, D., Beltrdn, I., & Velasco, A. (2007). Forest fires and wildland urban interface in
Spain: Types and risk distribution. Wildfire 2007.

Castellnou, M. (2018). Definition of strategic management locations in Catalan massifs. I
Forum on Catalan Wildfire Research. Barcelona: Pau Costa Foundation, 6th November
2018, UPC https://lessonsonfire.eu/en/document/video-playlist-forum-catalan
-wildfire-research.

Castellnou, M., Rodriguez, L., & Miralles, M. (2005). El problema de las urbanizaciones y el
fuego forestal. Aportaciones desde la experiencia en Cataluna durante la campana forestal
del 2003 [The problem of urbanizations and forest fire. Contributions from the
experience in Catalonia during the 2003 forest campaign] (pp. 9-11). Barcelona: Pau
Costa Foundation. Mayo 2005.

Champ, P. A., Donovan, G. H., & Barth, C. M. (2013). Living in a tinderbox: Wildfire risk
perceptions and mitigating behaviours. International Journal of Wildland Fire, 22,
832-840. https://doi.org/10.1071/WF12093. CSIRO PUBLISHING.

Chas-Amil, M. L., Touza, J., & Garcia-Martinez, E. (2013). Forest fires in the wildland
urban interface: A spatial analysis of forest fragmentation and human impacts.
Applied Geography, 43, 127-137.

Chou, Y. H., Salazar, L. A., Power, J. D., & Dezzani, R. J. (1990). Spatial autocorrelation
of wildfire distribution in the idyllwild quadrangle, san jacinto mountain, California.
Photogrammetric Engineering & Remote Sensing, 56(11), 1507-15013.

Cortnet, H. J., Gardner, F. D., & Taylor, J. G. (1990). Fire hazards at the urban-wildland
interface: What the public expects. Enviro 1 M t, 14(1), 57-62.
https://doi.org/10.1007/BF02394019.



http://refhub.elsevier.com/S0143-6228(19)30661-7/sref1
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref1
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref2
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref2
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref2
https://doi.org/10.1016/j.scitotenv.2019.04.012
https://doi.org/10.1016/j.scitotenv.2019.04.012
https://doi.org/10.3989/Pirineos.2014.169001
https://doi.org/10.3989/Pirineos.2014.169001
https://doi.org/10.1016/j.apgeog.2011.01.016
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref6
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref6
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref6
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref6
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref6
https://doi.org/10.5424/fs/2015242-05713
https://doi.org/10.5424/fs/2015242-05713
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref8
https://doi.org/10.3390/land4010140
https://doi.org/10.3390/land4010140
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref10
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref10
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref10
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref11
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref11
https://lessonsonfire.eu/en/document/video-playlist-forum-catalan-wildfire-research
https://lessonsonfire.eu/en/document/video-playlist-forum-catalan-wildfire-research
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref13
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref13
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref13
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref13
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref13
https://doi.org/10.1071/WF12093
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref15
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref15
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref15
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref16
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref16
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref16
https://doi.org/10.1007/BF02394019

A. Badia and M. Gisbert

Costa, P., Castellnou, M., Larranaga, A., Miralles, M., & Kraus, D. (2009). La prevencio dels
Grans Incendis Forestals adaptada a 'Incendi Tipus. [The prevention of Great the Forest
Fires adapted to the Fires Type]. FireParadox, EFI, Unitat Tecnica del GRAF. Bombers de
la Generalitat de Catlanya. Departament d’Interior. Generalitat de Catalunya.

Davis, J. B. (1990). The wildland-urban interface: Paradise or battleground? Journal of
Forestry, 88(1), 26-31.

DECRETO 123/2005, de 14 de juny, de mesures de prevencié dels incendis forestals en
les urbanitzacions sense continuitat immediata amb la trama urbana. [Preventive
measures of forest fires in urban areas without immediate continuity with the urban
plot].

