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Abstract 

Burned area is a rather weak descriptor of wildfire activity, since it is not well correlated neither with fire 

severity and ecological effects, nor with socio-economic impacts. It ignores the heterogeneity in severity 

distribution within fire boundaries, and the existence of unburned patches (UPs). The purpose of this paper 

is to provide a first understanding of the trends and spatial patterns and characteristics of UPs within wildfires 

in Portugal as well as their explanatory variables. This research adopts a special focus on extreme wildfire 

events (EWEs), that represent a huge threat to society because of their high intensity, erratic behavior, and 

strong spot activity. Previous studies on UPs mainly followed an ecological approach, whereas our research 

is mainly focused on understanding how the area of wildland-urban interface (WUI) contributes to create 

UPs inside an EWE. This focus is of paramount importance to assist prevention and mitigation, in order to 

increase the safety of people and assets, in a context of more extreme fire environments. We selected as case 

study the Pedrógão Grande wildfire that occurred in 2017. This event is one of the most disastrous fires ever 

occurred worldwide, with the highest number of fatalities in a single event. We hypothesize that even in this 

category of fires it is possible to find UPs. Based on the wildfire perimeter dataset available, we estimated 

the UPs by the application of geometrical operations. The mapping of WUI was carried out by methods 

developed by IRSTEA and available in the Ruimap software. The WUI map was created by a combination 

of housing configuration and vegetation characterization or land use map. To relate the formation of UPs and 

the Pedrógão Grande fire intensity we used the shape file of the isochrons of fire spread provided by the 

Independent Technical Commission (CTI) created by the Portuguese Parliament to investigate 2017 

wildfires. We created an UPs georeferenced database for Pedrógão Grande wildfire comprising several 

variables (e.g. size, land use characteristics, aspect, slope). Although the trend of UPs in Portugal from 1975 

to 2017 is presented, the most innovative findings are related with the study case of Pedrógão Grande and 

the patterns and characteristics of UPs within this fire perimeter. This wildfire burned with different 

intensities and rate of spread but since the first thirty minutes after the ignition, fire burned above the 

extinction capacity (CTI 2017). In this EWE, unburned area within fire boundary were identified irrespective 

of fire intensity values, even in the most critical period when fire burned with intensity up to 60,000 kWm-1. 

Our findings corroborate the previous studies but others are in contrast with what has been published so far. 

One of the most interesting findings is that the largest UPs were formed in the interval of maximum intensity 

and are of the Mix UPs type. The implications of the findings of this research in land and wildfire management 

are exploited. 

 

Keywords: Extreme wildfire events (EWE), fire intensity, Portugal, unburned patches (UPs), wildland-urban interface (WUI). 
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The number of fire events and burned area (BA) are the most widely used metrics to characterize 

wildfires and evaluate their impacts. BA is a rather weak descriptor of wildfire activity, since it is not 

well correlated neither with fire severity and ecological effects (Keane et al. 2009; Lutz et al. 2011; 

Kolden et al. 2012; Birch et al. 2014; Tedim et al. 2015)  nor with socio-economic impacts (Gill and 

Moore 1998; Tedim et al. 2018). In addition, it ignores the heterogeneity in severity distribution, and 

the existence of unburned patches (UPs) within a fire perimeter, also labeled unburned islands, fire 

islands, refugia, or inclusions; they are an important component of the burned mosaic (Kolden et al. 

2012; Kolden et al. 2015; Krawchuk et al. 2016)  

UPs can be considered a response of landscape matrix to a wildfire event, and can help to retrace 

its dynamics, because they represent a physical evidence of local changes of fire behavior with 

heterogeneous consumption of fuels (Meddens et al. 2018), as influenced by several biophysical and 

anthropic drivers and their complex interactions. UPs contribute to create landscape heterogeneity and 

can thereby influence the distribution and behavior of subsequent wildfires. UPs “are landscape 

legacies that can provide an essential environment for species sensitive to fire, and support 

populations that contribute to the reassembly of biotic communities after fire” (Krawchuk et al. 2016: 

p. 2). However, UPs size, shape, frequency, and spatial patterns are usually not considered in current 

fire regime descriptions (Kolden and Weisberg 2007; Kolden et al. 2012; Meddens et al. 2018).   

Research on UPs has mainly followed an ecological approach, focusing on their role: as fire refugia 

for fire-sensitive organisms; as seed sources facilitating the regeneration of adjacent burned areas, 

biodiversity conservation, increase in a post fire landscape, reduction of detrimental fire impacts on 

hydrology and erosion (Meddens et al. 2018); and in ecological trajectories of succession, ecosystem 

dynamics, and wildfire risk (Kolden et al. 2012). 

