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Abstract: This study explored, for the first time, the drivers shaping large fire size and high severity
of forest fires classified as level-2 in Spain, which pose a great danger to the wildland—urban interface.
Specifically, we examined how bottom-up (fuel type and topography) and top-down (fire weather)
controls shaped level-2 fire behavior through a Random Forest classifier at the regional scale in Galicia
(NW Spain). We selected for this purpose 93 level-2 forest fires. The accuracy of the RF fire size and
severity classifications was remarkably high (>80%). Fire weather overwhelmed bottom-up controls
in controlling the fire size of level-2 forest fires. The likelihood of large level-2 forest fires increased
sharply with the fire weather index, but plateaued at values above 40. Fire size strongly responded
to minimum relative humidity at values below 30%. The most important variables explaining fire
severity in level-2 forest fires were the same as in the fire size, as well as the pre-fire shrubland fraction.
The high-fire-severity likelihood of level-2 forest fires increased exponentially for shrubland fractions
in the landscape above 50%. Our results suggest that level-2 forest fires will pose an increasing danger
to people and their property under predicted scenarios of extreme weather conditions.

Keywords: fire severity; fire weather; level-2 forest fires; Spain

1. Introduction

In the 21st century, extreme forest fire events have become a major global concern
because of their significant ecological and socioeconomic impacts [1-3]. Fire-prone forest
ecosystems in the western Mediterranean Basin have shown a high resilience to fire under
natural fire disturbance regimes [4]. However, changes in land use in recent years [5,6]
involving the abandonment of rural agricultural lands [7] because of countryside depop-
ulation [8], mainly in mountainous areas [9], have caused fuel to accumulate and form
seamless stands in areas with former lower fuel loads [10]. These dynamics increased fire
hazards and thus ignition probability and resistance to fire control, particularly near the
wildland—urban interface (WUI) [11-14].

Increasingly extreme weather conditions as a consequence of anthropic climate change,
involving prolonged heat waves and droughts [15], dries the large fuel accumulations
ensuing from land use changes, thus favoring extreme fire behavior and severe ecological
impacts [16,17]. Many of these extreme forest fires occur in areas under some environmental
protection status [18-20], in which the lack of fuel management exacerbates the problem.
These disturbances not only entail serious consequences to ecosystems, including severe
vegetation and soil damage [21,22] and water system disturbance [23,24], but also to human
life and assets [25-27]. In the Mediterranean Basin, where the WUI area has increased [28],
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extreme forest fires, such as those that occurred in Portugal in 2017, in Greece in 2018 or
in Spain in 2021 and 2022, have seriously endangered inhabitants and caused unusual
fatalities [29-31].

Although in some European regions there is a high incidence of lightning-caused
forest fires [32,33], ignitions in Spain (western Europe) mainly depend on anthropic causes,
either due to accidents, negligence or arson [34,35]. Both the number of forest fires and the
burned area have decreased in Spain in recent decades [36]. However, the Autonomous
Community of Galicia, located in northwestern Spain, accounts for most of the forest fires
in the country in recent decades [37]. Indeed, Galicia, together with Portugal, is the most
fire-prone region in Europe [38].

Fire size and severity are two essential attributes for land managers because of their
connection to ecosystem responses in the context of extreme forest fire events [39-41].
The interaction between bottom-up (fuel and topography) and top-down (fire weather)
variables can exert strong control over the attributes of the fire regime [42-44], but these
interactions may be highly variable between different biophysical contexts [39,45]. Topogra-
phy configuration can determine not only the spread rate and severity of the fire [46—48], but
also the dominant vegetation types over the landscape and the vegetation condition [49,50].
Both the fuel type and load can constrain or promote fire size [51,52], and, jointly with fuel
moisture, fireline intensity and thus fire severity [51,53]. Fire weather variables that are
highly variable over time, such as relative air humidity, wind, temperature and precipita-
tion, are of great importance in determining fuel moisture content and fuel availability to
burn [54-57], and thus in shaping fire spread and intensity [53,58]. Remarkably, increas-
ingly long drought periods in the context of climate change de-seasonalize and lengthen
periods of increased fire risk [59,60]. Although the drivers of fire behavior and fire regime
attributes are generally well-investigated, the understanding of fire behavior drivers that
endanger populations is limited at present in southern Europe, particularly so in Galicia,
the case-study territory of this paper. Therefore, new frameworks must be developed to
better understand fire behavior in the WUISs of this fire-prone region.