Dennison, P. E., Fryer, G. K., & Cova, T. J. (2014). Identification of firefighter safety
zones using lidar. Environmental Modelling & Software, 59, 91-97. http://www.scienc
edirect.com/science/article/pii/S1364815214001480. (Accessed 23 April 2019).

Edson, C., & Wing, M. G. (2011). Airborne light detection and ranging (LiDAR) for
individual tree stem location, height, and biomass measurements. Remote Sensing, 3,
2494-2528. https://doi.org/10.3390/rs3112494.

Galiana, L., Herrero, G., & Solana, J. (2011). A wildland-urban interface typology for
forest fire risk management in mediterranean areas. Landscape Research, 36(2).
https://doi.org/10.1080/01426397.2010.549218.

Geary, R. C. (1954). The contiguity ratio and statistical mapping. Incorp Stat, 5, 115-145.

GeoDa, n.d. An introduction to spatial data analysis. Global spatial autocorrelation (1)
moran scatter plot and spatial correlogram. [Verified 23/04/2019].

Gonzdlez-Olabarria, J. R., Rodriguez, F., Fernandez-Landa, A., & Mola-Yudegoef, B.
(2012). Mapping fire risk in the Model Forest of Urbién (Spain) based on airborne
LiDAR measurements. Forest Ecology and Management, 282(15), 149-156.

Goodchild, M. F. (1986). Spatial autocorrelation. Catmog (Vol. 47). Geo Books.

Griffith, D. (1987). Spatial autocorrelation: A primer. Resource Publications in Geography,
Association of American Geographers, 1987.

Hawbaker, T. J., Keuler, N. S., Lesak, A. A., Gobakken, T., Contrucci, K., & Radeloff, V. C.
(2009). Improved estimates of forest vegetation structure and biomass with a LIDAR-
optimized sampling design. Journal of Geophysical Research. https://doi.org/
10.1029/2008JG000870.

ICGC. (2018). Institut cartografic i geologic de Catalunya [geological and cartographic
institute of Catalonia]. http://www.icgc.cat/Administracio-i-empresa/Descarregue
s/Elevacions/Dades-lidar. (Accessed 23 April 2019).

Jakubowski, M. K., Guo, Q., Collins, B., Stephens, S., & Kelly, M. (2013). Predicting
surface fuel models and fuel metrics using LiDAR and CIR imagery in a dense,
mountainous forest. Photogrammetric Engineering & Remote Sensing, 79, 37-49.

Kalivas, D. P., Kollias, V. J., & Apostolidis, E. H. (2011). Evaluation of three spatial
interpolation methods to estimate forest volume in the municipal forest of the Greek
island Skyros. Geo-Spatial Information Science, 16(2), 100-112. https://doi.org/
10.1080/10095020.2013.766398.

Kramer, H. A., Collins, B. M., Kelly, M., & Stephens, S. L. (2014). Quantifying ladder fuels:
A new approach using LiDAR (Vol. 5, pp. 1432-1453). https://doi.org/10.3390/
f5061432.

Lalor, G., & Zhang, C. S. (2001). Multivariate outlier detection and remediation in
geochemical databases. The Science of the Total Environment, 281, 99-109.

Lanorte, A., Danese, M., Lasaponara, R., & Murgante, B. (2013). Multiscale mapping of
burn area and severity using multisensor satellite data and spatial autocorrelation
analysis. International Journal of Applied Earth Observation and Geoinformation, 20,
42-51. https://doi.org/10.1016/j.jag.2011.09.005.

Llei 5/2003, de 22 d’abril, de mesures de prevencié dels incendis forestals en les
urbanitzacions, els nuclis de poblaci6, les edificacions i les instal-lacions situats en
terrenys forestals. [Measures to prevent forest fires in urban areas, settlements,
buildings and facilities located in forest lands].

McNamara, D. (2006). Extracting building footprints from LiDAR and aerial imagery in
the wildland-urban interface. In ‘NW GIS conference 2006, GIS: Visualizing our past,
present, and future’, 13-15 september 2006, spokane, WA. Available at: http://gis.
cdatribe-nsn.gov/projects/lidarbuilding.aspx. (Accessed 23 April 2019).

