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Abstract

:

In terms of researching fire-related structure loss, various factors can affect structure survival during a wildfire. This paper aims to assess which factors were determinants in house resistance in the specific context of a case study of an extreme wildfire in the Central Region of Portugal and therefore which factors should be taken into account in the definition of a municipal mitigation strategy to defend buildings against wildfires. In this context, it is possible to conclude that various factors presented a predominant influence, some in building destruction and others in building survival. The existence of overhanging vegetation and lack of defensible space constitute major factors for structure destruction. the inherent wildfire severity, the location in the forest area, and the structure’s isolation from major roads were equally important factors that induced house destruction. Building survival was determined by its increasing distance from the forest and by its location in a dense urban agglomeration. Thus, a strategy to enhance resilience should include the prohibition of roof overhanging vegetation and the restriction of building permits in forest areas, in isolated locations, and/or very far from major roads. These orientations can be extrapolated to municipalities with similar susceptibility and vulnerability to wildfires.
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1. Introduction


In a context where their frequency and intensity are expected to increase, wildfires pose major challenges to the existence of people and buildings in hazardous wildlands. The implantation of such buildings in highly flammable areas is tendentially allowed by the spatial planning decision-making process and is seen as a factor in increasing wildfire exposure.



As such, an urgent need to understand why and how structures are being destroyed during wildfires is becoming paramount. Therefore, in terms of understanding why buildings are destroyed, there is an emerging literature regarding the various factors that can determine structure destruction during a wildfire [1,2,3,4,5,6,7,8,9,10], namely those related to ornamental vegetation in the building’s surroundings, defensible space, landscape scale, building construction materials, and building use, among others.



1.1. Ornamental Vegetation in Building Surroundings


Ornamental vegetation and edges around the properties and along roads can provide fuel continuity to fire propagation [2]. The lack of clear-cutting around the house and the existence of tall trees overhanging the roof area are major causes of wildfire building destruction [2,5].



Structures are more likely to be destroyed if they are surrounded by wildland vegetation than by urban or impervious space [7]. Nonetheless, in some cases, property loss is more or as likely within herbaceous areas when compared to wooded areas with higher fuel volume [7]. This is because low-fuel-volume grasslands can facilitate high wind speed and fire spread, and can promote longer fire seasons and high fire frequency given its low fuel moisture and low heat requirements to ignition [7].



Therefore, Syphard et al. [8] concluded for the case of San Diego County, California that the most effective actions were the reduction of wooden cover by up to 40% immediately adjacent to the building and the assurance that vegetation does not overhang or touch the house.




1.2. Defensible Space Dimension


When researching the role of defensible space in building destruction, the number of empirical case studies is growing. Several studies have empirically tested the relative benefits of defensible space and concluded that vegetation reduction up to 30 m around the houses increases the probability of building survival [8,11,12,13]. Regarding the 2013–2018 California wildfires, Syphard and Keeley [10] found that most of the buildings that had more than 30 m of defensible space were destroyed, meaning that the optimum defensible space is considered to be much shorter since there is no protection gained beyond the 30 m of defensible space [8,10,14].



In this context, the state of California requires a minimum of 30 m of defensible space around structures. However, some Californian localities are requiring a lot more: namely a minimum of 60 m in certain circumstances [10].



Regarding this factor, the Portuguese wildfire management framework regulates a defensible space of 50 m around structures [6], while the effectiveness of a 30 m defensible space has never been tested.




1.3. Landscape-Scale Factors


In this line of thought, other factors stand out, namely those at the landscape-scale, such as: housing location, building density, slope, and firefighter access given by road proximity. These determine the spatial arrangement of buildings and its significant influence on the likelihood of building damage and destruction [7,14]. Since many of the relationships between these landscape-scale variables are nonlinear [7], it is recommended to test their performance in each case study.



As for building density, various studies have empirically found that the probability of building loss due to wildfires is highest in small and isolated building clusters, considering their low-medium house density and the existence of sparse roads [1,14].



The strong correlation between low–medium structure density and fire destruction can derive from interspersed houses, which have a larger perimeter of contact with wildland vegetation and, because of that, are more exposed to wildfire [1].