The pattern of UPs distribution inside fire boundaries can be very variable (Kolden et al. 2012; 

Tedim et al. 2013; Leonard et al. 2014). Research has shown that the number of UPs significantly 

decreases with increasing fire size and severity  (Kolden et al. 2012). UPs size increases with the extent 

of fire boundary, but patches decrease in density, whereas an increase in fire intensity produces smaller 

size Ups (Kolden et al. 2012; Kolden et al. 2015; Meddens et al. 2018). The ecological effects of UPs 

are determined by size (Eberhart and Woodard 1987), and edge effect (Slik et al. 2011). Enhancing 

the knowledge of UPs characteristics and the factors that contribute to their formation is crucial to 

produce accurate modeling, predict the efficacy of localized fire prevention and mitigation actions 

(Corona et al. 2014; Vaillant et al. 2016; Meddens et al. 2018).  

The purpose of this paper is to provide a first understanding of the spatial patterns and 

characteristics of UPs in extreme wildfire events (EWEs), as well as their explanatory variables in 

Portugal.  EWEs are pyro-convective phenomena overwhelming the capacity of control (fireline 

intensity ≥10,000 kWm-1), exhibiting erratic and unpredictable fire behavior and spread; they can 

likely cause relevant negative socio-economic and environmental impacts (Tedim et al. 2018). This 

category of wildfires represents a huge threat to society but we hypothesize that even in occasion of 

these events it is possible to find UPs. Although recognizing the importance of the ecological role of 

UPs, our research is also focused on understanding how the area of wildland-urban interface (WUI) 

contributes to create UPs in case of EWE, which is of paramount importance to assist prevention and 

mitigation, in order to increase the safety of people and assets in a context of more extreme fire 

environments. 

In the first part of this paper, the trend of UPs distribution and size for the period from 1975 to 2017 

in Portugal is analyzed. In the second part, a detailed analysis is provided for the UPs occurred in the 

2017 wildfire season. In the third part, the spatial pattern and characteristics of UPs in the Pedrógão 

Grande wildfire are presented, which is one of the several EWEs that occurred in 2017, in Portugal. 
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The 2017 wildfire season was the worst one experienced by Portugal so far, since about 465,567ha 

were affected, i.e. about 5% of the country surface, also provoking 112 fatalities. 

In Figure 1 the location of the case study of Pedrógão Grande wildfire is presented. This event is 

one of the most disastrous fires ever occurred worldwide, with the highest number of fatalities (66) in 

a single event. Pedrógão Grande fire spread between 17th and 20th of June, i.e. out the usual fire season, 

and burned 28,624.7 ha. This wildfire reached intensities of 60,000 kWm1 and during 10 minutes of 

its critical phase assumed a rate of spread (ROS) of 15 km/h, provoking most of the fatalities; it 

exhibited extreme phenomena of vorticity and of short and long-distance spotting activity 

(ADAI/LAETA 2017; CTI 2017). Its estimated magnitude was 568 GW, a very high value for 

Portugal, although it represented just one third of the potential magnitude in wildfires with higher 

intensity and ROS that already occurred in eucalyptus forests in Australia (CTI 2017). About 63% of 

the fire perimeter burned in the first 24 hours, and 4,459 ha burned in a single hour. 

In the area affected by the Pedrógão Grande fire, forests of Eucalyptus and Pinus pinaster dominate, 

with a high spatial continuity; the agricultural areas are small and located around the villages; grazing 

activity is low (1-3 livestock units per ha) (CTI 2017).   

 

Figure 1 - Location of Portugal and the study area of Pedrógão Grande 

 

 

For the period 1975 to 2017, we used a dataset of wildfire perimeters polygons. To allow the 

comparability of our research with the findings of other studies about unburned areas (e.g., Meddens 

et al. 2018) we considered only the perimeters ≥ 405 ha. 

The data of burned area polygons for the period 1975–1989 were produced by the School of 

Agriculture (ISA - Instituto Superior de Agronomia). For the following years until 2017, we used the 

cartographic data available in the website of the Institute of Nature Conservation and Forests (ICNF- 

Instituto de Conservação da Natureza e das Florestas). Furthermore, for the year 2017, we used also 

the dataset produced by ISA and provided by the Independent Technical Commission (CTI- Comissão 

Técnica Independente - created by the Portuguese Parliament to analyze the wildfire events occurred 

in 2017). Fire perimeters polygons considered in these datasets do not necessarily correspond to single 
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wildfires, since a fire perimeter can be constituted by the coalescence of more than one fire or be a 

result of a single wildfire. 

The two mentioned datasets used different procedures for the burned area detection and reveal 

different number of UPs, which shows that the mapping of fire perimeter can produce different 

numbers of UPs for the same event and, consequently, influences the consistency of the results. For 

instance, in the dataset provided by ICNF (accessed on April 3rd, 2018) 4,793 UPs were listed, of 

which 876 have an area ≥ 1 ha (18.3%). The dataset provided by the ISA, allowed the identification of 

31,470 UPs, of which 8,172 (25.9%) are ≥1 ha. The same differences were obtained for the Pedrógão 

Grande wildfire (Fig. 2). While one of the datasets identifies just 45 UPs ≥ 1 ha, from the other we 

obtained 522 UPs ≥ 1 ha out of 2,039 UPs. 