Mell, W. E., Manzello, S. L., Maranghides, A., Butry, D., & Rehm, R. G. (2010). The
Wildland-Urban Interface fire problem - current approaches and research needs.
International Journal of Wildland Fire, 19(2), 238-251.

Modugno, S., Balzter, H., Cole, B., & Borrelli, P. (2016). Mapping regional patterns of
large forest fires in Wildland-Urban-Interface areas in Europe. Journal of

1 M t, 172, 112-126. https://doi.org/10.1016/j.

EllVil C
jenvman.2016.02.013.

Moran, P. A. P. (1950). Notes on continuous stochastic phenomena. Biometrika, 37,
17-23.

MUC. (2018). Mapa Urbanitic de Catalunya [Urban Map of Catalonia]. http://territori.
gencat.cat/ca/06_territori_i_urbanisme/observatori_territori/mapa_urbanistic_de_cat
alunya/. (Accessed 23 April 2019).

Nunes, A. N., Lourenco, L., & Castro Meira, A. C. (2016). Exploring spatial patterns and
drivers of forest fires in Portugal (1980-2014). The Science of the Total Environment,
573, 1190-1202. https://doi.org/10.1016/j.scitotenv.2016.03.121.

Pérez-Verdin, G., Marquez-Linares, M., Cortés-Ortiz, A., & Salmer6én-Macias, M. (2010).
Analisis espacial de la ocurrencia de incendios forestales en el estado de Durango.

10

Applied Geography 114 (2020) 102134

[Occurrence Spatial analysis of forest fires in the state of Durango]. Revista Hapingo,
Serie Ciencias Forestales y del Ambiente, 16(2), 253-260.

Picos, J., Castellnou, M., & Salgueiro, J. (2018). Cooperacion transfronteriza en la
prevencion y extincion de incendios forestales en el Eixo Atlantico. [Cross-border
cooperation in the prevention and extinction of forest fires in the Eixo Atlantico]. In
Cuadernos de Cooperacion del Eixo Atlantico. Unioén Europea FEDER y Interreg
Espana-Portugal, 112.

Price, O. F., & Gordon, C. E. (2016). The potential for LiDAR technology to map fire fuel
hazard over large areas of Australian forest. Journal of Enviro | Manag t,
181(1), 663-673. https://doi.org/10.1016/j.jenvman.2016.08.042.

Radeloff, V. C., Hammer, R. B., Stewart, S. 1., Fried, J. S., Holcomb, S. S., &

Mckeerry, J. F. (2005). The wildland-urban interface in the United States. Ecological
Applications, 15(3), 799-805. https://doi.org/10.1890/04-1413.

Robles, A., Rodriguez, M. A., & Alvarez-Taboada, F. (2016). Characterization of
wildland-urban interfaces using LiDAR data to estimate the risk of wildfire damage.
Revista de Teledeteccién. Spanish Association of Remote Sensing, Special Issue, 45,
57-69. https://doi.org/10.4995/raet.2016.3967.

Rosa, M., & Stow, D. A. (2014). Mapping fuels at the wildland-urban interface using
colour ortho-images and LiDAR data. Geocarto International, 29(5), 570-588. https://
doi.org/10.1080/10106049.2013.819040.

Sanchez, M. (2008). Analisis espacial de datos y turismo: Nuevas técnicas para el analisis
turistico. Una aplicacién al caso Extremeno. [Spatial analysis of data and tourism:
New techniques for tourism analysis. An application to the case of Extremadura].
Revista e Estudios Empresariales. Segunda época. nim., 2, 48-66.

Sanchez, B., & Chasco, C. (2017). Sistemas de Informacion Geografica para el andlisis
socioeconomico. Aplicaciones de los Sistemas de Informacion Geografica y la
Teledeteccion a la Gestion Ambiental. [Geographic Information Systems for socioeconomic
analysis. Applications of Geographic Information Systems and Remote Sensing to
Environmental Management] (pp. 161-180). Avila: Universidad Catélica de Avila.