Another justification can be grounded on the more difficult and expensive access of these low-density rural buildings that may not be prioritized in comparison to high-density and high-value developments. This is the reason why distance to major roads is of prime importance for low-density building survival [9,15]. Isolated structures can therefore be more difficult for firefighters to access and defend [7,16,17,18,19]. Another explanation could be that scattered buildings are, in some cases, located in high-slope areas with high fire risk and low accessibility.



Apart from low- to medium-density structure destruction, high-density communities are also not completely resistant during a wildfire. Small clusters with a large number of buildings can have a high probability of structure destruction due to the closeness of houses and the inherent susceptibility of home-to-home fire spread [20].



In the Santa Monica Mountains, structures located on the edge of housing developments and housing clusters on steep slopes were found to be highly susceptible [7].



Since the main construction type in Portugal is masonry, ‘structure to structure’ ignition is not common when compared to other countries with predominantly wooden or metal construction materials [6,21,22].



Given this, Ribeiro et al. [6] conclude that structures in compact urban areas are protected, especially those situated at the cluster’s core.




1.4. Construction Materials


In terms of exterior construction materials, stucco was associated with the highest proportion of building survival over masonry, wood, or metal. Regarding roofing material, tile offers more building resistance, being responsible for the highest house survival proportion when compared to composite, shake, metal, or shingle [9].



As a factor in wildfire house survival, roofing is considered more important than a home’s siding [20]. However, beyond the roof covering, various sub-factors should be taken into account when studying roofing and its wildfire resistance capacity, namely: the edge, the roof complexity, whether or not the roof was treated with fire retardant [20], the accumulation of combustible leaf litter or debris on the roof, and— since if the roofs are not sealed embers could have a point of entry through the roof breaches [9]—the degree of roof maintenance [20].



Regarding building loss by ember flow, Syphard and Keeley [10] stated that factors such as exterior siding or roofing material were much less important than exposed eaves, vents, or windows. Bowditch et al. [22] assessed that windows, especially framing materials and panes, were more important than roofs or siding concerning structure survival since they can be an easy point of entry for firebrands.



During Portugal’s Pedrógão Grande extreme fire [6], the majority of ignition points were on the structure’s roofs (61.8%), and the windows were the second most representative point of ignition (16%), where vents without particle retention systems, mainly in older houses, were the point of entry for firebrands.



In this context, multi-pane windows are more resistant to thermal exposure than single-pane windows [23]. Also important is the type of glass in the window, as different types offer different levels of resistance to radiant heat [22,23].



Vinyl is characterized by a lower melting point and lower ignition temperature than aluminum [9]. The highest proportion of building survival was reported in structures using vinyl as a window framing material when compared to metal and wood, and especially when comparing dual-pane with single-pane [9]. It should be acknowledged that vinyl and dual-paned windows are more often present in newer constructions; this is one reason why structure age can be related to building survival during a wildfire [9], as sometimes these construction innovations are a consequence of implementing newer building codes.




1.5. Building Use


For Ribeiro et al. [6], in the Pedrógão Grande wildfire, the low to medium degree of building preservation was related to the high level of structure damage. Building use was also a factor that determined building resistance. The main groups of the destroyed and damaged structures were shed/storage (38.6%), which cannot be prioritized by firefighters dealing with an extreme wildfire. Uninhabited houses (12.7% of the total damaged buildings), and secondary housing (11.9%) can be less well defended when compared to primary and permanent housing, which only represented 13.3% of the damaged buildings.



Active defense driven by residents can also decrease the likelihood of structure destruction [5,24]. For example, the Australian government’s wildfire safety policy advocated for a ‘Prepare, stay and defend, or leave early’ strategy in the period 2005–2009 [24,25]. However, after the February 2009 Victorian bushfires this policy was repudiated and replaced with the ‘Prepare, Act, Survive’ policy, which emphasizes the evacuation to the detriment of householder response to bushfire threat [26] (pp. 491–492).




1.6. Combining Factors


Focusing on the study area of San Diego County, CA, USA, Syphard et al. [9] found that the most important factors for explaining structure loss to wildfires were mainly: structure density, building age, slope, presence of vegetation overhanging the roof, distance to major roads, window framing and windowpanes, roofing and siding material, and defensible space dimension.