 

Unlike Meddens et al. (2016), who used random Forest and classification trees in order to separate 

burned from unburned locations, we estimated the unburned area by the application of geometrical 

operations. It means the difference between a rectangular polygon of the dimensions of each fire 

perimeter and the polygon of burned area, returning a new geometry only with the unburned area, 

excluding polygon rests which were outside the fire boundary. 

 

 
Figure 2 - The UPs in Pedrógão Grande wildfire using two different sources: a) ISA; b) ICNF  

For Pedrógão Grande fire we also used the shape file of the isochrons of fire spread provided by 

CTI. 

 

The mapping of WUI was carried out by the methods developed by the Institut National de 

Recherche en Sciences et Technologies pour l'Environnement et l'Agriculture (IRSTEA) and available 

in the Ruimap software (Sirca et al. 2017). The aim is to locate the different WUI types throughout 

the country in order to have an idea of WUI spatial patterns. 

On the global scale, the WUI is defined by a radius of 400 m around houses located at less than 200 

m from forests or shrubland. The mapping of the WUI for all Portugal using the global scale method 

was made on the Corine Land Cover for the year 2006, as more recent data on land use were not 

available. The pixel resolution is 100 m. The WUI for the area affected by the Pedrógão Grande fire 
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was also mapped using the local scale method developed in a French context by IRSTEA. In this case 

the WUI is defined by a radius of 100 m around each building located at a distance of less than 200 m 

from forests or shrublands. 

Four housing configuration classes were created: isolated, scattered, dense clustered and very dense 

clustered housing. The WUI map was created by a combination of housing configuration and 

vegetation characterization or land use map; the result is a map of twelve WUI classes. For the local 

scale WUI mapping method applied to Pedrógão Grande fire, the input data for the buildings are from 

Copernicus Emergency Management Service, and the level 5 land use map of Portugal from Direção-

Geral do Território (DGT). The pixel resolution is 2.5 m. 

 

 

The statistical analyses and illustration of the results were carried out in the R (3.5.) statistical 

environment (Team 2018), including the packages {ggplot2} for the graphics, the {sf} for geometrical 

operations and the {trend} package for the Man-Kendall statistics. The linear trends in this study were 

estimated using the Mann-Kendall’s tau test at the 95% significance level (Libiseller and Grimvall 

2002). The Man-Kendall statistic test is a rank-based nonparametric test, which has the advantage to 

be robust to outliers and does not assume an underlying probability distribution. For testing the 

correlation between different variables, the nonparametric Spearman's rank correlation coefficient was 

used at a 95% significance level (Best and Roberts 1975). For the national scale, we combined the 

Portugal WUI with the UPs of the year 2017. The same procedure was used for Pedrógão Grande fire.  

 

As UPs are spatial entities, we used a pixel-based approach to investigate the factors contributing 

to UPs. The characterization of UPs was based on their number, size, and proportion within fire 

perimeter, density, and Euclidian distance using the method of nearest neighbor. Hence, we used a 

Digital Elevation Model (DEM) with a resolution of 25 m, which enables us to estimate several terrain 

metrics: aspect, slope, elevation, Topographic Position Index (TPI) (Guisan et al. 1999) and the Terrain 

Ruggedness Index (Riley 1999). For the last two indices, a search radius of 1000 m and no distance 

weighting were considered. All the metric calculations were conducted in the SAGA-GIS software 

(version 6.3.0) by using the R package {RSAGA}. The morphometric indices describe different aspects 

of the terrain, which may play an important role in the explanation of the formation of UPs. In detail, 

TPI compares the elevation of each cell to the mean elevation of a specified neighborhood 

(identification of ridges and valleys); and TRI is the difference of elevation between a cell and the 

mean of an 8-cell neighborhood of surrounding cells.  

The created UPs database includes several variables including the classification of UPs by their 

composition: Vegetation UPs constituted only by vegetation or land without any buildings; WUI UPs 

constituted only by WUI; and Mix UPs where WUI and vegetation areas coexist. Base map and Google 

Earth, both images from 2016, were used to verify the land use of each UPs, integrated by fieldwork. 

 

 

 

From 1975 to 2017; 894 fire perimeters ≥ 405 ha were found. There is a high interannual variability 

in the number, with maximum values recorded in 2005 (143 perimeters), 1998 (116), 2003 (90), and 

2017 (89) (Fig. 3a). The lowest number of fire perimeters with the mentioned size occurred in 1988 

and 1997. Out of the observed 894 fire perimeters, just 305 (34.1%) contained UPs in number of 6,413, 

with a high interannual variability (Fig. 3b). The years with the highest number of UPs are 2017, 2013, 

and 2003 (Fig. 4). Since 2000, fire perimeters ≥ 405 ha with UPs can be found every year.  

https://en.wikipedia.org/wiki/Non-parametric_statistics
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a) 

 

b) 

 
Figure 3 - a) Number of fire perimeters ≥ 405 ha, from 1975 to 2017, b) Number of fire perimeters ≥ 405 ha with 

UPs, from 1975 to 2017 (Source: Data from ISA, ICNF) 

 

 
Figure 4 - Number of UPs in fire perimeters ≥ 405 ha (Source: Data from ISA, ICNF). 