Fire disturbance promotes high fuel connectedness and landscape homogeneity in
the productive environments of the western Mediterranean Basin, with rapid post-fire
build-up [10,61], as in Galicia, which in turn favors fire spread and intensity of subsequent
forest fires [62—64]. In this context, reduced landscape heterogeneity as a consequence of
the discontinuation in extensive agricultural practices and the use of forest ecosystems
as a resource near rural settlements have promoted, in recent decades, an elevated forest
fire incidence in WUI areas [65,66]. This is particularly relevant in Galicia, where 8% of
the surface is occupied by the WUI [67], and accounts for up to 50% of Spain’s total small
villages, according to the national statistics institute (INE, https://www.ine.es/nomen2
/index.do (accessed on 25 September 2023)). In the western Mediterranean Basin, another
factor driving forest fire vulnerability in WUI areas is the increased urban sprawl in the
wildland environment [68,69]. Altogether, the understanding of the factors driving extreme
fire behavior in the context of forest fires that seriously endanger human settlements is of
utmost importance to design adequate management plans and strategies aimed at reducing
forest fire hazard [70,71]. In Spain, including Galicia, forest fires are classified according
to their risk to populations. Accordingly, forest fires are classified as level-2 when they
seriously endanger human settlements and properties [72,73].

Accordingly, this study explored for the first time the drivers shaping extreme fire
behavior in level-2 forest fires in Galicia. Specifically, we examined the temporal trends in
fire regime attributes of level-2 forest fires, and how fuel type, topography and fire weather
shaped individual level-2 fire size and severity. We selected for this purpose level-2 forest
fires that occurred in Galicia during the period 2015-2022.
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2. Material and Methods
2.1. Study Area

The Autonomous Community of Galicia is located in the northwestern region of
the Iberian Peninsula, bordering the north of Portugal (Figure 1). It has an extension
of 29,575 km? and a population of 2,690,464 inhabitants in 2022, being the fifth largest
Autonomous Community in population and the seventh largest in terms of size. The climate
is mostly temperate oceanic in north and west Galicia regions, whereas the dominant
climate in the east and southeast is Mediterranean [74]. The mean annual precipitation and
annual temperature range from 600 to 2600 mm and 6 to 15 °C, respectively [75]. In the
last 10 years, the mean temperature in Galicia has always been above the average value
for the period 1981-2010, whereas the precipitation has been below the average value in
six of the last ten years [76]. Elevation ranges from sea level in the western and northern
coast of the region to about 2100 m in the mountain range located in the easternmost region.
Topography is rugged, particularly in the north and east areas. Galicia has up to 15% of its
surface protected within the Natura 2000 Network, with a total of six natural parks and
six Biosphere Reserves as outstanding figures of nature protection [77]. The forested area
exceeds 2 million ha, representing 69% of the land surface, and is dominated by forests and
plantations of Pinus pinaster Ait. and Eucalyptus globulus Labill. [78]. Other less extensive
forest areas include broadleaf forests dominated by Quercus robur L. and Quercus pyrenaica
Willd. Shrublands dominated by Cytisus scoparius (L.) Link, Erica australis L., and Ulex
europaeus L. are also abundant. Only 23.7% of the forested area of Galicia is managed [77].
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Figure 1. Location of the study area and perimeters of level-2 forest fires that occurred in Galicia
during the period 2015-2022.