Price et al. [5] examined the wildfire determinants of damage for Eastern Australia, listing, in this context, six main themes: preparedness actions (management of fuels up to 30 m around the house, namely the defensible space); responsive actions (undertaken to defend from wildfires); house construction (materials, shape, gaps); landscape fuels (i.e., beyond the defensible space of 30 m from houses); and topography and weather. They concluded that the major factors of building survival were preparedness by the provision of defensible space and defensive actions, since the houses that were not defended had almost three times the probability of being damaged or destroyed [5].




1.7. Research Questions


This paper aims to assess which factors were determinants in house resistance in the specific context of Portugal’s Central Region through the case study of the extreme wildfire of 15 October 2017 in Santa Comba Dão municipality, reflecting about which factors should be taken into account in a mitigation strategy for house losses. We defined three research questions (RQs), namely:



RQ1: What factors most determine the destruction of buildings by wildfire in the example of the municipality of Santa Comba Dão?



RQ2: Knowing from the scientific literature that there is no gain of protection beyond the 30 m of defensible space, what is the importance of the 30 m defensible space for building destruction in Santa Comba Dão municipality?



RQ3: Is the 50 m dimension of defensible space regulated for Portuguese territory justified?





2. Materials and Methods


2.1. Study Area


Fifteen people died and a total of 54,407 hectares (ha) were burned as a result of the Lousã extreme wildfire in the Central Region of Portugal [27] that started at 08:41 (a.m.) on 15 October 2017 in the village of Prilhão, before quickly spreading to Santa Comba Dão municipality (Figure 1).



This municipality was chosen as a case study because of its variety of land uses, its large burned area, and the high number of buildings impacted by the 2017 wildfire. Santa Comba Dão is an 11,195 ha town and municipality partially bordered by the Mondego River in the Viseu District, Central Region. It had a population of 11,597 inhabitants in 2011 [28] and 10,641 inhabitants in 2021 [29], corresponding to a population decrease of 8.4% in ten years.



The municipality is divided into six civil parishes (Ovoa and Vimieiro; Pinheiro de Ázere; Santa Comba Dão and Couto do Mosteiro; São Joaninho; São João de Areias;and Treixedo and Nagozela). The main settlements are interconnected by a web of roads of different importance (Figure 2).



Forests represent 60.03% of the municipal territory, with about 43% % of the forest area occupied by Eucalyptus globulus [30]. According to the Land Use/Cover Map (COS 2015), the remaining landscape structure is constituted by agriculture (23.03%), urban space (8.08%), water bodies (7.37%), pastures (0.41%), agroforestry systems (0.18%), and sparse vegetation (0.02%) [31] (Figure 2).



Eucalyptus globulus is present in recent plantations for pulp and paper; frequently on terraces in fragmented areas of poor management and land abandonment. In such forests, Eucalyptus is mixed with other tree species; mostly pines (Pinus pinaster), oaks (Quercus spp.), and the exotic Acacia dealbata.



The proliferation of eucalyptus in Portugal is in part explained by the occurrence of wildfires, which encourages forest owners to replace pine with species with shorter life cycles which are therefore compatible with recurrent fires [32].



The areas burned on 15 October 2017 now exhibit massive Eucalyptus wildlings, reaching hundreds of plants per square meter in some areas with limited presence of native shrubs (Cistus psilosepalus, Rubus sp., Ulex sp.) and herbaceous species (mostly Pteridium aquilinum and Rubia peregrina) [30]. The presence of wildlings adds to the current dangerous naturalization of Eucalyptus that is gradually increasing the likelihood of fire in many areas of Portugal [30].




2.2. Data Assembly and Analysis


To study which factors determined building resistance in Santa Comba Dão, we ran exploratory regression models in which various data were assembled to assign a numerical value to each variable influencing structure survival.



Firstly, the building damage and loss during the 2017 wildfire was assessed using digital image interpretation in Google Earth [33]. Vectorial data on primary housing reconstructed by the Portuguese Centre’s Coordination and Development Commission (CCDR-Centro) was given by the Santa Comba Dão City Council [34]. To finalize the burned buildings database, some field visits were made to clarify doubtful identifications made during digital image interpretation.



Afterward, we defined three categories of house damage and loss from the resulting building damage and loss vectorial database: 0—Unaffected buildings; 1—Buildings little affected; 2—Buildings partially destroyed; and 3—Buildings completely destroyed) using a Geographic Information System (GIS).