 

For the whole period, 1975 to 2017, the area of UPs represented a proportion of 4,2% within fire 

perimeters, with a range between 0.005% (for 2005) and 8.0% (for 1984, a year with very low BA in 

fires perimeters ≥ 405 ha). Mann-Kendall trend test reveals positive trends for all the variables 

considered in the analysis: BA (tau=0.2981; p-value=0.0056); UPs area (tau=0.1901; p-

value=0.0777); number of UPs (tau =0.4021; p-value=0.0002); UPs density per 100 ha (tau=0.4354; 

p-value=5.031e-05), and mean distance between UPs (tau = 0.3140; p-value=0.0041). Spearman's rank 

correlation reveals a strong and statistically significant positive correlation between BA ≥ 405 ha and 

UPs area inside those perimeters (rho=0.8087; p-value =2.648e-07) (Fig. 5a). However, 2003, 2017 and 

2005 are clearly highlighted as outliers: the first two exhibit a high number of BA and UPs area, 

whereas 2005 exhibits the third largest BA in the period, but a very low UPs area inside the perimeters 

≥ 405 ha. A strong positive and statistically significant correlation is observed between BA and the 

number of UPs (rho=0.8582; p-value=4.386e-11) (Fig. 5b). The mean size of UPs ranges between 

147.80 ha (1982) and 0.24 ha (2005).  
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a) 

 

b) 

 
Figure 5 - Relationship between (a) BA and UPs area and (b) between BA and the number of UPs for fire 

perimeters ≥405 ha 

 

In the 2017 wildfires season in Portugal we identified 31,470 UPs occupying 55,591.4 ha within 

the BA. Most of the UPs had a very small size, and only 8,172 of them had a size ≥1 ha. The mean 

size of the UPs is 1.8 ha (Q75%: 1.0 ha; Q95%: 4.8 ha; Q99%: 23.7 ha), but within fire perimeters 

there are UPs larger than 100 ha, that is the threshold of large fires in Portugal. In fact, 63 UPs with 

>100 ha were found; the largest one reached 2,134.6 ha.  The UPs density per 100 ha for all the fires 

considered in 2017 is 6.8. Wildfires did not only affect forest, shrubs and agricultural areas, but also 

28.2% of the WUI of Portugal. Only 5.3% of WUI inside the 2017 fire perimeters was not affected by 

fires and constitutes UPs. About 44.1% (24,5 ha) of the area of UPs falls in WUI; 40.2% of it is 

characterized as isolated housing surrounded by forested area, followed by isolated housing 

surrounded by agricultural or sparse vegetation (34.2%), and scattered housing surrounded by 

forested area (10.9%) (Table A1, in Annex). UPs occurring in areas characterized as dense clustered 

housing, represented only 445 ha (1.8 % of UPs area within fire perimeters), a very low value, when 

compared with the other types of WUI. 

 

Within Pedrógão Grande fire perimeter, there are 3,833.0 ha of WUI (Fig. 6) but just 1,705.9 ha did 

not burn, i.e. the 44.5% of the total affected area and about 13.5% (3,850.5 ha) of the total area within 

fire perimeter is constituted by 2,039 UPs. The density of UPs per 100 ha in Pedrógão Grande fire is 

0.4. Since 1,517 UPs (representing 74% of the number and with a surface of 231.6 ha) have <1 ha, we 

found 522 UPs ≥ 1 ha representing an area of 3,618.9 ha. The largest UP has 751.4 ha. The mean size 

of the UPs is 1.9 ha, but if we consider only the UPs ≥ 1 ha, the value increases to 6.9 ha. Using the 

nearest neighbor method, the mean distance between UPs is 197.77 m (SD = ±1,459.7 m; maximum 

distance = 18.3 m; minimum distance = 15.4 m).  

 

Most of the UPs (No. =1610) are vegetation UPs, but they only represent 29.1% of the unburned 

area. Most of area of the UPs (2,632.8 ha) belong to Mix UPs (No. = 267) and 164 UPs (Area = 2.6%) 

are WUI UPs. The vegetation UPs mainly have a size >1 ha. Only 5 of them have more than 10 ha. 

The largest UPs (>50 ha), with the exception of one with 61.7 ha that is a vegetation UPs, are Mix 

UPs. 
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Figure 6 - The WUI within the Pedrogão Grande wildfire perimeter 

 

The terrain metrics used to explain the formation of UPs, reveal some differences between BA and 

UPs for all the descriptors (Table A2, in annex). Regarding the aspect, the distribution of BA and UPs 

seems typically bimodal, with the peaks for UPs at W and E (Fig. 7). The UPs distribution is more 

concentrated in some values of aspect than the one of BA. Making the analysis by the type and the 

size of UPs we can find that in all the situations most of the UPs are orientated to S and W (Table A3, 

in annex). In terms of elevation the two curves (Fig. 7) exhibit a similar mono-modal profile. The 

distribution of UPs seems more concentrated at lower elevation values with a lower SD (±113.20) than 

the BA.  There are no significant differences in terms of size and type of UP. Regarding TRI, the BA 

curve presents a bimodal distribution with the two peaks with similar density but sharply right skewed. 

