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Abstract: Forest fires are one of the risks with the greatest socio-territorial impact in island
areas with Mediterranean precipitation characteristics. Regions such as the Canary Islands,
densely populated and where there is no clear differentiation between land uses, regularly
suffer major forest fires that devastate a large part of their forest mass and endanger the
lives and property of thousands of people. This paper characterizes the forest fire that
occurred on the island of Tenerife during the month of August 2023—defined as the most
severe in Spain during that year—from a double perspective: on the one hand, analysis of
the exposure and vulnerability of the buildings located in the surroundings of the fire and,
on the other hand, economic quantification of the assets salvaged thanks to the intervention
of the means and resources deployed by the authorities. The conclusion is that the analyzed
buildings exhibit moderate vulnerability and exposure, being high in aspects such as their
poor accessibility, their proximity to forest areas and, specifically, to dangerous fuel models,
as well as the slope of their surroundings and their proximity to ravines. In terms of the
evaluation of what was salvaged, the losses avoided are estimated at EUR 187 million,
which would have been added to the actual losses—EUR 164 million—especially thanks to
the interventions carried out around the nearby buildings and agricultural areas.

Keywords: forest fires; vulnerability; exposure; value of the salvaged; Canary Islands

1. Introduction

Forest fires are very frequent in many geographical areas of the planet, with particular
impact in regions with Mediterranean features where, during the summer, the highest
temperatures of the year coincide with a marked rainfall deficit. This is the case, for example,
in a large part of the Iberian Peninsula, Greece, Southern France, or California [1,2].

A variety of scientific publications highlight how anthropogenic climate change is
altering the distribution and main characteristics of these events. It is suggested that the
altered climatic variables lead to fires with a greater destructive potential [3-5]. Thus,
rising temperatures, changes in rainfall patterns, or the intensification of droughts in
certain areas are the phenomena of particular interest in relation to forest fires. In turn,
some studies mention the relentless increase in human exposure to these events as a
consequence of the urbanization of spaces close to forest masses—or, directly, of the forested
sectors themselves [6,7]. Similarly, it is worth mentioning the transformations that forest
areas and their management have undergone in recent decades, including the progressive
abandonment of traditional uses, ecosystemic changes associated with climate change, the
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replacement of some plant species by others, or the widespread anthropization of these
areas, etc. [8,9].

These factors lead to the occurrence of fires of complex management that find the
right breeding ground in these changes to reach large magnitudes and cause considerable
damage to infrastructure, homes, and natural spaces, as well as to people—affecting their
physical and mental health. These are the forest fires commonly known as sixth generation,
which are extraordinarily violent, and whose energy release is powerful enough to create
their own meteorological conditions that make control tasks difficult or, in some cases,
impossible [10].

Based on these general premises, this paper presents the Canary Islands as the area
of analysis (Figure 1). In this region, although forest fires are by no means a recent phe-
nomenon [11], their intensity has increased in recent years. Despite the subtropical lati-
tudes at which the archipelago is located and other geographical factors that individualize
its situation, the Canary Islands can be considered a territory with eminently Mediter-
ranean environmental characteristics [12]. In the summer season, rainfall is rather scarce
or directly non-existent—with identifying areas with annual precipitation values below
100 mm [13]—and temperatures can be considered warm, with monthly averages above
20 °C throughout the year in wide areas.
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Figure 1. Geographical context of the Canary Islands.

However, as in the rest of these regions with Mediterranean features, most of the Large
Forest Fires (LFFs), that is, >250 hectares, according to the most commonly used threshold
in the Canary Islands, originate under an environment dominated by very dry and warm air
masses which, in the islands, correspond to the advection of Saharan air. These conditions
generate intense heat waves with thermal values that can exceed 35 °C or 40 °C, relative
humidity levels below 20%, and, occasionally, winds with high gustiness [14]. Under these
circumstances, fire development is favored, as it is possible to affirm that more than 90%
of the area affected by fires occurs during very intense heat waves [15] and, likewise, that
a similar percentage of the affected hectares burn during LFFs [16]. In addition, in the
Canary archipelago, there is another relevant circumstance that significantly affects forest
fires: the presence of a subsidence thermal inversion characteristic of this territory [17]. It
usually separates a layer of humid surface air with moderate temperatures from an upper
layer that is noticeably drier and warmer in the first few meters. When a Saharan advection
occurs, the altitude of the thermal inversion drops considerably, causing most of the forest
mass, which often benefits from the coolness under the inversion, to be exposed to a very
hot and extremely dry environment.
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Thus, for example, in the summer of 2007, three LFFs occurred simultaneously on
the islands of Gran Canaria, Tenerife, and La Gomera, which together affected more than
30,000 ha [18]. Since 2000, there have been more than two thousand fire events in the
region that have burned nearly 100,000 ha [19]. Note that the archipelago has about
135,000 ha of tree-covered forest [20], 18% of the total area of the islands, mostly composed
of a xerophytic pine forest whose main species is Pinus canariensis, as well as the humid and
dense laurel forest, found upwind of the trade winds—corresponding to the septentrional
sectors of the most mountainous islands.

In recent years, LFFs have been occurring with greater intensity and affecting more
populated areas. It is likely that there are at least two key factors to be considered in their
evolution; the first is linked to climate change, which is already affecting this region of the
planet and, according to Carrillo et al. [21], is bringing forward the period in which weather
conditions are most favorable for the development of forest fires. Secondly, and probably
with greater incidence, the change in land use that has been registered in the islands since
the last third of the 20th century due to economic tertiarization [22], with the consequent
abandonment of agriculture and forest harvesting activities, should be mentioned. It is
difficult to precisely define where the urbanized area begins and where the forest ends; in
any case, what can be appreciated with certain clarity is a wide transition sector between
the urban centers, which tend to be located on the coasts and in the areas locally known as
“medianfas” (midlands), and the mountain sectors, mainly made up of two types of forest
formations: the laurel forest and the Canary pine forest. The laurel forest is made up of
a wide variety of plant species, including Laurus novocanariensis, Ilex canariensis, and
Persea indica, which have high botanical value. They are located on the windward slopes of
the trade winds of the islands of higher relief, between 600 and 1500 m.a.s.l. (meters above
sea level), with conditions of constant humidity throughout the year [23]. Meanwhile,
the Canary Islands pine forest, where the pyrophyte species Pinus canariensis stands out,
thrives in drier conditions, between 1500 and 2000 m.a.s.l. (windward slopes) and 900 and
2200 m.a.s.l. (leeward slopes).

As a consequence of this increase in the risk of forest fires, in recent years, the adminis-
trations responsible for forest management have significantly reinforced the extinguishing
means, providing them with greater human, material, and financial resources, so that the
Canary Islands are among the Spanish autonomous communities with the highest public
investment in emergence preparedness against forest fires [24]. However, despite this,
fires not only continue to occur, but the most severe have been recorded very recently.
The August 2023 fire incident in Tenerife was defined by experts as one of the first sixth
generation fires in the island history [25] and as the most severe in Spain in 2023 [26].
Tenerife—2034 km?—is the most populated among the Canary Islands—ca. 1 million
inhabitants—and has the largest forest mass. As shown in Figure 2, there have been
other large wildfires—1983 and 2007—that affected considerable areas. Nevertheless, the
2023 fire presented particularly complex characteristics, as it impacted areas near highly
populated regions and affected both the northern and southern slopes of the main ridge
that geographically divides the island, which complicated its control and the distribution
of resources on the ground.