2.2. Datasets

Fire attributes (fire size and fire severity) of level-2 forest fires across Galicia were
retrieved from the official fire database provided by the Basic Autonomous Plan (PBA) of
Galicia, the Prevention and Defense Plan against Forest Fires in Galicia (PLADIGA), and
Landsat multispectral data at a spatial resolution of 30 m (Table 1). Bottom-up and top-
down environmental controls of fire size and severity (topography, pre-fire fuel type and
fire weather) were retrieved from the Spanish National Center of Geographic Information
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(CNIG), the United States Geological Survey (USGS), the CORINE Land Cover (CLC)
project (2012 and 2015 inventories) embedded into the Copernicus program of the European
Commission (CLC, 2012, 2018), the United States Geological Survey (USGS), and the Galicia
Meteorological Observation and Prediction Unit (MeteoGalicia) (Table 1).

Table 1. Fire attributes of level-2 forest fires and environmental controls of fire behavior considered

in this study.
Group Source Variable Unit
Fire attributes BAP Galicia fire size ha
Landsat data 2 fire severity -
Topography PNOA DTM 2 slope %
2 slope aspect cosine -
a altitude m
Fire weather MeteoGalicia &¢ wind gust speed m/s
a¢ wind speed m/s
3¢ relative humidity (RH) Y%
ab temperature °C
¢ Initial Spread Index (ISI) -
&¢ Buildup Index (BUI) -
3¢ Fire Weather Index (FWTI) -
Pre-fire fuel type CLC 2012, CLC 2018 2 cropland fraction %
 grassland fraction %
a shrubland fraction %
a broadleaf forest fraction %
a conifer forest fraction %
2 mixed forest fraction %

2 Mean value; ® Minimum value; ¢ Maximum value. BAP: Basic Autonomous Plan (PBA); PNOA DTM: digital
terrain model of the Spanish National Plan for Aerial Orthophotography; CLC: Corine Land Cover.

The PAB forest fire database of Galicia was used to identify and retrieve the perime-
ters of all forest fires that occurred in Galicia over the period 20152022 (available at
https:/ /mapas.xunta.gal/visores/pba/ (accessed on 29 September 2023)). The identifying
code, municipality where fire ignition was located, start and extinction dates, and the corre-
sponding fire size (ha) were extracted for each forest fire. The PLADIGA database (avail-
able at https://mediorural.xunta.gal/es/temas/defensa-monte (accessed on 29 September
2023)) was used to identify the number of level-2 forest fires for each year over the study
period. The institutional profile from the Regional Government of Galicia (@incendios085)
in the social network X was used to identify level-2 forest fires by searching hashtag date
and municipality, and crossing report information with those forest fires retrieved from the
PAB database. We verified that the total number of level-2 forest fires identified each year
matched with the PLADIGA database. The size of level-2 forest fires was classified as small
(<500 ha) and large (>500 ha) [79].

Fire severity for the selected level-2 forest fires was retrieved using Landsat-8 Oper-
ational Land Imager (OLI) Level 2 (Collection 2, Tier 1) surface reflectance products at a
spatial resolution of 30 m from Google Earth Engine (GEE) [80] data catalog. The difference
Normalized Burn Ratio (ANBR) [81] spectral index was used to estimate the magnitude
of ecological effects on the burned areas (aboveground biomass consumption) [82] with
respect to the pre-fire scenario [83]. We used the pre- and post-fire Landsat-8 cloud-free
scenes closest to the ignition and extinction dates of the level-2 forest fires, respectively, to
calculate the dNBR index for each forest fire in GEE. Mean severity at forest fire level of
level-2 event was classified according to the United States Geological Survey thresholds
(USGS) [83] widely used not only in previous research [84,85], but also in the European
Forest Fire Information System (EFFIS) to assess fire severity in Europe [86]. Level-2 forest
fires with a mean dNBR higher than 0.42 are classified as high severity; otherwise, they are
classified as low severity.
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The mean slope (%), slope aspect cosine and altitude (m) of the terrain within each forest
fire were computed as topographic drivers of fire behavior from the digital elevation model
(DEM) acquired from CNIG (available at https:/ /centrodedescargas.cnig.es/ (accessed on
29 September 2023)) with 25 m grid size. The DEM was produced from low-density LIDAR
point clouds of the Spanish National Plan for Aerial Orthophotography (PNOA).