Secondly, data referring to the definition of explanatory variables were assembled, before being extracted as multi-values to building damage and loss shapefile polygons in GIS. The variables were organized according to the following themes:



The variable regarding defensible space was:




	
Presence of trees and shrubs in a 30 m radius around the buildings affected: using digital image interpretation, we identified the affected buildings that had surrounding trees and shrubs before the 2017 wildfire. This variable was measured using digital image interpretation with the aim of studying the importance of non-compliance with the 30-meter defensible space in explaining the destruction of buildings in the municipality studied.








The landscape-scale variables were:




	
Distance to the forest: We used the Portuguese Land Use/Cover Map for 2015 (before the 2017 wildfire: COS 2015), provided by the Portuguese General Directory of Territory (DGT), to identify forested areas. The distance to forest areas was calculated in GIS, being the distance values integrated into each vectorial building polygon. This variable was chosen since it was assumed that buildings farther from forest areas would be more resilient to a rural fire.



	
Distance to major roads: the distance to major roads was calculated in GIS using a road shapefile, and values were extracted to each polygon of the building shapefile. The source of the road shapefile was Open Street Map [35]. This variable was chosen because a greater distance of buildings from roads can result in less accessibility for firefighters, leading to more destruction of buildings.



	
Distance to minor roads: calculated in GIS as with major roads.



	
Building density: I was possible to calculate building density using the GIS Kernel density module and the building damage and loss shapefile. This variable was chosen because the scientific literature indicated that denser urban areas are more resistant to fires.



	
Euclidean nearest neighbor building: this landscape metric of building isolation was calculated from the housing database using the Fragstats 4.2. software [36], with results automatically aggregated to building polygons. This is an indicator of dispersion of buildings in the territory. As such, this variable was chosen in order to study whether more dispersed buildings were more damaged by the fire.



	
Slope: the slope map was determined in GIS from a digital elevation model (DEM) derived from satellite data (STRM) with a spatial resolution of 25 m [37]. The slope values were then extracted through GIS for each building polygon. This variable was chosen in order to reveal its influence on the destruction of buildings by fire.








The type of construction materials used and the presence of concrete slabs can determine the destruction of a building. As such, related independent variables were included in the multiple linear regression. The variables related to building construction materials were:




	
Concrete structure: the number of buildings with reinforced a concrete structure was obtained from the shapefile of the Geographical Base for Referencing Information (BGRI) subsections of the 2011 Portuguese Census [28]. The values were integrated into the study area building database using GIS.



	
Structures with slabs: the number of buildings constructed from masonry walls with slabs was calculated as with concrete structure.



	
Adobe structure: the number of buildings with constructed from adobe walls or loose stone masonry was calculated as above.



	
Other structure: the number of buildings with other types of structure was calculated as above;



	
Structures without slabs: the number of buildings with masonry walls without slabs was calculated as above.








The implantation area and the number of rooms in a building can affect the likelihood of destruction of the building. To test this influence in a multiple linear regression, we included the following variables based on building area:




	
Up to 50 m2: the number of buildings with an area up to 50 m2 within each BGRI subsection shapefile was calculated using the previous method.



	
50–100 m2: the number of buildings with an area between 50 and100 m2 within each BGRI subsection shapefile was calculated using the previous method.



	
100–200 m2: the number of buildings with an area between 100 and200 m2 within each BGRI subsection shapefile was calculated using the previous method.



	
More than 200 m2: the number of buildings with an area above 200 m2 within each BGRI subsection shapefile was calculated using the previous method.



	
1–2 rooms: the number of buildings with 1 or 2 rooms within each BGRI subsection shapefile was calculated using the previous method.



	
3–4 rooms: the number of buildings with 3 or 4 rooms within each BGRI subsection shapefile was calculated using the previous method.








In order to test the influence of the predominant land-use type in the place where each building is located on its destruction by fire, the following variables were selected for inclusion in the multiple linear regression:




	
Urban space: we distinguished between spaces listed as urban areas in COS 2015 and those that were not using binary differentiation in GIS (0–No urban space; 1–Urban space). These binary attribute values were then indexed to each building polygon in the study area.



	
Agriculture: the previous method was repeated for buildings located in areas described by COS 2015 as agriculture areas.