In this context, it is necessary to investigate these events of immense magnitude.
Despite their severity, few papers have dealt with the study of forest fires in the Canary
Islands from a management point of view. In view of the above, this paper has four main
objectives: (1) to characterize, from a geographical perspective, the forest fire that took
place in August 2023 on the island of Tenerife; (2) to analyze the vulnerability and exposure
of the buildings in the urban—forest area affected by the fire; (3) to estimate the value of the
assets salvaged thanks to the response strategy designed; and (4) to propose a methodology
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for the analysis of vulnerability and exposure to forest fires applicable to other areas with
Mediterranean environmental features.

Tenerife in the Canary Islands
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Figure 2. Major forest fires in Tenerife since 1980 [16].

2. Materials and Methods
2.1. Fire Characterization and Management

At around 11:00 p.m. on 15 August 2023, the forest fire analyzed in this paper broke
out in the municipality of Arafo, on the island of Tenerife, in a sector of forest at about
1200 m.a.s.l. The event began after five days of maximum heat wave alert; from August
10 onwards, maximum temperatures close to 40 °C and relative humidity below 20% with
wind gusts above 30 km/h were reached, as recorded at station C438N, located at 463 m
a.s.l. in the neighboring municipality of Candelaria [27]. However, as shown in Figure 3,
the fire started at a time when temperatures and humidity had returned to more usual
values, meaning that the heat wave had ended a day earlier, on 14 August [28]. In any
case, there is no doubt that the dryness of the forest environment during those weeks was a
decisive factor in its development; in fact, the altitude of the base of the subsidence thermal
inversion—which separates in the Canary Islands a layer of lower air, cool and humid,
from a layer of upper air, warmer and drier—did not exceed 600 m.a.s.l. between 11 and
19 August.

In terms of the area affected, which amounted to about 14,878 hectares, or just over 7%
of the total area of the island of Tenerife (2034 km?), this increased considerably between 18
and 21 August, when more than 11,000 hectares were burned as a result of the advance
of the fire towards the northern slope of the island and towards the Teide National Park,
whose surface area reached by the fire was finally around 1000 ha. Out of the island’s
31 municipalities, 11 were affected by the fire, whose final balance consists of nearly
six-thousand damaged plots of land, eleven viewpoints, nine recreational areas, around
450 km of roads—287 of which are trails in the bush area—and nineteen livestock farms,
among other consequences [29]. Approximately 80% of the affected areas corresponded
to wooded forest; 52% of this area was covered by Canary pine forest (Pinus canariensis),
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44% by fayal-brezal (Morella faya and Erica canariensis), fundamentally, and just over 3% by
laurel forest (Laurus, Ocotea). In turn, the unfavorable air quality recorded in up to nineteen
municipalities is significant [30], as well as problems in the water supply in the northern
part of the island [31] and power outages in some localities [32].
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Figure 3. Chronology of the emergency.

More than 13,000 people were evacuated, most of them between 18 and 19 August
because of the advance of the fire during those days in the northern zone. During the
most intense days of the event, the number of resources deployed in the field was around
300 during the day and 350-380 at night. The intervention of approximately two hundred
members of the Military Emergency Unit is also noteworthy [33]. Likewise, more than
twenty aerial means—mostly helicopters— intervened to contribute to the stabilization
of the fire, which officially happened on 24 August—it was not considered under control
until 11 September [34]. At the beginning of October 2023, as a consequence of an intense
heat wave, several reactivations occurred in the northern zone; the most important one
took place in the municipality of Santa Ursula, which resulted in the involvement of about
thirty hectares of land and the evacuation of about three thousand people, causing a house
to burn down [35]. The fire was declared officially extinguished on 10 November [36].

At the management level, both the PLATECA (Territorial Civil Protection Plan of the
Autonomous Community of the Canary Islands) and the INFOCA (Canary Islands Civil
Protection and Emergency Plan for Forest Fires) were activated during the fire. Thus, after
the aforementioned situation of maximum alert for high temperatures declared by the
regional government on 9 August, between the 16th and 27th, the emergency went to Level
2 of INFOCA, that is to say, under the direction of the Government of the Canary Islands.
With the sole exception of 4, 5, and 6 October, due to the aforementioned reactivation,
the emergency remained at Level 1 from 28 August onward, that is, was coordinated by
the Tenerife Island authorities. In early September 2023, the Council of Ministers of the
Government of Spain agreed to declare the area affected by the fire as a Severely Affected
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Area by a Civil Protection Emergency (ZAEPC, for its initials in Spanish), in order to
facilitate access to public aid by affected citizens and institutions [37].

2.2. Diagnosis of Vulnerability and Exposure of Buildings Surrounding the Urban—Forest Interface

The analysis of the Tenerife fire of 2023 is based on a multidimensional method known
as RETEX—Retour d’Expérience, in French—which combines the experience reported by
the people involved in the event with the study of the vulnerabilities and exposure of
the buildings in the urban—forest areas and also with a quantification of the value of the
assets salvaged as a result of the action of the control and extinguishing teams. This
methodology, rarely used in traditional forest fire risk analysis studies, contributes to a
global understanding of the emergency by integrating the different factors involved in the
phenomenon in question [38—40].

In this case, the qualitative data gathered during the fieldwork and interviews with
the protagonists—responsible for the management of the emergency—were validated and
crossed with quantitative records such as the number of people evacuated, the means
deployed, the prevailing weather conditions during the days of the fire, among others.
Both methods are complementary; the qualitative method helps to identify the key factors
of the disaster, while the quantitative method enables the construction of specific indicators
to map the risks—in this case, the event that occurred—and to support public decision
making [39,41].

According to Lagadec and Langlois [40], it is a technique that seeks to search for
all the factors that have intervened in the shaping of a complex event, dissecting the
practices, interactions, and sequences that have shaped the crisis as a whole. Thus, RETEX
presents three main analytical steps [42]: (1) collection of all the information necessary for
an adequate characterization of the event; (2) analysis of the available data to determine
the direct and underlying causes; and (3) extraction of lessons learned from the analysis
to improve future decision making. In this sense, this approach shares certain similarities
with the traditional case study methodology, although it adopts a more practice-oriented
perspective, focused on deriving lessons from a real-life event that has already taken place.

The analysis of vulnerability and exposure of buildings is necessary to identify, evalu-
ate, and spatialize risk, as well as to propose territorial adaptation strategies. As previously
mentioned, the buildings under analysis are those located around the urban—forest inter-
face, defined, in essence, as the area where forest space comes into contact with built-up
areas [43]. In island territories of small size and high population density, such as the Canary
Islands, it is not easy to accurately delimit this area, due to the high degree of urbanization
present in them and the blurred boundary between spaces and land uses.

The area of interest for this study is defined as the intersection—overlapping surface—
between the forested area [44], including the territory within 200 m thereof, and the area
affected by the fire [45], including the 200 m buffer zone (shaded area in Figure 4). Within
this defined area, a total of 967 buildings were present and included in the analysis. Of these,
723 buildings were situated within the 200 m wide zone surrounding both the forested and
affected areas, while 244 buildings were located within the fire perimeter. However, only
approximately 40 of these buildings were directly impacted by the flames, with only one
severely damaged, during the reactivation of the fire that occurred in October.