Individual weather variables were retrieved from MeteoGalicia weather stations. For
each level-2 forest fire, we selected the nearest weather station, at a distance of less than
10 km in all cases. The mean and maximum or minimum values during fire spread were
computed for each level-2 forest fire from 10 min data. The variables considered were
wind gust speed (m/s), wind speed (m/s), relative humidity (%), and temperature (°C).
Wind variables were collected at 10 m above the ground. Moreover, integrated fire danger
conditions were described through the Canadian Fire Weather Index System [87]. The fuel
moisture codes, including Fine Fuel Moisture Code (FFMC), Duff Moisture Code (DMC)
and Drought Code (DC), as well as fire behavior descriptors, namely Initial Spread Index
(ISI), Buildup Index (BUI) and Fire Weather Index (FWI) within the Canadian Fire Weather
Index System relied on noon observations acquired from MeteoGalicia weather stations.
We considered ISI, BUI and FWI mean and maximum values during fire spread.

The pre-fire fuel type fraction for each forest fire was retrieved through CLC 2012 for
the level-2 forest fires of the period 20152017, and the CLC 2018 for the fires from this year
onwards in order to work with the most up-to-date land cover information available. CLC
features a minimum mapping unit of 25 ha and is procured from photo-interpreted remote
sensing data at a high spatial resolution. The overall accuracy of the classification is higher
than 85% (CLC 2012 and 2018). The CLC datasets were acquired from the Copernicus
Land Monitoring Service (https://land.copernicus.eu/ (accessed on 2 October 2023)). We
retained from the three-level hierarchical CLC system the cropland, grassland, shrubland,
broadleaf forest, conifer forest and mixed forest fractions.

2.3. Data Analysis

The non-parametric Mann—Kendall test (M-K) [88] was used to test for the presence of
significant increasing or decreasing monotonic trends in the duration, fire size, fire severity
and number of level-2 forest fires, as well as in fire weather, over the period 2015-2022 in
Galicia. If a significant trend was identified (p-value < 0.05), its magnitude was calculated
using the Theil-Sen slope estimator (1-S) [89]. M-K and T-S tests were implemented with
the mk.test and sens.slope functions using the trend package [90] in R 4.0.5 [91].

A prior data exploratory analysis to detect potential collinearity issues among pre-
fire fuel type, topography and fire weather drivers (Table 1) was conducted through the
computation of Pearson’s correlation coefficient (R). First, we identified strongly correlated
(R> 10.71) groups of variables [92,93]. Subsequently, we only preserved within each group
the variable with the highest ecological relevance for the following analyses.

We unraveled the relationship between the uncorrelated drivers of fire behavior
(predictors) and categorized fire regime attributes (fire size and fire severity; dependent
variables) of level-2 forest fires through a Random Forest (RF) classification algorithm [94].
Therefore, we fitted two separate models, one for each dependent variable. RF models
were calibrated with the randomForest function using the RandomForest package [95].
This algorithm is an ensemble classifier that produces multiple decision trees, using a
randomly selected subset of training samples and variables, and was chosen due to its
robust performance to uncover complex interactions among predictors and non-linear
relationships with the dependent variables, while effectively handling overfitting [93,96,97].
The Boruta feature selection method [98], designed as a wrapper algorithm around RF,
computes permutation tests relying on RF variable importance measures to determine im-
portant and non-redundant features within the candidate predictors. The Boruta algorithm
was implemented with the Boruta function and package [98], prior to RF classification,
to reduce the dimensionality of the uncorrelated predictors and improve the RF model’s
robustness and predictive performance [99]. Subsequently, the RF classification algorithm
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was calibrated from the selected Boruta features. The ntree RF model hyperparameter was
set to 2000 to promote RF prediction stability [100]. The appropriate mtry hyperparameter
value was found by 10-fold cross-validation tuning experiments using the train function
within the caret package [101]. We assessed the performance of RF classification using
10-fold cross validation repeated 10 times. The average confusion matrix across resamples
was computed, followed by the Kappa index, overall accuracy (OA; %), and user’s (UA; %)
and producer’s (PA; %) accuracy for each dependent variable class. Partial dependence
plots depicting the probability of large fire size and high fire severity in a centered logit
scale were computed for each predictor in the RF model using the partial function within
the pdp package [102].