	
Forests: the previous method was repeated about the buildings located in areas described by COS 2015 as forest areas.



	
Agroforestry systems: the previous method was repeated for the buildings located in areas described by COS 2015 as agroforestry systems.



	
Pastures: the previous method was repeated for the buildings located in areas described by COS 2015 as pasture areas.



	
Shrubland: the previous method was repeated for the buildings located in areas described by COS 2015 as shrubland areas.



	
Sparse vegetation: the previous method was repeated about the buildings located in areas described by COS 2015 as containing sparse vegetation.









2.3. Multiple Regression Analysis


The entire previous data assembly was intended to identify the influence of each factor on the destruction of buildings by wildfire. In this context, the most robust and adequate method for studying this is multiple linear regression [38]. For that reason, it was chosen as a main method.



The previous definition of three categories of house damage and loss expresses the degree of building damage. This served as the dependent variable in the multiple regression.



Five thematic multiple linear regression models were conducted using GIS and Statistical Package for the Social Sciences (SPSS) for Windows (Version 26) [39] to identify the explanatory factors of Santa Comba Dão’s structural resistance to wildfire, based on explanatory variables on the following themes:




	
Defensible space.



	
Landscape-scale factors.



	
Building construction materials.



	
Building area.



	
Land use type at building location.








The multiple regression results for the five theme factors are presented and discussed in the next sections.





3. Results


3.1. Number of Destroyed and Affected Buildings


From a total of 26854 buildings in Santa Comba Dão municipality, 2.9% (782) were completely destroyed, 0.12% (32) were partially destroyed (up to 50% of the implantation area affected), 0.03% (8) were slightly affected, and 96.90% (25,762) were not affected (Figure 3).




3.2. Multiple Regression Regarding the Defensible Space


The presence of trees and bushes within a radius of 30 m from the buildings was the most important determining factor in the degree of damage/destruction of the buildings (β = 0.881; p-value = 0). This variable accounted for 77.60% of the damage/destruction-degree variance (Table 1).




3.3. Multiple Regression Regarding Landscape-Scale Factors


The influence of distance to forest areas (variable: distance to forest) had a negative influence (β = −0.042; p-value = 0). Therefore, it is possible to infer that the further away the buildings are from the forest areas, the less serious their destruction and thus the greater their resistance. The increasing distance to major (variable: distance to major roads) (β = 0.122; p-value = 0) and minor (variable: distance to minor roads) (β = 0.045; p-value = 0) roads had a statistically significant positive influence on damage and destruction. The greater the density of buildings in Santa Comba Dão (variable: building density), the less serious their destruction; the variable of building density displayed a negative influence (β = −0.023; p-value = 0.003). Neither the Euclidean nearest neighbor building, as a measure of isolation/proximity between buildings (variable: ENN building) nor the slope (variable: slope) presented any statistical significance for analysis purposes.



These independent variables only represented 2.4% (Adjusted R2 = 0.024) of the variance of the dependent variable (degree of damage/destruction of buildings) (Table 2).




3.4. Multiple Regression Regarding Building Construction Materials


A regression model was carried out to research the relationship between the degree of damage and the type of construction material of the buildings in the municipality under study at the scale of the BGRI subsection. It can be seen that the number of buildings with a reinforced concrete structure (variable: concrete structure) (β = −0.041; p-value = 0), buildings with a structure of masonry walls with slabs (variable: structure with slab) (β = −0.064; p-value = 0), buildings with a structure of adobe walls or loose stone masonry (variable: adobe structure) (β = −0.016; p-value = 0.011), and buildings with other types of structure (variable: other structure) (β = −0.020; p-value = 0.001), all have a clearly significant inverse relationship with the degree of damage. On the other hand, the number of buildings with masonry walls without slabs (variable: structure without slab) varied positively with the degree of damage to buildings affected by the 2017 wildfire (β = 0.020; p-value = 0.003).



These independent variables only represented 0.5% (Adjusted R2 = 0.005) of the variance of the dependent variable (degree of damage/destruction of buildings) (Table 3).