Direct field inspection was complemented with photo interpretation of the buildings,
given the difficulty of accessing some of them. It should be noted that, prior to conducting
the field work, a sheet was prepared with the criteria considered for the analysis, which are
grouped into five vulnerability and exposure indexes that summarize the data collected, as
indicated below and subsequently shown in Table 1.
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Table 1. Indexes and criteria considered for the evaluation of vulnerability and exposure of buildings

to the risk of forest fires.

VULNERABILITY AND EXPOSURE EVALUATION

CRITERIA
Low Moderate High Very High
0.5) 1 (1.5) ()
STRUCTURAL VULNERABILITY INDEX (SVI)
. Non-flammable (stone, ~Low flammability (e.g., Moderately flammable Highly flammable
Structural material . . (cardboard,
brick, cement, etc.) fireproof woods) (wood, rugs, etc.) .
plastics, etc.)
. Presence of blinds Absence of blinds
Blinds or shutters - -
or shutters or shutters
Age of buildings 2000 or later 1976-1999 1951-1975 1950 or earlier

ACCESSIBILITY EXPOSURE INDEX (AEI)

Type of access road to
the buildings

Bidirectional - One-way

Dead-end

Condition of the access

Good access Acceptable access

Excellent access

Degraded access

r;): g lﬂfxlogrsk road network road network road network road network
Distance between
buildings and <5 min <15 min <30 min >30 min

extinguishing means
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Table 1. Cont.
VULNERABILITY AND EXP! RE EVALUATI
CRITERIA v N osu UATION
Low Moderate High Very High
(0.5) (1) (1.5) (2)
TERRITORIAL EXPOSURE INDEX (TEI)
Buildings located in Buildings located in Buildings located in Buildings located in
Slope of the land areas (radius of 100 m)  areas (radius of 100 m)  areas (radius of 100 m)  areas (radius of 100 m)
P with a slope of 10° with a slope between with a slope between with a slope of more
or less 10° and 15° 15° and 25°. than 25°
Buildings located more Buildings located Buildings located Buildines located less
Proximity to ravines than 200 m from between 100 and 200 m  between 50 and 100 m & .
. . . than 50 m from a ravine
a ravine from a ravine from a ravine

Type of settlement
around the
urban—forest interface

Very dense population

Dense population Dispersed population Isolated population

VEGETATION EXPOSURE INDEX (VEI)

Distance between

buildings and >50 m 30-50 m 10-30 m <10 m
forested areas
Proximity between
buildings and >30 m 10-30 m 2-10m <2m
tree canopies
i;if;ﬁ; t(i)(f 52;;;?(1)2] No pyrophytic No pyrophytic With pyrophytic With pyrophytic
(fuel models with fast vegetation within a vegetation within a vegetation in a radius ~ vegetation within 30 m
radius of 100 m. radius of 50-100 m. of 30-50 m. of the building

and easy propagation).

FIRE-AFFECTED VEGETATION INDEX (FAVI)

Presence of vegetation . P
affected by the fire in No surrounding Aff.ect.ed vegetation Affected vegetation Aff?CtEd vegetation in
L . within a radius of 1 the immediate vicinity
the vicinity vegetation affected within the property 1
a1 200 m of the building
of buildings.

2.2.1. Structural Vulnerability Index (SVI)

This index is based on an assessment of the conditions that increase the vulnerability
of buildings in relation to forest fires: construction materials, age of the building, and the
presence of shutters or blinds.

Firstly, the study of building materials is essential since elements such as stone, con-
crete, or steel offer high fire resistance, while others, such as wood or plastic, are flammable
and therefore tend to increase the vulnerability of the building. Likewise, the presence of
shutters or some types of blinds limits the heating of glass and makes it difficult for flames
to enter the interior of the building [46], considering that windows are the weakest points
of dwellings in the face of fire. Finally, it is estimated that older buildings have a higher
degree of vulnerability because, in general, they are built with less fire-resistant materials,
tend to be more deteriorated, and are not adapted to current safety and risk prevention
regulations. To evaluate the age of the buildings, the date recorded in the Spanish Land
Registry [47] was consulted. In the case of buildings without information in this regard,
this field was completed based on the observation made in situ and, in addition, based on
the age of the nearest buildings, if any.

2.2.2. Accessibility Exposure Index (AEI)

This index, assessed in situ, refers to the analysis of the road network in the vicin-
ity of the building, as well as the distance between the building and the extinguishing
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means. Therefore, it is related to the typology of the road network; bidirectional roads
facilitate rapid interventions, while one-way or dead-end roads complicate access for inter-
vention teams and evacuations [46]. In turn, unobstructed, wide, and paved roads favor
greater agility in response. Finally, the shorter the distance between the buildings and the
extinguishing means, the greater, a priori, the speed of response to the event.

2.2.3. Territorial Exposure Index (TEI)

This is a study of the territorial characteristics—slope, proximity to ravines, and type of
settlement around the urban—forest interface—that increase the exposure of buildings to the
risk of forest fires. Thus, steep slopes make fire response difficult, just as ravines facilitate
the spread of fire due to the vegetation accumulated in them and their inaccessibility.
In terms of settlement, within the area of contact between the forest mass and the built-
up areas, dense housing developments generally present less risk than dispersed and
isolated buildings, whose access is more complex for the means and whose proximities are
usually colonized by more vegetation. The average slope in the vicinity of the building
was calculated from the Digital Elevation Model with 5 m grid spacing offered by the
National Center for Geographic Information (CNIG, for its initials in Spanish) [48]. The ravines
considered were taken from the Tenerife island inventory of watercourses [49], while the
assessment of the type of settlement was carried out in situ.

2.2.4. Vegetation Exposure Index (VEI)

In this case, the distance between buildings and forest areas, the proximity to trees, and
the presence of particularly pyrophytic vegetation in their vicinity are considered. Thus,
the smaller the distance of the buildings from the forest mass, the greater the exposure to
fires [50], especially in cases where the surrounding vegetation burns easily or in buildings
very close to the tree canopy. Regarding the sources consulted for the assessment of this
index, the delimitation of the forest area comes from the Forestry Map of Spain [44]. For its
part, the presence of pyrophytic vegetation is linked to forest fuel models in the Canary
Islands [51]. In this case, the maximum exposure is assigned to buildings located near the
fuel models 6, 7, 8, and 9 proposed by Rothermel [52]. These models include dense thickets
with dry hardwood debris, thickets under 2 m in height, pine forests with flammable
undergrowth, closed coniferous or hardwood forests with compact litter and minimal
undergrowth, and forests with less compact litter, such as longleaf pine forests [53]. High
exposure is associated with Rothermel’s models 4 and 5, which include low thickets that
cover large areas and thickets about two meters tall, as well as densely regenerated or
young repopulated areas. Moderate exposure is linked to models 2 and 3, which involve
dry and/or dead fine herbaceous fuels, as well as model 11, which represents clear or
heavily cleared forests. Finally, lower exposure is attributed to other fuel models that
generally propagate more slowly and are less prevalent in the Canary Islands.

2.2.5. Fire-Affected Vegetation Index (FAVI)

Finally, an evaluation of the vegetation affected by the 2023 fire in the vicinity of the
buildings was included as a control variable. This index, which, unlike the previous ones,
is made up of a single criterion, is justified because the presence of charred vegetation in
the vicinity of buildings represents a reliable indicator of their degree of vulnerability and
exposure; i.e., it condenses all the aspects involved in the characteristics of buildings in
relation to forest fire risk.