Skowronski, N. S., Haag, S., Trimble, J., Clark, K. L., Gallagher, M. R., & Lathrop, R. G.
(2015). Structure- level fuel load assessment in the wildland-urban interface: A
fusion of airborne laser scanning and spectral remote-sensing methodologies.
International Journal of Wildland Fire. https://doi.org/10.1071/WF14078.

Stewart, S. I., Radeloff, V. C., Hammer, R. B., & Hawbaker, T. J. (2007). Defining the
wildland—urban interface. Journal of Forestry, 105, 201-207.

Theobald, D. M., & Romme, W. (2007). Expansion of the US wildland-urban interface.
Landscape and Urban Planning, 83(4), 340-354. https://doi.org/10.1016/j.
landurbplan.2007.06.002.

USDA. (2001). Urban wildland interface communities within the vicinity of federal lands that
are at high risk from wildfire (pp. 1-52), 66 Federal Register 753, Doc.

USDA. (2004). Federal register. The daily journal of the United States governement. In
Fish and wildlife service, and national park service, USDI (Vol. 66, p. 753). Forest
Service, USDA; Bureau of Indian Affairs, Bureau of Land Management. No. 3 htt
ps://www.federalregister.gov/documents/2001/01/04/01-52/urban-wildland-int
erface-communities-within-the-vicinity-of-federal-lands-that-are-at-high-risk-from.
(Accessed 23 April 2019).

Utkin, A. B., Lavrov, A. V., Simoes, F., & Vilar, R. (2002). Detection of small forest fires
by lidar. Applied Physics B, 74, 77-83. https://doi.org/10.1007/5003400100772.

Vince, S. W., Duryea, M. L., Macie, E. A., & Hermansen, A. (Eds.). (2005). Forests at the
wildland-urban interface: Conservation and management (p. 293). Boca Raton: CRC
Press.

Weise, D. R., & Wotton, B. M. (2010). Wildland-urban interface fire behavior and fire
modeling in live fuels. International Journal of Wildland Fire, 19, 149-152.

n.d. WUIWATCH. (2017). European Observatory on W-UL Directorale General of
Humanitarian Aid and civil protection - ECHO. European Union https://www.wuiw
atch.org/. (Accessed 23 April 2019)

Yebra, M., Marselis, S., van Dijk, A., Cary, G., & Chen, Y. (2015). Using lidar for forest and
fuel structure mapping: Options, benefits, requirements and costs. Bushfire and Natural
Hazards CRC.

Zhang, K., Yan, J., & Chen, S. C. (2006). Automatic construction of building footprints
from airborne LIDAR data. IEEE Transactions on Geoscience and Remote Sensing, 44(9).
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1677762-. (Accessed 23
April 2019).

Zhao, K., Popescu, S., Meng, X., Pang, Y., & Agca, M. (2011). Characterizing forest
canopy structure with LiDAR composite metrics and machine learning. Remote
Sensing of Environment, 115, 1978-1996.

Zimblea, D. A., Evans, D. L., Carlson, G. C., Parker, R. C., Grabo, S. C., & Gerard, P. D.
(2003). Characterizing vertical forest structure using small-footprint airborne
LiDAR. Remote Sensing of Environment, 87, 171-182. https://doi.org/10.1016/
S0034-4257(03)00139-1.

IDESCAT, (n.d.). Institut d’Estadistica de Catalunya. [Statistic Institute of Catalonia]
https://www.idescat.cat/. [Verified 23/04/2019].