3.5. Multiple Regression Regarding Building Area


The BGRI number of houses with an area of 50 to 100 m2 (variable: 50–100 m2) (β = −0.080; p-value = 0), with an area of 100 to 200 m2 (variable: 100–200 m2) (β = −0.036; p-value = 0), with an area greater than 200 m2 (variable: more than 200 m2) (β = −0.024; p-value = 0.001), and those that were a primary residence with one or two rooms (variable: 1–2 rooms) (β = −0.016; p-value = 0.012), had an inverse influence concerning the degree of damage to the building (Table 4). Smaller dwellings (with an area up to 50 m2; variable: up to 50 m2) (β = 0.019; p-value = 0.026) and those with more rooms (variable: 3–4 rooms) (β = 0.051; p-value = 0) seem to have less resistance due to their positive impact on the degree of damage.



These independent variables only represented 0.6% (Adjusted R2 = 0.006) of the variance of the dependent variable (degree of damage/destruction of buildings) (Table 4).




3.6. Multiple Regression Regarding Land Use Type at Building Location


According to the results of the multiple regression, the buildings located in impervious areas of urban space as defined in the COS 2015 map, show resistance in the event of a wildfire due to the negative influence of this variable on the degree of damage (variable: urban space) (β = −0.050; p-value = 0) (Table 5). Dispersed buildings, located in patches of forest (variable: forests) are more susceptible to damage; this is confirmed by the positive variation between this variable and the degree of damage/destruction (β = 0.079; p-value = 0).



The other variables did not present statistical significance in this regression.



These independent variables only represented 1.2% (Adjusted R2 = 0.012) of the variance of the dependent variable (degree of damage/destruction of buildings) (Table 5).





4. Discussion


From the results of the Santa Comba Dão case study, it is possible to state that various factors present a predominant influence in building destruction, with some corroborating the influence of factors identified in the scientific literature.



Compared with the Australian and Californian studies [5,7,8,9,10,24,25], it appears that non-compliance with a defensible space of 30 m is the most important factor determining building destruction. This factor was responsible for 77.60% of the variance in the degree of damage/destruction of buildings due to the 2017 wildfire. As such, the defensible space of 50 m regulated for Portuguese territory is excessive, leading to a herculean effort in human and financial resources that often do not exist.



An increasing distance to major and minor roads is also an influential variable for the degree of damage/destruction, reducing building resistance. It is noted that buildings located further away from main and secondary roads are less resistant due to the clear isolation from access to rescue means during the wildfire, as stated in other case studies [7,9,15,16,17,18,19].



The distance from forest areas variable was elucidative, allowing us to say that the further away buildings are from forests, the more protected they will be.



An increase in building density was related to a decrease in the degree of building damage/destruction, reiterating the observation made in other case studies that high density of buildings is a factor in building resistance to wildfires [1,6,14].



However, the distance to the forest, distance to major and minor roads, and building density only represented 2.4% of the factors responsible for the destruction of the buildings.



Innovative in this study is the proof that building dispersion is not a factor in resistance to wildfires; this was proven by the fact that the Euclidean nearest neighbor building explanatory variable did not show statistical significance. As such, this study does not corroborate the building’s vulnerability due to its isolation, as was observed in other case studies [7,16,17,18,19].



Similarly, the slope was not a variable that showed statistical significance in explaining the buildings’ destruction, contrary to what has been verified in other empirical studies [7,9].



Regarding the building materials and building area variables, it appears that their contribution is not relevant to determine the destruction of the building.



Nonetheless, despite the independent variables relating to building materials only representing 0.5% of building-destruction variance, it should be noted that buildings with a concrete structure, with slabs, adobe structures, and other structures, all have more resistance; this conforms with the influence of some of these factors calculated by Syphard, Brennan and Keeley [8]. On the other hand, buildings without slabs, which commonly have wood in their structure, have less resistance.



The building area variables also represented a tiny part (0.6%) of the variance of the building damage/destruction variable. In this context, buildings with a footprint of up to 50 m2 (sheds and garages) were less resilient to fire when compared to buildings with a larger footprint.



In turn, the land-use type where each building is located explained 1.2% of the variance of the degree of building damage/destruction. Thus, buildings located in consolidated urban spaces seem to be more protected from a wildfire impact. Considering that the minimum mappable unit of the COS is 1 hectare (ha), it is also possible to affirm that the buildings that form clusters of urban space with an area greater than 1 ha are characterized by greater resistance to damage or destruction to rural wildfire. In contrast, the existing buildings in forest areas reveal themselves to be deeply vulnerable.