Table 1 summarizes the criteria used to evaluate the risk of buildings in forest fires.
As can be seen, each of the thirteen criteria included is scored between 0.5 and 2, with
2 representing the maximum degree of exposure and/or vulnerability.
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Each of the indexes SVI, AEI, TEI, and VEI is built up of 3 criteria, scored between
0.5 and 2. Thus, each index may obtain the values of 1.5 in the best case and 6 in the
worst case. In the case of FAV], since it consists of a single criterion, it fluctuates between
0.5 and 2. Finally, the following global index is obtained, called the Wildfire Risk Building
Vulnerability and Exposure Index (WR-BVEI), with a maximum value of 26:

WR-BVEI = SVI + AEI + TEI + VEI + FAVI

As an example, a house with moderately flammable structural materials (1.5), no
blinds or shutters (2), and built in 1960 (1.5) would score 5 on the SVI. In the AEI, however,
its rating would be 2, as it has a bidirectional access road (0.5) in excellent condition (0.5) and
is located 10 min away from firefighting resources (1). Once all the criteria and subindices
were evaluated using the same logic, the results would be summed to obtain the WR-BVEI
for the house in question.

The index results are grouped into the vulnerability and exposure categories shown in
Table 2:

Table 2. Wildfire Risk Building Vulnerability and Exposure Index (WR-BVEI).

WR-BVEI Value Vulnerability and Exposure Categories
<10 Very low
10-12.5 Low
12.5-15 Moderate
15-17.5 High
>17.5 Very high

Note that the results of the different indexes are grouped into hexagonal grids orig-
inally of 750 m on each side where the values obtained in all the buildings in the area
are averaged. In the maps included in the Results Section, the size of the hexagons is
proportional to the number of buildings included in each of them.

2.3. Assessment of the Value of the Salvaged Assets
2.3.1. Delimitation of Fire Spreading Sectors

According to Moreira et al. [54], the effectiveness of forest fire management policies
should not be evaluated according to the area burned but according to the socio-ecological
damage avoided. Despite this, civil protection services, although considered essential, are
often perceived as an expense rather than an investment [55]. Accordingly, the French
Ecole nationale supérieure des officiers de sapeurs-pompiers (ENSOSP) recommends a better
evaluation of the value of the salvaged in order to adjust fire prevention and firefighting
resources [56]. Therefore, the objective of this approach is to assess the financial and social
benefits of firefighting services, proving their importance in civil protection and making
it possible to communicate in a transparent manner the effectiveness of firefighting and
control interventions to public authorities, the civilian population, and the sources of
funding for emergency services [56].

Consequently, this approach raises the following question: What would have happened in
the absence of the extinguishing services? The notion of the value of the salvaged is thus defined
as “the difference between the hypothetical damage in the event of non-intervention by
firefighting teams and the actual damage observed after the intervention” [56].

The method used to assess the amount of protected property is based on geographical
and topographical assumptions to define different fire spread sectors and thus estimate a
hypothetical extension beyond the actual final perimeter. Specifically, taking as a reference
the different directions and speeds of fire advance, as well as the evolution of the wind—
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direction and intensity—, based on the analysis of the hot spots of the European Forest
Fire Information System—EFFIS—, six spreading sectors were defined as areas potentially
affected by the fire, if the intervention had been ineffective, as shown in the Results section.

As will be explained later, the delineation of the sectors was based on an empirical
analysis of the fire behavior during the days that it remained active. In addition, several
complementary criteria were considered, including the direction and speed of fire spread
from its starting point in the municipality of Arafo, the island’s topography, and land use
distribution, among others. The definition of the sectors was supported by the analysis of
satellite imagery during different phases of the fire, historical wildfire maps since 1980, the
identification of the most hazardous forest fuel models in the Canary Islands context, and
interviews with emergency technicians and civil protection staff involved in managing the
fire. It is important to note that the boundaries of these sectors were adjusted to include
only forested and agricultural land, excluding urban areas, in order to represent regions
with high potential exposure. This territorial segmentation allowed for the structuring of
damage analysis and the subsequent validation of the predictive model.

Subsequently, to assess the extent to which the delineated sectors coincided with the
potential fire spread digitally modeled, a spatial prediction model was developed using
machine learning techniques, specifically the Random Forest algorithm. Random Forest has
been widely used by various authors to model wildfires, and it is one of the most commonly
employed algorithms today [57-59]. The study area was discretized into a regular grid of
100 m resolution cells and projected to the REGCAN95/UTM Zone 28N reference system
EPSG:4083.

Each grid point was characterized by explanatory variables derived from raster and
vector sources. The variables used included average temperature, average relative humidity,
wind speed, and direction—averaged between 21 and 27 August, the last active week of
the fire—terrain slope and aspect, NDVI vegetation index, distance to road networks
and buildings, forested areas, and the presence of hazardous forest fuels (Figure 5). The
target variable was defined as the presence or absence of fire impact, determined by the
intersection of grid points with the official fire perimeter.
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Figure 5. Potential spread according to the model developed and propagation sectors.
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A random sample of 10,000 observations was selected to train a Random Forest model
with 500 trees. Variable importance was examined, and the model was subsequently
validated using a holdout test set (30% of the data) yielding accuracy and AUC values
above 80%, thus confirming its strong predictive capability.

Once trained and validated, the model was applied to all grid points to estimate
the probability of fire impact. Points with a predicted probability greater than 0.5 were
classified as potentially affected. From this subset, a potential fire spread polygon was
constructed using the concaveman algorithm, which generates a non-convex hull adapted to
the spatial distribution of the predicted points.

This approach provided an objective method to compare the empirically delineated
fire spread sectors with the model-based prediction. The observed spatial concordance
between both outcomes reinforces the validity of the delineation criteria and illustrates the
usefulness of integrating local territorial knowledge with machine learning techniques for
wildfire risk analysis.

2.3.2. Estimation of the Economic Value of the Salvaged

Based on the above, the salvaged area is quantified by subtracting the area actually
affected by the fire from the area of each sector. Economic quantification is based on TEV
(Total Economic Value), based on three essential pillars: (1) use value—derived from the
current use of a good or service; (2) non-use value—not associated with current or optional
uses of a good or service; and (3) option value—linked to the value assigned by people to a
good or service based on the possibility of using it at some point in time [60].

Table 3 shows the considered salvaged items—tangible and intangible—as well as the
value assigned to each one.

Table 3. Considered elements for the estimation of the value of the salvaged.

Element

Explanation Value

Forest area

Economic production of forests (wood,
beekeeping, livestock, etc.), excluding recreational EUR 2125/ha
and environmental activities [61]

Investment in forest fire extinction of forest fires, protection of wild flora
emergency preparedness and fauna, creation and maintenance of forest

Public investment for the prevention and
EUR 123/ha

roads, forest research, etc. [24]

Cost per CO, captured. Only the value of live
standing wood is included. It is calculated

CO; capture as follows: EUR 8563 /ha
1.18 tCOy/m> x (ha of conifers salvaged x m? of
conifers per hectare) x market price [24,62,63]
Value of the real estate market in the third quarter
Buildings of 2023, divided by two for buildings smaller than EUR 1679 /m>

40 m2 or of a provisional nature and by four for
sheds and warehouses [64]

Land erosion

Average cost of land lost due to forest fire [65] EUR 5.82/ha

Agricultural production

Average price of agricultural land in the Canary

Islands [66] EUR 83,299 /ha
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Table 3. Cont.