3. Results

From 2015 to 2022, there were 93 level-2 forest fires in Galicia, burning close to
100,000 ha. The fire size varied from 4.4 ha to more than 11,000 ha, the largest forest fire
ever recorded in Galicia [103]. Most of the level-2 forest fires (72%) occurred between June
and September. For the study period, 21 of the remaining level-2 forest fires occurred
in October 2017. There is no significant annual trend (Mann-Kendall p-value > 0.05) for
the period 2015-2022 in the number, duration, area burned and fire severity of level-2
forest fires, as well as in the fire weather for such a period (Figure 2). The maximum
number of level-2 forest fires occurred in 2016, 2017 and 2022, with the largest mean area
burned registered for the latter two years. The highest annual mean fire severity of level-2
forest fires occurred in 2018, the year with the lowest burned area. The mean annual FWI
registered during the occurrence of level-2 forest fires followed a consistent pattern over
the study period.

The Boruta feature selection algorithm identified the maximum FWI as the most
important variable in predicting the fire size of level-2 forest fires in Galicia, followed by
minimum relative humidity and altitude (Figure 3). Therefore, extreme values (minimum
and maximum) of fire weather-related variables explained the variation of level-2 fire
size better than their mean values over the fire duration. Using the predictors selected
by the Boruta algorithm, the accuracy of the RF fire size classification was remarkably
high (OA = 81.11% and Kappa index = 0.62). The producer’s and user’s accuracy of
the RF model classes were balanced. The confusion between level-2 fire size classes was
minimal, especially the commission error in the case of large fire size, which is particularly
relevant for management purposes (Table 2). The relationships between Boruta-selected
predictors were strongly non-linear, with the presence of potential thresholds (Figure 4).
The likelihood of large level-2 forest fires increased sharply with FWI and altitude, but
plateaued at values above 40 and 900 m, respectively. Fire size strongly responded to
minimum relative humidity at values below 30%.

The Boruta algorithm also identified as relevant, for the fire severity of level-2 forest
fires, the same variables as in the case of level-2 fire size (maximum FWI, minimum
relative humidity and altitude), with the pre-fire shrubland fraction in addition (Figure 5).
Maximum FWI was also the most important predictor. The overall accuracy procured by
the selected drivers of fire behavior in the RF classification of fire severity (OA = 80.00% and
Kappa index = 0.61), as well as the producer’s and user’s accuracy (Table 3), followed the
same pattern as in the case of the level-2 fire size model. The commission error was smaller
in the high-fire-severity class than in the low-severity class. The high-severity likelihood of
level-2 forest fires increased exponentially from shrubland fractions in the landscape above
50%. The relationship for the remaining variables was similar to that for the likelihood of
large level-2 forest fires (Figure 6).
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Figure 2. Annual number of level-2 forest fires over the period 2015-2022 in Galicia, and their ratio

of level-2 forest fires with respect to the total number of forest fires. We also show the mean annual

duration, fire size, and fire severity of level-2 forest fires, as well as the mean annual fire weather index

(FWI) for such forest fires. The result of the Mann—Kendall trend test is presented for each variable.

Table 2. Random Forest (RF) classification performance of fire size in level-2 forest fires.

Fire Size Ground Truth
Small Large
Predicted Small 41 6
Large 11 32
PA (%) 78.85 84.21
UA (%) 87.23 7442
OA (%) Kappa
81.11 0.62
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Figure 3. Variable importance of uncorrelated bottom-up and top-down drivers of fire behavior in
explaining fire size of level-2 forest fires as determined by the Boruta algorithm. Altitude, minimum
relative humidity (min. RH) and maximum Fire Weather Index (max. FWI) were deemed as important
(variable importance higher than the “shadowMax” internal variable).
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Figure 4. Partial dependence plots depicting the relationship between the large fire size likelihood
of level-2 forest fires and the variability of bottom-up and top-down drivers of fire behavior in the
Random Forests (RF) classification algorithm. The red line is a LOESS smooth curve.