The curve of UPs is slightly different. The UPs are mostly located in lower level of TRI (level and 

nearly level). Although the TPI curves of BA and UPs seem almost overlapped, the latter exhibit more 

negative values which indicates the presence of valleys and gullies. In fact, most of the UPs (1,038 out 

of 2,039) are located in valleys. These results are corroborated by slope. It is evident that the 

distribution of UPs is more related with low values of slope. BA, on the contrary, are more associated 

with higher values of slopes and the curve exhibits some right skewness. 

 

For the comparative analysis of the fire spread by time and the UPs location, we considered the 

time fire first arrived to the border of UPs.  In many of the UPs fire spread around for less than 1 hour. 

In opposition, others faced the fire for many hours or saw it returning from another direction some 

hours after the first contact. The Pedrógão Grande fire burned with different intensities and ROS but 

since the first half an hour after the ignition, the fire burned above the extinction capacity (CTI 2017). 

In this EWE unburned area within fire boundary exists irrespective of fire intensity values. In the 

periods of higher intensity, it is possible to find a high number of UPs per hour (Fig. 8). On the 17th of 

June between 19- 
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Figure 7- Probability density function of terrain metrics for BA and UPs (red line: BA; black line: UPs). 

20 h, when fire burned with intensity up to 60,000 kWm-1, we identified 82 UPs with a mean size of 

6.0 ha. In the following hour, when the downburst occurred, the number of UPs reached 162. However, 

in the latter period the extent of the BA was higher than in the former (4,458.6 ha of BA between 20-

21 h, vs. 2,588.7 ha between 19-20 h). The density of UPs in the two mentioned intervals was 

respectively 31.6 and 27.5 UPs/100 ha. In the following day between 15 and 17 h, when the fire 

intensity approached again to 40,000 kWm-1, the number of UPs arrived to 255 (i.e. a mean of 127.5 

per hour) and the UPs density assumed a value of 13.2 UPs/100 ha.  

On the first day of the wildfire, in the interval between 19 and 21 h, UPs with different sizes and 

characteristics occurred. The less representative was the WUI UPs (29.0 ha; mean size of the patches 

0.97 ha) most of them with less than 1 ha. The maximum size was 6.7 ha. The Vegetation UPs were 

more numerous (137) most of them with < 1 ha (83) and represented 117 ha (mean size of the patches 

0.9 ha). The Mix UPs occupied 1,632.3 ha. They reached a larger size (mean size is 21.2 ha; maximum 

size 751.9 ha), as only 16 out of 77 have <1 ha; three of them have more than 100 ha. While in 

Vegetation and WUI UPs we could not find patches with more than 10 ha, in Mix UPs we found 21 

with such size out of the 244 UPs defined for the interval between 19-21 h. Most of these UPs consist 

of settlements surrounded by agricultural lands, sometimes associated with small pockets of 

caducifolious forests, small patches of very young Eucalyptus plantations, and patches of caducifolious 

species close to rivers. Less frequent was to find UPs with adult Eucalyptus plantations.  

 

 

 

In Portugal the maximum size of wildfires is increasing and the overall BA reached in 2017 values 

higher than the previous years. WUI area represents 26,4% of the country total surface, which is a high 

value comparatively with other countries. For instance, South of France has only 11% of WUI (Long-

Fournel, 2013).  
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Figure 8 - Pedrógão Grande fire: Chronology of UPs appearance. The highest values of fire intensity were registered 

between 19 and 21 h of June 17th.   

Portugal presents a high interannual variability in terms of unburned area within fire perimeters. 

The BA, UPs area, number of UPs are increasing in fire perimeters ≥ 405 ha. We found a strong and 

positive correlation between BA and the number of Ups, as well as with the UPs area. However, we 

are only dealing with large fire perimeter. Nevertheless, some years presented a different behavior. 

For instance, 2005 is the third year with more BA but has very few UPs in fire perimeters ≥ 405 ha. 

This situation deserves a deep research. In the general case of Portugal, positive trends with statistical 

significance were found for UPs area, number of patches, UPs density, and mean distance between 

patches. Our findings are in contrast with previous studies in other parts of the world where no trend 

was found (Meddens et al., 2018; Kolden et al.  2012, 2015). 

In Portugal, the WUIs are mainly concerned by a higher fire ignition density than other areas 

(Bouillon et al., 2013). Isolated WUI is the most representative class, and dwellings located in the 

forest increase the risk for people and assets. In general, the presence of forest surrounding any type 

of settlement, including isolated housing, is accompanied by the increased likelihood of being affected 

by wildfires and suffer damage, even though the highest danger is for isolated housing. In term of 

proneness to be affected by wildfires, isolated housing represents the most critical situation followed 

by scattered housing. Dense settlements, on the contrary, seem to represent the less critical condition. 