Element

Explanation Value

Infrastructure and land for primary

sector activities

Average price of artificial surfaces used for
primary sector activities, such as agriculture,
livestock, forestry, mining, or fish farming. EUR 2.65/ha
Includes infrastructure and associated land but not
agricultural or livestock plots directly [67]

Average cost of artificial surfaces destined to
non-productive services, such as commerce, hotels,
offices, and leisure, provided they are outside the

Recreational urban fabric and are easily identifiable. Includes EUR 1152.71/ha
recreational parks, amusement parks, zoos, resorts,
and campgrounds [67]
Wood production Average cost of areas upder logging and wood EUR 1.37/ha
processing [67]
Conservation of biological diversity Public investment per hectare for the protection EUR 15.81/ha

and preservation of ecosystems and species [67]

Water supply

Average cost of infrastructure dedicated to water
treatment, purification, storage, and EUR 793.8/ha
distribution [67]

Inevitably, the quantification carried out is based on average values and simplified
assumptions, such as the normalization of housing prices. Similarly, some components of
TEV were not included due to lack of reliable data, potentially underestimating the total
value of preserved areas. In any case, both the layout of the spreading sectors and the value
assigned to each element make up an indicative proposal that is useful for an approximate
quantification of the real and avoided damage of the event. Although other formulas could
have been devised, the estimate of losses made by the Government of the Canary Islands
amounts to EUR 177 million [68], a figure similar to that obtained in this paper based on
the aspects considered, 164 million plus another 10 million corresponding to the operation,
which validates the proposed methodology.

In any case, considering the value per hectare—or per square meter in the case of
buildings—of each of the elements presented, this value was multiplied by the actual
area affected or preserved, resulting in a final figure presented in the Results Section. For
example, as will be detailed later, the value of one hectare of crops is estimated at EUR
83,299/ha. Given that 511,934 ha were preserved, the total value of the preserved area
amounts to EUR 7,238,662, while the actual loss corresponds to EUR 9,497,817, associated
with 109,928 ha affected by the fire.

3. Results
3.1. Building Vulnerability and Exposure Analysis

Out of 967 buildings analyzed, about 13% are located in the altitudinal range
0-750 m.a.s.l., while 37% are located between 750 and 850 m, 13% between 850 and 950 m,
28% between 950 and 1050 m, and, finally, 9% above 1050 m.a.s.1. In order to facilitate the
interpretation of the results, the buildings are grouped into these altitude ranges, differenti-
ating between those located on the windward (north) and leeward (south) slopes of the
island, which represent 78% and 22% of the total number of buildings, respectively. This
disparity between the buildings studied by slope is explained by the greater effect of the
fire on municipalities and population centers in the north of Tenerife.
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3.1.1. Structural Vulnerability Index (SVI) Results

The buildings analyzed average a score of 2.7 out of 6 in the SVI, which points to a
moderate structural vulnerability in relation to materials, age, and the presence of shutters
or blinds in the buildings. This type of vulnerability is higher in buildings located above
1050 m.a.s.1. (slightly above 3), both in the north and in the south, while it tends to be lower
in the lower areas of the south and in some midland sectors of the municipalities on the
northern slope (Figure 6).
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Figure 6. Results of the SVL.

These modest index values are largely explained by the materials used in the buildings.
Thus, around 99% of the constructions studied have non-flammable materials—cement,
stone, brick, etc., while buildings with more flammable materials, such as wood or plas-
tic, are in the minority. In turn, 60% of the buildings have blinds or shutters; there are
proportionally more homes with shutters in the north (62%) than in the south (54%).

In terms of the age of the buildings, around 7% of the total (only 68) date back to 1950
or earlier, while 246 (25%) were built between 1951 and 1975, 425 (44%) between 1976 and
1999, and, finally, 228 (24%) after 1999. Therefore, almost 70% of the buildings analyzed
were built after 1975, which shows the accelerated construction process in the area around
the urban—forest interface. The oldest buildings tend to be located over 950 m.a.s.l. on the
northern slope, remaining scarce in other altitudinal bands, especially in the south. On the
contrary, the most recent constructions—since 1976—are located on the very edge of the
forest mass, only a few hundred meters away from the forest and progressively entering
into spaces formerly occupied by wooded or cultivated areas.

3.1.2. Accessibility Exposure Index (AEI) Results

The buildings included in this study average 3.8 points out of a maximum of 6 in
the AEI A total of 37% of the buildings have an accessibility-related exposure equal to or
higher than 4.5 points, while, in 9% of the buildings, this index registers 5.5 or 6, so that, as
shown in Figure 7, the results are low in many areas.
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Figure 7. Results of the AEL

The criterion relating to the condition of the access road network to buildings averages
1.3 out of 2, which indicates poor road maintenance in the vicinity of the buildings; in
fact, 26% of the roads are considerably deteriorated. The access road network can only be
considered “good” or “excellent” in the vicinity of 37% of the buildings studied. In 49% of
the cases, the access road is bidirectional, with only 4% having no exit. Furthermore, 97%
of these roads are in a poor state of conservation, which results in a high exposure of the
houses located in their surroundings.

Regarding the distance between the buildings and the extinguishing means, 38% of
the buildings are more than 30 min away from them, while only 10% are less than 15 min
away. Thus, around 52% of the buildings considered are located at a temporary distance of
between 15 and 30 min from an installation belonging to the extinguishing units.

3.1.3. Territorial Exposure Index (TEI) Results

The average score recorded for buildings in the TEI is 3.4 out of 6 (Figure 8), with
proximity to ravines as the criterion that averages the highest score (1.2 out of 2). Thus,
the proximity between the buildings and the ravines is remarkable; the average distance is
141 m, with 22% of the constructions less than 50 m from the ravines. In turn, only 9% of
the buildings are separated from the ravines by more than 300 m.

As for the slope of the land within a radius of 100 m around the buildings, the average
slope is 1.1, with an average of 14° within this radius. Twenty-two percent of the buildings
are located in environments with very steep slopes(more than 25°), while 25% are located
in areas with low slopes (less than 10°).

Finally, in terms of the type of settlement around the urban—forest interface in which
the buildings are located, 33% of them are in areas of isolated or dispersed settlement,
while 45% are found in densely populated areas, and the remaining 22% in very densely
urbanized areas.
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Figure 8. Results of the TEL

3.1.4. Vegetation Exposure Index (VEI) Results

The VEI averages 3.3 points, being ostensibly higher in those parts closest to the
forest areas (Figure 9). Twenty-eight percent of the buildings are located less than 50 m
from forest areas, and 49% of the total number of buildings have tree canopies less than
ten meters away; in 80% of the cases, the canopies are located less than thirty meters away.
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Figure 9. Results of the VEL
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The analysis of the presence of potentially pyrophytic vegetation in the surroundings
of the buildings also yields significant results. In total, 53% of the buildings have vegetation
of these characteristics within 30 m, and only 26% do not have these fuel models within
100 m.