Table 3. Random Forest (RF) classification performance of fire severity in level-2 forest fires.

Fire Severity Ground Truth
Low High
Predicted Low 37 8
High 10 35
PA (%) 81.39 78.72
UA (%) 77.78 82.22
OA (%) Kappa

80.00 0.61
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Figure 5. Variable importance of uncorrelated bottom-up and top-down drivers of fire behavior
in explaining fire severity of level-2 forest fires as determined by the Boruta algorithm. Minimum
relative humidity, altitude, shrubland fraction and maximum FWI were deemed as important (variable
importance higher than the “shadowMax” internal variable).
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Figure 6. Partial dependence plots depicting the relationship between the high-fire-severity likelihood
of level-2 forest fires and the variability of bottom-up and top-down drivers of fire behavior in the
Random Forests (RF) classification algorithm. The red line is a LOESS smooth curve.

4. Discussion

In the Mediterranean countries of southern Europe, WUI areas are commonly affected
by large forest fires [104] with strong socioeconomic impacts [29], including those related
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to the defense of population settlements. Importantly, the prevalent forest fire causes in
this region are mainly arson, exceeding 50% [105], although many forest fires are also
unintentional or due to negligence [106]. Specifically in the study region, only 5% of the
fires are caused naturally by lightning [32,107]. Regardless of the fire causes, fire weather-
related variables overwhelmed bottom-up controls in controlling the fire size of level-2
forest fires in Galicia, which is consistent with previous research worldwide in wildland
areas [108-111]. In fact, fire weather has been reported to be the triggering factor between
small and large forest fires [111,112]. Furthermore, the suppression effectiveness of level-2
forest fires may be limited under extreme fire behavior conditions [113,114], supporting
the relationship between extreme weather conditions and the size of large fires. The lack
of sensitivity of large fire likelihood to FWI > 40 is consistent with previous research [39],
namely in the neighboring regions of Portugal [115], as well as to relative humidity below
30% [116,117]. The close relationship between fire weather and fire behavior evidenced here
may also account for the absence of significant temporal trends in the level-2 fire attributes
(mean burned area, severity, number of fires and duration) because of the high temperature
and precipitation intra- and inter-annual variability in the western Mediterranean Basin,
despite the significant drought-increasing trends in this region [118,119]. The interannual
variability in fire weather conditions may also be responsible for the lack of correlation
between the temporal trend of FWI and burned area, e.g., the burned area of a forest fire
under extreme FWI conditions may exceed the burned area of the remaining forest fires in
the same year occurring under relatively low FWI conditions. Nonetheless, future research
should not only consider longer time series, but also the temporal evolution of fire regime
attributes at finer spatial scales since WUI vulnerability to fire is expected to vary spatially
among major WUI types (e.g., scattered or clustered) [120].

The dominant vegetation types in Galicia, namely Pinus pinaster and Eucalyptus globu-
Ius stands and shrublands, are highly prone to fast-spreading forest fires and, therefore,
with greater variability within than between vegetation types [112], particularly when
extreme fire weather supports large fire development [121]. This may be related to the
non-sensitivity of fire size to generic pre-fire fuel types. The same behavior was reported by
Fernandes et al. [52] in mainland Portugal. Moreover, high accumulations of homogeneous
fuels in the landscape due to land use changes in southern European countries [10] switched
fire regimes from fuel-limited to drought-driven [122], thus increasing the response of fire
activity to fire weather [123]. The strong relationship between altitude and fire size is
a direct outcome of steeper terrain on fire spread, but may also be related with access
difficulties for firefighters in mountainous areas, which has been previously reported in
Portugal [124].