But when we look at the characteristics of WUI areas that burned and the WUI UPs we found that 

most of the WUI UPs that did not burn were also isolated housing surrounded by forest, followed by 

isolated housing surrounded by agricultural lands. Of course, the presence of forest is a variable issue, 

as it depends on the type of forest and its condition of management, and secondarily on the distance 

between the edge of the forest and the buildings, as well as on fire intensity and spotting characteristics. 

The presence of agricultural land around the settlements does not guarantee assets protection and 

safety. Its efficaciousness in protecting assets mostly depends on conditions of combustibility and 

flammability of vegetation on the fields, in turn depending on its moisture content, its vegetative stage, 

and soil moisture content.  

In this research we used fire perimeters produced by official organizations. We cannot guarantee 

that for the period of 1975 to 2017 the methodology used to map the fire perimeters has been uniform; 

the interpretation of satellite-derived severity can be distinctive and we are not aware if the data were 
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calibrated with ground data. At the same time satellite imagery has developed a lot in that period as 

well as the methodologies of interpretation. If the existence of long dataset could be required to 

produce a better understanding of the dynamic of UPs formation and characteristics, some problems 

of data comparability can exist. Hence, we do not excessively valorize the results obtained for the UPs 

trends. The evaluation of WUI characteristic should be done with more recent land cover and land use 

data to validate our findings. Thus, we prefer to focalize on the findings from the case-study of 

Pedrógão Grande, where the mentioned potential weaknesses are not present.  

 

Previous studies showed that in all types of wildfires (ranging from crown-fires to surface fires in 

grassland) it is possible to find heterogeneous patterns of fire severity including UPs (Bradstock 2008; 

Kolden et al. 2012). Some of UPs studies investigated the influence of fire severity in the appearance 

of unburned areas (Kolden et al. 2012). Our research is based on the influence of fire intensity on the 

UPs formation and confirms that it is possible to find UPs in case of EWEs.  

In the large and high intensity Pedrógão Grande fire, UPs represented a significant percentage 

(11.9%) of the area affected by the wildfire. This result is particularly interesting because Leonard et 

al. (2014) in the Kilmore East-Murrindindi fire complex found that UPs comprised less than one 

percent of the total fire area; both fires were EWEs although with different values of intensity 

(maximum intensity in Pedrógão Grande was 60,000 kWm-1 (CTI 2017), whereas in the Australian 

case-study it reached up to 90,000 kWm-1 (Cruz et al. 2012). The magnitude for Pedrógão Grande (568 

GW) was almost three times lower than the ones for the mentioned Australian fires (respectively, 

Kilmore East 1537 GW and Murrindindi 1642 GW; Harris et al. 2011; CTI 2017). 

In the case of Pedrógão Grande, in the period of highest intensity, we found the highest number of 

UPs per hour and also the patches with larger size. Our study does not confirm that an increase in fire 

intensity produces smaller unburned areas (Kolden et al. 2012; Kolden et al. 2015; Meddens et al. 

2018). 

Concerning the terrain metrics influencing UPs, in our study case TPI is the one that more strongly 

influences their occurrence. Our results are aligned with previous studies (e.g., Leonard et al. 2014; 

Krawchuk et al. 2016). Slope findings corroborate previous studies (e.g., Ramon-Cuesta et al., 2009); 

we found UPs in very different slope conditions, including values >50º, although most of them appear 

on slopes with very low values. On the contrary, our results contradict the recurrent opinion that 

unburned areas occur more frequently under the influence of N aspect (e.g. Ramon-Cuesta et al., 2009). 

In our case the most favorable aspects resulted S and W.  

We found UPs with very different size and characteristics. If in the smaller UPs we can identify a 

particular type of land use (e.g., a very young plantation of eucalyptus, a small area of caducifolious 

forest, a small settlement) that distinguish the unburned area from the surrounding, in the larger UPs 

we found heterogeneity of uses. The larger UPs found in Pedrógão Grande fire that we labelled as Mix 

UPs comprise different land uses.  

Although the presence of forest around the settlements and mainly around isolated housing marks 

the riskiest condition, the relation is not so linear as we found many UPs constituted by isolated 

housing surrounded by forest. In parallel, the existence of an agricultural area surrounding the 

settlements is not a guarantee of protection. It depends on the extension, the composition, and the 

management of the vegetation. 

The characteristics of UPs show that the big and very costly creation by the Portuguese Government 

of a primary network of fuel management is not necessarily the most effective in abating fire intensity. 

For normal fires (Tedim et al. 2018) this could have some efficacy, but in case of EWEs this kind of 

fuel management results absolutely useless because of the intensity and spotting activity, that can 

spread fire at distances of several km from the front of the fire.  



Advances in Forest Fire Research 2018 - D. X. Viegas (Ed.) 