3.1.5. Fire-Affected Vegetation Index (FAVI) Results

According to the analysis carried out, 41% of the buildings have no vegetation affected
by the 2023 fire in their surroundings, while, in 31% of the cases, affected specimens are
found within a radius of 200 m (Figure 10). In 22% of the buildings, vegetation was affected
inside the property, while, in 6% of the buildings, it was affected in the immediate vicinity
of the building, indicating the danger to which they were exposed during the event.
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Figure 10. Results of the FAVL

3.1.6. Wildfire Risk Building Vulnerability and Exposure Index (WR-BVEI)

The sum of the intermediate indexes shown above gives an average vulnerability and
exposure of buildings, expressed in the WR-BVEIL, of 14.1 out of a maximum of 26. Within
this general average, there are notable zonal contrasts; only 2.9% of the buildings analyzed
have a very low vulnerability /exposure to forest fire risk (<10). These are generally made
of suitable materials, are of recent construction, have no flammable vegetation in their
surroundings and are in accessible areas that do not contribute to the spread of fire. Both
these constructions and those with a low vulnerability /exposure (10 to 12.5) tend to be
located in population centers of a certain size, as is the case around the main roads of Ravelo
or Aguamansa—in the municipalities of El Sauzal and La Orotava, respectively. In turn,
40.7% of the buildings exhibit a moderate final index from 12.5 to 15.5, while 22.3% present a
high vulnerability /exposure (15 to 17.5), the latter and those with the highest scores (>17.5)
were located at a higher altitudinal elevation (Figure 11). This fact is explained by the
greater proximity of the buildings to the forest mass and to more flammable forest fuel
models, as well as by poorer accessibility.
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Figure 11. Results of the WR-BVEL

A global analysis shows that, in 35.1% of the buildings studied, the intermediate index
with the worst results is the Accessibility Exposure Index, which shows the type of access
road, condition of the road network, and distance between buildings and extinguishing
means. This is followed by the Vegetation Exposure Index (17.6%) and the Territorial Exposure
Index (16.4%). Meanwhile, only 5.4% of the buildings show a higher vulnerability and
structural exposure (SVI) than in the rest of the indexes. The remaining buildings have two
or more indexes with the same score.

3.2. Estimated Value of the Salvaged

As previously explained, the estimation of the saved value is made based on the
delineation of a series of potential fire propagation sectors. The first criterion used to
define these sectors was the analysis of the fire’s directions and fronts. Thus, starting
from the starting point of the fire, in the municipality of Arafo, the fire tends to spread in
the following directions during the next few days: (1) it descends slightly in altitude on
the same slope, that is, around Arafo and Candelaria (sector 1); (2) it moves towards the
northeast, reaching the municipality of El Rosario one day later (sector 2); (3) it advances
towards the inner part of the island, progressively entering the Valley of La Orotava
and affecting a good part of highest altitude forest of Tenerife (sector 3); (4) it begins to
descend the northern slope of the ridge, heading northwest (sector 4); and (5) it affects more
municipalities, advancing in a northerly direction—sectors 5 and 6, the latter developing
from the previous one and not from the starting point of the fire. Note that the number
assigned to each sector does not correspond exactly with the chronological order in which
the fire was affected, as shown in the legend of Figure 12.

Currently, numerous methodological approaches based on machine learning models
and sophisticated physical simulations aim to predict the potential spread of a given
wildfire. In this study, as previously mentioned, the delineation of the six propagation
sectors was carried out by considering fire directions and speeds within a topographically
complex, small, and rugged context, where such models are not always suitable. The
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scarcity of local training data, the unique characteristics of an insular environment, and the
complexity of the propagation patterns observed in the analyzed fire are among the reasons
that would justify a different study focused on comparing various models for estimating
potential perimeter expansion.
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Figure 12. Main fire fronts and traced spreading sectors.

Thus, based on extensive knowledge of the territory in question, the boundaries of the
sectors are restricted to forested areas, taking into account wildfires recorded since 1980
(Figure 2), as well as the forest fuel models present on the island. This information was
supplemented with data obtained through interviews with civil protection and emergency
management officials, along with the island’s geographical characteristics. In this regard,
sectors 1, 2, 4, 5, and 6 follow the boundaries between forested land and other cultivated
or urban areas with low exposure, while sector 3 does not extend into the western part of
the island, as the fire only reached these areas during its final phase with less aggressive
behavior, as shown in Figure 11.

Therefore, the delineation of the sectors is based on multiple empirical sources and
in-depth territorial knowledge, which we think constitutes an equally valid and useful
approach for the objectives of this study.

Consideration should be given to the fact that some small areas affected by the forest
fire exceed the limits of the potential spreading sectors. However, the expansion of the area
of the sectors to cover the remaining sectors would have increased ostensibly—we believe
not very precisely—the quantification of the avoided damage, as it would have gone into
the urban areas of municipalities such as Candelaria or La Matanza de Acentejo.

As indicated in the Methods Section, the delineation of the different propagation
sectors was validated using the results of the machine learning model developed (Figure 5).
This confirms the consistency between the sectors used as a reference for calculating the
salvaged areas and the scenario that, according to the model’s prediction, could have
occurred. It is worth noting that the estimated potential extent of the fire, as predicted by



Fire 2025, 8, 186

20 of 30

the model, amounts to 17,727 ha—19% more than the officially recorded burned area of

14,878 ha.

Based on the above methodology for estimating the salvaged, the economic amount
lost in the 11,965 hectares affected within the spreading sectors amounts to EUR 163,801,509.
Note that the areas considered are those that, although within the perimeter of the fire,

were subject to special protection by the extinguishing means, such as some farmhouses

and specific properties, for example, in the area of Las Lagunetas, at the top of the ridge,

which, in short, translates into a final assessed area of 10,342 ha (Table 4).

Table 4. Evaluation of the salvaged.

Estimated Estimated Estimated Loss Estimated
Type Salvaged Value Damaged Value (EUR) Salvaged Value
Assets Assets (EUR)
Buildings
Housing 407 EUR 1679/m? 50,465 m? 1,062,744 25,417,707
: 2
Housing <40 m 268 EUR 420/ m? 10,665 m> 411,876 1,342,910
or temporary
Other (camping, 257 EUR 210/m? 22,475 m? 334,593 1,414,998
warehouses, etc.)
Subtotal EUR 1,809,213 EUR 28,175,615
Environment
Environmental 9119 ha EUR 2125/ha 11,965 ha 25,425,625 19,377,875
Land erosion 9119 ha EUR 6/ha 11,965 ha 69,636 53,073
Investment in
forest fire 9119 ha EUR 123/ha 11,965 ha 1,471,695 1,121,637
emergency
preparedness
Conservation of
biological 9119 ha EUR 15.8/ha 11,965 ha 189,167 144,171
diversity
Water supply 9119 ha EUR 793.8/ha 11,965 ha 9,497,817 7,238,662
Subtotal EUR 36,653,940 EUR 27,935,419
Productive
Wood 9119 ha EUR 1.37/ha 11,965 ha 16,392 12,493
production
Infrastructure
and land for
primary sector
activities 9119 ha EUR 6.65/ha 11,965 ha 31,707 24,165
(without
agricultural or
livestock plots)
Crops 511,934 ha EUR 83,299/ha 109,928 ha 9,157,059 42,640,758
Recreational 9119 ha EUR 1152.71/ha 11,965 ha 13,676,904 10,511,562
Subtotal EUR 22,882,062 EUR 53,188,978
Immaterial
CO, 9119 ha EUR 8563/ha 11,965 ha EUR 102,456,295 EUR 78,085,997
TOTAL EUR 163,801,509 EUR 187,386,008

The largest economic preservation occurred in the third spread sector, which chrono-

logically constituted the last phase of the fire, and, in which, in addition, the extinguishing
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teams were able to safeguard the highly populated nuclei existing in the Orotava Valley
(Figure 12). The effectiveness of the intervention is also evident in the stoppage of the fire
in the urban—forest interface in sectors 4, 5, and 6; an eventual advance of the fire towards
the more populated zones in these areas would have considerably increased the economic
losses associated with the disaster.