Given what has been exposed so far, it appears that the explanatory variables together are responsible for 82.30% of the variance of the building damage/destruction degree by wildfires.



The non-compliance with the defensible space of a dimension of 30 m was responsible in this case study for 77.60% of the building destruction. From the point of view of public policies, these results show that the defensible space for existing buildings in Portuguese territory could perhaps be rethought to 30 m following a pilot project in the municipality studied or in other municipalities exposed to wildfires.



Given the results, spatial planning policies and integrated management of rural fires are correct to restrict new building permits in forest areas, but the building dispersion and the slope were not verified as factors involved in increasing the vulnerability of buildings to wildfires. Despite this, buildings located in consolidated urban areas are more resistant to wildfires. That said, the criterion to be taken into account for the granting of new building permits should be that they are not located in a forest area or near to a forest edge, regardless of whether it is in a consolidated or dispersed urban area.



Finally, although its results were not very significant, it appears that the Portuguese building codes regarding construction materials are supporting factors in building resistance.




5. Limitations


Since the multiple linear regressions only explained 82.30% of building destruction, it still remains to find the factors responsible for the other 17.70%.



Regarding construction materials and building area, there are no differences regarding the strength of the buildings. The same was found with the construction ages of the buildings, regression data relating to which are not presented since they did not show statistical significance. This may derive from the fact that the analysis of these variables was carried out at the scale of the statistical BGRI subsection and not at the building scale.



Over the years, masonry and tile roofs have been the main construction materials in Portuguese housing, including in Santa Comba Dão. These materials have a medium to high resistance to wildfires [6], which was not studied in this case study. It was also not possible to confirm the influence of single- and multi-pane windows on Santa Comba Dão’s housing resistance to the 2017 wildfire.



Likewise, it was not possible to assess which buildings were occupied in order to define variables related to building use that could contribute to explaining the remaining variance in the degree of building damage/destruction.



Therefore, a research opportunity for the future will be to collect more detailed data about the construction materials, age, state of conservation, and use of each building before the wildfire, which will perhaps explain the missing factors that represent 17.70% of the variance of the building damage/destruction variable.




6. Conclusions


This research identified the main factors that should be taken into account in the definition of a municipal mitigation strategy to defend buildings against wildfires that can be extrapolated to municipalities with similar susceptibility and vulnerability to wildfires.



The main factors involved in the destruction of buildings by fire were identified, emphasizing that the non-compliance with a defensible space of 30 m around buildings is the factor that most determines the destruction of buildings. This finding corroborates what has been proven by the scientific literature regarding this subject, and such knowledge should have implications for public policies on fuel management around buildings.



Given that the human and financial resources of communities and institutions to comply with all fuel management strips are scarce and their use must therefore be well allocated, the Portuguese legal requirement of complying with 50 m of defensible space around buildings should be reduced to 30 m in favor of greater effectiveness and efficiency.



Therefore, the strategy should also include the prohibition of roof overhanging vegetation and the restriction of building permits in forest areas, and/or areas very far from major roads. Although there is no data regarding the differentiated presence of single- or multi-pane windows (with or without vinyl framing) on the study area buildings, it will always be recommendable, given the literature, to create incentives for their introduction into structures. All this should be combined with an efficient program to oversee and monitor its implementation.
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Figure 1. Santa Comba Dão municipality and 15 October 2017 extreme wildfire. 
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Figure 2. Municipality road and land use structure [30]. 
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Figure 3. Degree of damage/destruction of buildings after the 2017 wildfire in Santa Comba Dão municipality. 
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Table 1. Summary of the multiple regression significance of defensible space explanatory variables.
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Independent Variables

	
Non-standardized

Coefficients

	
Standardized

Coefficient

	
t

	
p-Value




	
B

	
Error

	
Beta (β)






	
Constant

	
0.019

	
0.002

	

	
12.795

	
0.000




	
Buildings with trees and shrubs in a 30 m buffer

	
2.902

	
0.010

	
0.881

	
303.263

	
0.000








No. of data points = 26854; F = 91968.188; R = 0.881; Adjusted R2 = 0.776; p-value = 0.000.
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Table 2. Summary of the significance of building scale explanatory variables in the multiple regression.
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Independent Variables