The same type of relationships evidenced from fire weather variables and altitude with
size and severity of level-2 fires may be related to the fact that conditions conducive to rapid
fire spread are also prone to increased high-severity patch size [58,125] and the aggregation
of high-severity patches on the landscape [126]. For example, Keane et al. [40] reported
that large forest fires in the northern Rocky Mountains tend to show larger burned areas at
high severity than small forest fires. In central Portugal, Fernandez-Guisuraga et al. [39]
found that extremely large forest fires were characterized by large and homogeneous fire
severity patterns at the forest fire scale as determined by fire weather feedbacks, which
is consistent with the results reported here for forest fires that may endanger human
settlements. Although fire weather was the strongest fire severity driver, as evidenced
by Zald and Dunn [127] in the Klamath Mountains Ecoregion, United States, pre-fire fuel
conditions may have a strong influence on fire severity—weather feedbacks [128], which
may explain the relevance of pre-fire generic fuel-type variables in explaining fire severity
in level-2 forest fires.

Shrublands were prone to high-severity fire, agreeing with the expectation that tem-
perate shrubland supports high fire intensities, even under not too severe fire weather,
thus posing a serious threat to human settlements [129]. This may be attributed to the
high flammability of most shrub fuel types in Galicia, such as Erica australis or Ulex eu-
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ropaeus [130], and their high fuel build-up and high continuity over the landscape, par-
ticularly in productive environments [131]. Indeed, Beltran-Marcos et al. [132] reported
that the WUI typology most prone to high fire severity in southern Europe corresponds to
isolated buildings amongst high shrub cover, which is coincident with the main WUI type
in Galicia.

Altogether, extreme fire weather conditions may seriously endanger WUI areas be-
cause of large fire development and high fire intensity. These results may be extrapolated
to other southern European regions with oceanic climates, although some deviations in
the relative weight of environmental controls may be expected. Current fire management
strategies in southern Europe are highly targeted at reducing large burned area [133].
Fuel treatments in the vicinity of WUI are advised, and are often adopted, and could in-
creasingly include vegetation-type conversion to deciduous woodland forming green fuel
breaks [134]. However, our results support that management efforts should also be focused
on reducing fuel loads of flammable vegetation types in the landscape, namely shrublands,
diminishing fuel connectivity and enhancing landscape fragmentation to minimize high-
fire-severity likelihood in WUI areas. This may also expand fire weather scenarios under
which forest fire suppression is feasible and delay fire spread before a WUI or intermix is
threatened [135]. Therefore, minimization of large fire spread and severity will not only
reduce the risk to populations, but could also allow to focus firefighting efforts on wildland
areas by reducing fire hazard in WUI areas [136]. Also, it is necessary to raise awareness
not only in the promotion of self-protection in WUI areas, but also by considering fire
hazards in land use planning [133], particularly in the context of changing climates and
future scenarios of increasingly extreme weather conditions, and adapt fire management
accordingly [137].

Future research should consider using longer time series to confirm the links between
fire behavior and area burned/severity of forest fires that endanger human settlements.
Moreover, the consistency of these relationships should be tested in other temperate oceanic
and Mediterranean climate regions worldwide. Moreover, the use of relativized fire severity
metrics could be more appropriate at regional scales to capture varying pre-fire fuel load
conditions as bottom-up drivers of fire behavior [39]. Although the results at the forest fire
scale in this study support conclusions from studies conducted at the pixel or patch level,
our analysis scale may weaken relationships between attributes of extreme fire behavior
and their driving mechanisms [125]. In addition, future research should examine fire
behavior patterns at fine spatial scales considering fuel typologies inside WUI areas with
distinct edification patterns [132].

5. Conclusions

The results of this study shed light for the first time on the environmental controls
driving level-2 forest fires that endanger human life and property in WUI areas. Our results
evidenced that (i) there is no clear annual trend in the number, duration, area burned
and fire severity of level-2 forest fires in Galicia, (ii) top-down controls, namely maximum
FWI and relative humidity, overwhelmed bottom-up controls in controlling the fire size of
level-2 fires, (iii) fire weather conditions conducive to rapid fire spread were also conducive
to increased high severity of level-2 forest fires, and (iv) the danger of level-2 forest fires in
relation to extreme fire weather conditions may be amplified with high shrubland continuity
over the landscape, which may be attributable to the high flammability of the dominant
shrub fuel types in Galicia. In this context, prolonged droughts and heat waves in response
to current and predicted climate scenarios may seriously endanger WUI areas because of
the expected faster-spreading and severe fires.
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