The estimate of losses is similar to that indicated by the Government of the Canary
Islands [54], including EUR 1.8 million corresponding to damaged buildings. Considering
the 425 existing buildings within the different spreading sectors that were not affected by
the fire thanks to the intervention of the means deployed in the field, the damage avoided
is estimated at EUR 28.2 million, of which 25.4 million would have been for homes and the
rest for warehouses, sheds, camps, etc.

Environmentally, losses are estimated at EUR 36.7 million, while the estimate of what
has been salvaged is around EUR 27.9 million. Most of this amount coincides with the
intrinsic value of the forest area and its economic production—livestock, wood, beekeep-
ing, etc., whose losses amounted to EUR 25.4 million, with a further EUR 19.4 million
salvaged. Also noteworthy is the estimate of public investment in the prevention and
extinction of forest fires—EUR 1.5 million in losses and EUR 1.1 million salvaged—and
the economic evaluation of the provision of water—EUR 9.5 million in losses and EUR
7.2 million salvaged.

In terms of productive activities—essentially recreational uses and agricultural pro-
duction, the value of what was salvaged was EUR 53.2 million, compared to EUR
22.9 million in actual losses. Significantly, without the intervention of the fire control
teams, the cultivated area affected would have increased from about 100 hectares to 500
hectares, which would have raised the economic losses from EUR 9.2 to 42.6 million. Finally,
the losses associated with the CO, released into the atmosphere by the fire amount to EUR
102.5 million, to which a further EUR 78.1 million would have been added without the
intervention of the means.

Ultimately, real losses associated with the disaster are estimated at around EUR
164 million, compared to 187 million saved, thanks to the work of the teams put in place by
the authorities, whose total operating cost amounted to EUR 10.2 million [54].

By comparing the estimated losses with the avoided losses by category, it is demon-
strated that the interventions were particularly effective in protecting productive assets—
whose losses would have more than doubled and, above all, in buildings, which would
have resulted in damages close to EUR 30 million, compared to the EUR 1.8 million actually
affected. On the environmental and intangible level, the large area affected by the fire,
which led to the destruction of much of the island’s forest cover, represented substantial
losses—EUR 139.1 million in total, nearly 80% of the overall figure—to which an additional
EUR 106 million would have been added. Consequently, it can be stated that the inter-
vention of the control teams was beneficial in all areas, particularly in terms of protecting
buildings and economic activities.

4. Discussion

This paper consists of two parts which, although closely related because they are
linked to the forest fire that occurred on the island of Tenerife in 2023, can be dissociated
at an analytical level: on the one hand, assessment of the vulnerability and exposure of
the buildings located in the urban—forest interface environment and, on the other hand,
economic estimation of the losses and, above all, of what was salvaged thanks to the
intervention of the extinguishing means.

Regarding the study of vulnerability and exposure of buildings, based on the results
obtained, the criteria considered are deemed adequate given that they encompass multiple
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aspects that influence the characteristics of buildings in relation to wildfires: territorial,
structural, accessibility, vegetation, etc. As justified in the Methods Section, these are the
most commonly analyzed parameters in studies of this nature, although the Territorial
Exposure Index responds to the need to consider the particular characteristics of an island
environment such as the one analyzed. Thus, given the highly rugged areas, it was essential
to include a criterion related to the slope of the environment surrounding the buildings,
which could also be used in areas with very complex relief. Additionally, considering the
presence of numerous ravines cutting through the topography of Tenerife and their role as
vectors for fire propagation, proximity to these ones constitutes another crucial factor to
consider in these areas. Finally, given the minimal differentiation between land uses, it was
essential to include a reference to the type of settlement in the urban—forest interface area.

On the other hand, one of the strengths of this study lies in the combination of
quantitative techniques supported by the use of Geographic Information Systems—GIS—
with others derived from field observation, such as the materials of the structures or the
presence of blinds or shutters.

It has been shown that most of the buildings located in the area of analysis offer optimal
structural conditions; in general, their materials are fireproof, they are in an acceptable state
of conservation, and, in addition, they are not too old. The differences between houses
are noticeable in terms of the existence of shutters or blinds, a fact that can cause unequal
impacts of fire on similar buildings. In this regard, it is worth mentioning studies such as
that of Do Nascimento-Vieira et al. [69], which show that, despite the adequacy of structural
materials, aspects such as windows, doors, air extractors, or thermal insulation of buildings
must be taken into account when assessing the vulnerability of buildings to fire.

Significantly, more than two-thirds of the buildings analyzed in the area surrounding
the urban—forest interface of the island were built after 1975. It can thus be affirmed that the
urbanization of areas close to the forest mass—or directly within it—is a relatively recent
phenomenon, mostly limited to the last half century; only 7% of the buildings were built
prior to 1950. Authors such as Galiana [70] have pointed out the progressive development
of these transition zones as areas of high exposure to forest fires in Spain as a whole,
although, in the Canary Islands, as Alonso-Lépez [71] points out, this acquires unique
characteristics as it is often carried out outside urban planning, adopting various forms of
self-construction and spontaneous urbanization. In any case, only a third of these buildings
are located in isolated or dispersed areas, which indicates the recent configuration and
generalization of densely urbanized areas in very exposed sectors.

This ongoing encroachment into wooded areas explains, in part, the unfavorable
results obtained, on average, by the buildings in relation to accessibility. In these areas, as
has been demonstrated, the roads are often in a poor state of conservation and, in addition,
only one out of ten buildings is less than fifteen minutes away from any fire extinguishing
means. This is in addition to the proximity of the many ravines that run through the
orography of the most mountainous islands and that act as real vectors for the flames due
to the accumulation of vegetation—usually dry—in them, as well as in relation to their
difficult access. Experts such as Santamarta and Guzman [72] have repeatedly warned
about this circumstance, proposing to adapt and modify the vegetation of ravines to prevent
them from driving fires, creating wet barriers that hinder and prevent the advance of fire,
especially the so-called chimney effect.

The progressive abandonment of traditional forest uses in the Canary Islands deserves
special mention, as this has led to the expansion of the territory susceptible to forest
fires. Authors such as Sabaté [73] highlight the undesired consequences of the agricultural
regression of the midlands, the suburbanization of the countryside and the shift in the
roles of the summit sectors, integrated into the contemporary tourist model. Furthermore,
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as Naranjo [74] points out, the Canary Islands are one of the three Spanish autonomous
communities that still do not have their own forestry law that regulates the management
of forest areas, slows down the accelerated process of agricultural abandonment in the
surrounding areas, and promotes effective actions in terms of reforestation, fire prevention,
biodiversity conservation, the recovery of traditional uses that favor ecological balance, etc.

The criteria included in this study, as well as the resulting index, could be used to
assess the vulnerability and exposure of buildings in areas with a high incidence of wildfires
in other geographic contexts. In this regard, although the present research analyzes an
event that occurred on an island territory of relatively small size, the Canary Islands—and
particularly those areas with Mediterranean rainfall regimes—face shared challenges that
significantly exacerbate the threat of wildfires. Among these factors is global warming,
which is expected to increase the frequency and intensity of fires in these areas prone to
aridity [4]. Moreover, the previously mentioned process of urbanization and the abandon-
ment of the countryside and agriculture experienced by the islands in recent decades is also
occurring in other environmentally similar and densely populated regions. These areas,
which are highly exposed to risks and often poorly planned, must simultaneously address
multiple hazards—floods, droughts, wildfires, etc.—the management of which requires
coherent and interconnected measures [75]. For these reasons, public policies related to
the prevention and mitigation of wildfire risk must consider not only vulnerability and
exposure—and the characteristics of the buildings—but also the hazard itself as the third
component of overall risk, as well as the way in which factors such as climate change or
human encroachment into vulnerable areas intensify its scope and impacts.