	
Non-standardized

Coefficients

	
Standardized Coefficient

	
t

	
p-Value




	
B

	
Error

	
Beta (β)






	
Constant

	
0.045

	
0.009

	

	
5.318

	
0




	
Distance to forest

	
0

	
0

	
−0.042

	
−5.612

	
0




	
Distance to major roads

	
8.440 × 10−5

	
0

	
0.122

	
19.626

	
0




	
Distance to minor roads

	
0.000

	
0

	
0.045

	
6.528

	
0




	
Building density

	
−1.819 × 10−5

	
0

	
−0.023

	
−2.973

	
0.003




	
ENN building

	
0

	
0

	
0.008

	
1.232

	
0.218




	
Slope

	
−3.101 × 10−5

	
0

	
−0.008

	
−1.374

	
0.169








No. of data points = 26584; F = 110.48; R = 0.156; Adjusted R2 = 0.024; p-value = 0.
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Table 3. Summary of multiple regression significance of building materials explanatory variables.






Table 3. Summary of multiple regression significance of building materials explanatory variables.





	
Independent

Variables

	
Non-standardized

Coefficients

	
Standardized

Coefficient

	
t

	
p-Value




	
B

	
Error

	
Beta (β)






	
Constant

	
0.128

	
0.005

	

	
26.876

	
0.000




	
Concrete structure

	
−0.002

	
0.000

	
−0.041

	
−6.093

	
0.000




	
Structure with slab

	
−0.005

	
0.000

	
−0.064

	
−9.874

	
0.000




	
Structure without slab

	
0.002

	
0.001

	
0.020

	
2.923

	
0.003




	
Adobe structure

	
−0.004

	
0.001

	
−0.016

	
−2.533

	
0.011




	
Other structure

	
−0.023

	
0.007

	
−0.020

	
−3.239

	
0.001








No. of data points = 26854; F = 28.983; R = 0.074; Adjusted R2 = 0.005; p-value = 0.000.
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Table 4. Summary of the significance of building area explanatory variables in the multiple regression.
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Independent

Variables

	
Non-standardized Coefficients

	
Standardized Coefficient

	
t

	
p-Value




	
B

	
Error

	
Beta (β)






	
Constant

	
0.136

	
0.005

	

	
28.272

	
0.000




	
Up to 50 m2

	
0.006

	
0.003

	
0.019

	
2.225

	
0.026




	
50–100 m2

	
−0.008

	
0.001

	
−0.080

	
−6.129

	
0.000




	
100–200 m2

	
−0.003

	
0.001

	
−0.036

	
−3.797

	
0.000




	
More than 200 m2

	
−0.008

	
0.002

	
−0.024

	
−3.381

	
0.001




	
1–2 rooms

	
−0.026

	
0.010

	
−0.016

	
−2.523

	
0.012




	
3–4 rooms

	
0.006

	
0.002

	
0.051

	
3.870

	
0.000








No. of data points = 26854; F = 24.511; R = 0.080; Adjusted R2 = 0.006; p-value = 0.000.













[image: Table] 





Table 5. Summary of significance of land use explanatory variables (COS, 2015) in the multiple regression.
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Independent

Variables

	
Non-standardized Coefficients

	
Standardized

Coefficient

	
t

	
p-Value




	
B

	
Error

	
Beta (β)






	
Constant

	
0.115

	
0.013

	

	
8.525

	
0.000




	
Urban space

	
−0.054

	
0.014

	
−0.050

	
−3.990

	
0.000




	
Agriculture

	
0.004

	
0.014

	
0.003

	
0.294

	
0.769




	
Forests

	
0.152

	
0.016

	
0.079

	
9.607

	
0.000




	
Agroforestry systems

	
−0.115

	
0.114

	
−0.006

	
−1.005

	
0.315




	
Pastures

	
−0.080

	
0.060

	
−0.008

	
−1.331

	
0.183




	
Shrublands

	
0.052

	
0.124

	
0.003

	
0.423

	
0.672




	
Sparse vegetation

	
0.313

	
0.193

	
0.010

	
1.627

	
0.104








No. of data points = 26854; F = 45.904; R = 0.109; Adjusted R2 = 0.012; p-value = 0.000.
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