Sede Electrénica del Catastro. (2018). [Electronic site of the cadastre]. Ministerio de
Hacienda, Gobierno de Espana. https://www.sedecatastro.gob.es/. (Accessed 23
April 2019).



http://refhub.elsevier.com/S0143-6228(19)30661-7/sref18
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref18
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref18
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref18
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref19
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref19
http://www.sciencedirect.com/science/article/pii/S1364815214001480
http://www.sciencedirect.com/science/article/pii/S1364815214001480
https://doi.org/10.3390/rs3112494
https://doi.org/10.1080/01426397.2010.549218
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref24
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref27
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref27
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref27
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref28
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref29
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref29
https://doi.org/10.1029/2008JG000870
https://doi.org/10.1029/2008JG000870
http://www.icgc.cat/Administracio-i-empresa/Descarregues/Elevacions/Dades-lidar
http://www.icgc.cat/Administracio-i-empresa/Descarregues/Elevacions/Dades-lidar
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref33
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref33
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref33
https://doi.org/10.1080/10095020.2013.766398
https://doi.org/10.1080/10095020.2013.766398
https://doi.org/10.3390/f5061432
https://doi.org/10.3390/f5061432
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref36
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref36
https://doi.org/10.1016/j.jag.2011.09.005
http://gis.cdatribe-nsn.gov/projects/lidarbuilding.aspx
http://gis.cdatribe-nsn.gov/projects/lidarbuilding.aspx
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref40
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref40
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref40
https://doi.org/10.1016/j.jenvman.2016.02.013
https://doi.org/10.1016/j.jenvman.2016.02.013
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref43
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref43
http://territori.gencat.cat/ca/06_territori_i_urbanisme/observatori_territori/mapa_urbanistic_de_catalunya/
http://territori.gencat.cat/ca/06_territori_i_urbanisme/observatori_territori/mapa_urbanistic_de_catalunya/
http://territori.gencat.cat/ca/06_territori_i_urbanisme/observatori_territori/mapa_urbanistic_de_catalunya/
https://doi.org/10.1016/j.scitotenv.2016.03.121
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref46
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref46
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref46
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref46
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref47
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref47
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref47
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref47
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref47
https://doi.org/10.1016/j.jenvman.2016.08.042
https://doi.org/10.1890/04-1413
https://doi.org/10.4995/raet.2016.3967
https://doi.org/10.1080/10106049.2013.819040
https://doi.org/10.1080/10106049.2013.819040
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref52
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref52
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref52
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref52
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref53
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref53
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref53
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref53
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref53
https://doi.org/10.1071/WF14078
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref56
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref56
https://doi.org/10.1016/j.landurbplan.2007.06.002
https://doi.org/10.1016/j.landurbplan.2007.06.002
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref58
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref58
https://www.federalregister.gov/documents/2001/01/04/01-52/urban-wildland-interface-communities-within-the-vicinity-of-federal-lands-that-are-at-high-risk-from
https://www.federalregister.gov/documents/2001/01/04/01-52/urban-wildland-interface-communities-within-the-vicinity-of-federal-lands-that-are-at-high-risk-from
https://www.federalregister.gov/documents/2001/01/04/01-52/urban-wildland-interface-communities-within-the-vicinity-of-federal-lands-that-are-at-high-risk-from
https://doi.org/10.1007/s003400100772
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref61
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref61
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref61
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref62
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref62
https://www.wuiwatch.org/
https://www.wuiwatch.org/
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref64
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref64
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref64
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1677762-
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref67
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref67
http://refhub.elsevier.com/S0143-6228(19)30661-7/sref67
https://doi.org/10.1016/S0034-4257(03)00139-1
https://doi.org/10.1016/S0034-4257(03)00139-1
https://www.idescat.cat/
https://www.sedecatastro.gob.es/

	LiDAR technology to map forest continuity: A municipality tool to prevent forest fires in a Wildland–Urban interface
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data
	2.3 Methods
	2.3.1 Process to create the map of the percentage of CFC of the parcels
	2.3.2 Process for preparing the Moran’s index map


	3 Results and discussion
	3.1 Map of CFC percentage
	3.2 Moran’s index

	4 Conclusions
	Acknowledgements
	References