On another note, the estimation of the salvaged raised in this paper justifies the
efficiency of public investment in forestry. Thus, the EUR ten million that amounted to
the operation coordinated by the Government of the Canary Islands to control the 2023
fire in Tenerife prevented losses of EUR 187 million that would have been added to the
EUR 164 million that the event actually cost. Investment should not only focus on the
necessary commitment to strengthen extinguishing resources or direct intervention once an
emergency has been declared but also on prevention—the recovery of degraded agricultural
areas, silvicultural activities, reduction in flammable fuel, awareness campaigns, etc. Never
before had so many resources been made available to control forest fires as today; in the fire
analyzed, the authorities continually mentioned that an “unprecedented” system had been
designed [76]. However, despite these efforts, LFFs continue to occur and still pose a threat
to thousands of people and property around the world, which calls for the consideration
of holistic strategies to minimize risk in a context of increasing exposure, as described in
this research.

Experts such as Chudy et al. [77] or Lazaridou [78] point out the multiple benefits asso-
ciated with a broad-based forestry investment—climate change mitigation and adaptation,
biodiversity preservation, bioenergy, etc. Furthermore, these actions must be approached
in a multisectoral manner, especially in island territories where there is an absolute over-
lap between socioeconomic areas. See, in this sense, the concern raised by the tourism
reputational emergency; Tenerife receives more than six million tourists annually, and its
economy depends, to a large extent, on this sector [79].

Given the recurrent nature of wildfires in the Canary Islands, the question arises:
How can their occurrence be prevented or, at least, their impacts minimized in the future?
Beyond the measures already considered, additional efforts should include improved land
use and urban planning that prioritize fire-resilient infrastructure, enhanced firebreaks,
and defensible spaces around buildings. Furthermore, early warning systems and risk
mapping can facilitate a quicker response to potential outbreaks. It is essential to engage
local communities through awareness campaigns, fire response training, and their active
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involvement in the design of emergency plans to ensure preparedness at the grassroots
level. Public participation should also extend to maintaining homes in optimal conditions
to minimize vulnerability to wildfires.

Ecological restoration and fuel management are critical and must also be prioritized to
reduce highly flammable vegetation and cross-sector coordination, including cooperation
with neighboring islands. Given the economic importance of tourism, the sector should also
be involved in fire prevention strategies, including safety plans for tourist accommodations
and public awareness efforts for visitors. A coordinated approach combining investment,
community engagement, and regional cooperation is essential to reduce the risk of future
wildfires and safeguard both the environment and the local economy.

In this context, initiatives such as the one presented in this study enhance societal pre-
paredness for wildfire risk through the generation of knowledge [80-83]. Numerous studies
focusing on other regions severely affected by fire have examined the relationship between
wildfire impacts and the characteristics of exposed buildings, often in connection with
recent events, such as the 2023 wildfire on Rhodes [84] and other events in Mediterranean
areas. Such research is instrumental in forecasting the potential vulnerability of residential
structures to wildfires and in informing the development of preventive strategies aimed at
risk reduction. Nevertheless, according to Papathoma-Kohle et al. [83], the main shortcom-
ings of this type of study are related to the limited potential for transferring methodologies
and criteria to other regions, as well as, in some cases, the overly localized nature of the
analyses. Other identified limitations include the narrow range of criteria considered and
the lack of a comprehensive perspective linked to the vulnerability of buildings.

As previously discussed, this study adopts many of the traditional criteria for assess-
ing vulnerability and exposure but complements them with additional factors specific
to the particularities of the island environment. It also, in an innovative way, incorpo-
rates five sub-indices to capture the widest possible range of relevant characteristics. In
comparative terms, the criteria used in this study—such as building materials, age, the
condition and type of access roads, proximity to fire suppression means, slope, surrounding
vegetation, and spatial configuration of the wildland—urban interface—are consistent with
those employed in the recent literature [80-84]. However, while most previous works focus
primarily on structural features and vegetation proximity (e.g., roofing, wall cladding,
canopy cover, distance to fuels), few incorporate access road typologies or the condition
of the firefighting infrastructure, which are particularly relevant in geographically frag-
mented and topographically complex regions such as the Canary Islands. Additionally,
this study introduces factors such as the presence of pyrophytic vegetation affected by fire
near buildings and the proximity to ravines, which have not been widely addressed in
prior assessments but are critical to understanding fire behavior in insular terrains. Thus,
while aligned with internationally recognized methodologies, our approach provides a
more comprehensive and context-sensitive framework for wildfire risk evaluation.

To date, no scientific studies have been published that analyze the characteristics of
buildings in relation to wildfire risk in the Canary Islands. In contrast, estimations of
the economic losses associated with such events are regularly conducted. Nevertheless,
this is the first time that a methodology aimed at estimating potential or avoided losses
following a wildfire has been applied to the study area—and more broadly, within the
national context of Spain. Consequently, although similar approaches have been adopted
in other parts of the world, the scientific novelty of this article lies in the adaptation of
vulnerability and building exposure assessments, as well as the estimation of what has
been preserved, to a geographically insular and complex setting.

Furthermore, this study presents the first scientific characterization of one of the most
severe wildfires that the region has experienced in its recent history. The event marked a
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turning point in the island’s forest management, culminating in a meeting held in July 2024,
sponsored by local authorities, which brought together representatives from the political,
legal, technical, and security sectors to discuss the development of effective strategies
against the threat and to improve coordination of response efforts [85].

Finally, it is worth highlighting that the combination of quantitative techniques with
detailed fieldwork constitutes a valuable analytical approach, further enriched by the
insights provided by professionals responsible for managing the emergency.

5. Conclusions

This paper analyzes the last major fire in the Canary Islands in depth and presents an
assessment of the degree of vulnerability and exposure of almost a thousand buildings in
the area surrounding the forest fire that occurred on the island of Tenerife in August 2023,
which affected 14,878 hectares and had a perimeter of approximately 90 km. Overall, the
vulnerability and exposure of buildings, expressed in the Wildfire Risk Building Vulnerability
and Exposure Index (WR-BVEI), is estimated to be moderate (14.1/26); only 2.9% of the
buildings analyzed have a very low vulnerability /exposure, while one in four has high or
very high values.

The highest levels of vulnerability and exposure of buildings to forest fires are generally
associated with the poor accessibility of buildings, especially in relation to their distance
from extinguishing means and the poor state of the road network. The results also reveal a
high exposure associated with the territorial characteristics of the area in which the houses
are located: high slope, closeness to ravines, proximity to densely vegetated forest areas,
and the presence of easily flammable fuel models in the surrounding area. In almost six
out of ten buildings, there is vegetation affected by the fire.

Meanwhile, this paper estimates the value of what was salvaged, i.e., the economic
amount that was avoided as a result of the action taken by the means provided by the
authorities. In this sense, the fire, defined by experts as the most complex of the last four
decades in the Canary Islands, caused economic losses that, based on the estimation of
this paper, are quantified at EUR 164 million. Had the fire been propagated through all the
spreading sectors, additional losses of EUR 187 million are estimated, i.e., a total of EUR
351 million—about 1.5% of Tenerife’s GDP—mainly due to the exponential increase in the
loss of houses and crops.
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