Chapter 3 – Fire Management 

 

 Advances in Forest Fire Research 2018 – Page 711 

 

 

Unburned areas have been mostly analyzed using an ecological approach, but there are no studies, 

on our knowledge, concerning the contribution of WUI characteristics in the UPs formation. Our 

results must be considered absolutely innovative regarding this point, because they are quantitatively 

referred to categories of WUI.  

The understanding of the trends and spatial patterns of UPs, mainly in the case of EWEs, is crucial 

to inform wildfire and land management as well as spatial planning. UPs exert important ecological 

benefits and influence ecosystem and communities’ resilience, but they also allow to understand how 

to increase the efficacy of prevention and mitigation activities (e.g., to planning safer settlements 

location and WUI expansion). 

Most of the studies relate unburned areas with severity, that is a local response of the landscape to 

physical characteristics of the fire; thus, we preferred to focus on the fire behavior to understand how 

it can affect the formation of UPs. Pedrógão Grande wildfire shows that also an EWE is able to create 

UPs under the complex interaction of fire behavior with fire environment, topography, vegetation, 

landscape characteristics, namely the WUI characteristics. The diversity of characteristics exhibited 

by the UPs shows that their formation is not tied to static landscape characteristics (e.g., slope, aspect, 

TPI) but they occur as a result of complex interactions of those factors with the dynamic factors of 

landscape, mainly local ones. A management goal should ensure enough landscape heterogeneity in 

order to maintain a consistent pattern of UPs, through the reduction of continuity of forest cover and 

the increase of mosaic patterns that help to provide a higher density of UPs and possibly an increase 

in their average size; the type and size of mosaic should be adapted to the fire regime of the different 

regions (e.g., low frequency, high intensity, large size; high).  

Considering that fuel management is a very costly activity and exploiting the finding of our research 

that Mix UPs are larger than the ones with vegetation and WUI UPs, a gradual trend toward Mix UPs 

should be recommended as a basic model to orientate fuel management and spatial planning. This 

represents an advantage because inside these Mix UPs there are activities that manage the fuels, so 

ensuring relevant reduction of vulnerability and increase in the resilience of the territory which is one 

of the milestones of the new paradigm of “coexist with fire”. In this direction the maintenance of 

productive activities (agriculture, grazing) that can break landscape continuity and connectivity can 

contribute to decrease vulnerability of local communities and, consequently, losses and damage. At 

the same time, while fuel reduction activities are very costly and difficult to implement in certain 

places because of the lack of work force, reducing the risk of wildfire by the introduction or 

maintenance of agriculture and grazing (mixing traditional with modern models of sustainable 

agriculture) with a high contribution to sustainable development, should be considered with priority 

within the measures of prevention against unwanted wildfires diffusion and spread. It is fundamental 

to be effective in the implementation of the United Nations Sustainable Development Goals.   
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Annex  

Table A1: The WUI affected by fire in 2017, in Portugal 

Type of wildland-

urban interface 

Burnt WUI in 2017 wildfires 
UPs in WUI in 2017 

wildfires 
WUI Portugal 

Ha % Ha % Ha % 

Isolated housing - 

mineral area 
747 0.6 223 0.9 3,450 0.1 

Isolated housing - 

agricultural or sparse 

vegetation 

18,869 14.4 8,384 34.2 691,831 28.4 

Isolated housing - 

forested area 
82,653 63.0 9,867 40.2 906,432 37.8 

Scattered housing - 

mineral area 
1,06 0.8 679 2.8 111,072 4.6 

Scattered housing - 

agricultural or sparse 

vegetation 

4,575 3.5 2,257 9.2 260,083 10.7 

Scattered housing - 

forested area 
20,242 15.4 2,67 10.9 331,484 13.6 

Dense clustered 

housing - mineral 

area 

373 0.3 130 0.5 47,649 2.0 

Dense clustered 

housing - agricultural 

or sparse vegetation 

276 0.2 42 0.2 28,438 1.2 

Dense clustered 

housing - forested 

area 

2,424 1.9 273 1.1 57,587 2.4 

Total 131,219 100 24,525 100 2,438,026 100 

 

 

Table A2: Summary of explanatory terrain metrics variables for UPs and BA in Pedrógão Grande wildfire  

Metrics 
Type of 

area 
Mean ±SD Max Min 

Aspect (º) 
BA 205.53 ±2.05 360.00 0.00 

UPs 182.95 ±1.51 359.99 0.00 

Elevation (m) 
BA 426.98 ±142.98 1006.34 105.36 

UPs 391.77 ±113.20 978.18 105.36 

Slope (º) 
BA 11.28 ±6.62 63.94 0.00 

UPs 8.21 ±0.11 61.29 0.00 

Topographic Position 

Index 

BA 0.11 ±3.00 21.84 -51.90 

UPs -0.23 ±2.66 14.85 -39.36 

Terrain Ruggedness 

Index 

BA 11.27 ±0.12 63.94 0.00 

UPs 49.10 ±24.63 172.60 14.15 
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Table A3: Terrain metrics by UPS size and type of WUI in Pedrógão Grande wildfire 

Variables  

Vegetation UPS  WUI UPS MIX UPS  

Total 
<1  ha 1-9.9 ha  ≥10 ha  

<1  

ha 

1-9.9 

ha  

≥10 

ha  

<1  

ha 
1-9.9 ha  ≥10 ha  

A
sp

e
c
t 

North 
No. 170 26 0 31 3 1 18 11 2 262 

Area 22,13 59,8 0 4,42 9,69 21,66 3,94 25,41 61,88 208,93 

East 
No. 359 94 1 29 6 0 29 23 11 552 

Area 52,31 220,17 10,83 3,33 12,08 0 7,08 63,92 339,09 708,81 

South 
No. 352 116 3 36 4 0 34 40 26 611 

Area 61,16 272,13 93,46 2,01 16,18 0 10,63 118,89 1703,4 2277,86 

West 
No. 384 100 1 42 12 0 29 35 7 610 

Area 55,18 244,16 27,81 4,67 24,28 0 4,94 146,5 147,06 654,6 

Unclassified 
No. 4 0 0 0 0 0 0 0 0 4 

Area 0 0 0 0 0 0 0 0 0 0              

E
le

v
a

ti
o

n
 

≥135<268 
No. 215 48 1 6 6 0 16 13 5 310 
Area 28,87 100,08 27,81 0,38 15,16 0 3,77 35,04 83,66 294,77 

≥268<362 
No. 306 97 2 39 6 1 24 22 12 509 

Area 52,12 203,44 25,94 4,81 17,41 21,66 6,3 80,91 1266,18 1678,77 

≥362<449 
No. 304 65 0 48 9 0 33 33 18 510 

Area 46,89 161,89 0 5,29 23,77 0 7,36 90,2 649,28 984,68 

≥449<549 
No. 215 60 1 38 3 0 33 36 9 395 
Area 33,09 144,35 16,66 3,55 3,92 0 8,32 126,87 227,78 564,54 

≥549<678 
No. 160 38 1 7 1 0 4 4 2 217 

Area 23,43 107,74 61,68 0,4 1,96 0 0,82 20,65 24,54 241,22 

≥678<1006 
No. 69 28 0 0 0 0 0 1 0 98 

Area 6,5 78,76 0 0 0 0 0 1,04 0 86,3              

S
lo

p
e 

≥10<20 
No. 62 35 2 0 6 0 3 18 6 132 

Area 14,66 80,56 38,64 0 18,55 0 1,61 46,34 92,23 292,59 

≥20<30 
No. 180 84 1 19 9 1 24 29 12 359 

Area 32,99 203,8 61,68 3,18 23,61 21,66 6,24 88,38 385,29 826,83 

≥30<40 
No. 174 44 0 23 1 0 21 21 8 292 
Area 27,89 93,51 0 2,45 6,1 0 5,82 64,4 996,34 1196,51 

≥40<50 
No. 132 37 0 26 4 0 9 16 8 232 

Area 18,9 93,79 0 4,44 6,54 0 2,21 62,15 204,02 392,05 

≥50 
No. 721 136 2 70 5 0 53 25 12 1024 

Area 96,45 324,59 31,78 4,36 7,43 0 11,11 93,44 573,56 1142,72 

T
o

p
o

g
ra

p
h

ic
 P

o
si

ti
o

n
 

In
d

e
x
 

<-20 
No. 3 0 0 0 0 0 0 0 0 3 

Area 0,18 0 0 0 0 0 0 0 0 0,18 

≥20<-10 
No. 18 1 0 1 0 0 1 0 0 21 

Area 2,13 1,85 0 0,04 0 0 0,12 0 0 4,14 

≥-10<0 
No. 627 138 1 68 16 1 58 70 35 1014 

Area 95,8 295,8 27,81 6,24 37,25 21,66 14,29 229,74 1863 2591,59 

≥0<10 
No. 617 197 4 69 9 0 51 39 11 997 

Area 92,61 498,6 104,29 8,15 24,97 0 12,18 124,97 388,43 1254,2 

≥10 
No. 4 0 0 0 0 0 0 0 0 4 

Area 0,18 0 0 0 0 0 0 0 0 0,18              

T
e
rr

a
in

 R
u

g
g
e
d

n
e
ss

 

In
d

e
x

  

Level 
No. 947 241 3 126 24 1 97 97 41 1577 

Area 146,07 547,46 42,6 13,1 60,26 21,66 24,52 318,22 2175,79 3349,68 

Nearly Level 
No. 260 86 2 12 1 0 13 11 5 390 

Area 38,51 229,62 89,5 1,33 1,96 0 2,07 32,36 75,65 471 

Slightly rugged 
No. 59 9 0 0 0 0 0 1 0 69 

Area 5,87 19,18 0 0 0 0 0 4,13 0 29,18 

Intermediately rugged 
No. 3 0 0 0 0 0 0 0 0 3 

Area 0,45 0 0 0 0 0 0 0 0 0,45 
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