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Abstract 

Global change and rural abandonment are restructuring Mediterranean fire regimes, as 

landscapes once characterized by heterogeneous agricultural mosaics are progressively 

replaced by homogenized, drought-limited fuel complexes. This transformation increases 

the likelihood of high-intensity wildfire events and their associated impacts. This study 

applied a stochastic fire-spread modeling framework based on thousands of simulated 

wildfire events to quantify the effects of land abandonment in the Matarranya region in 

eastern Spain, comparing current landscape conditions with a counterfactual “no-

abandonment” scenario. Results indicate that active agriculture serves as a critical passive 

infrastructure protection system by maintaining fuel discontinuity, yielding a 75% mean 

reduction in building exposure (β = 0.24). Conversely, land abandonment functions as an 

exposure multiplier, triggering a 7-fold increase in the number of structures reaching high 

and very high burn probability threshold. Abandonment also raises burning intensity 

(flame length), which limits suppression capability. Overall, the cessation of management 

roughly tripled potential fire size and quadrupled exposure of human infrastructure, 

highlighting the importance of identifying “high-leverage plots” where targeted 

agricultural restoration maximizes safety. By strategically prioritizing these parcels, 

planners can transform abandoned land into revenue-generating firebreaks and functional 

strategic fire zones (SFZs), establishing an evidence-based framework for rural 

development and wildfire risk mitigation. 
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1. Introduction 

Global change is restructuring the relationship between terrestrial ecosystems and 

wildfire regimes (Bowman et al., 2009; Seidl et al., 2011, 2017). Rising temperatures and 

prolonged droughts have extended the fire season (Jolly et al., 2015), while the structural 

connectivity of the landscape has increased the severity and intensity of these events 

(Erdozain et al., 2024). In Mediterranean Europe, landscape homogenization into 

horizontally and vertically continuous fuel arrangements is a key factor modulating the 

potential for extreme wildfires. This configuration reflects a shift from fuel-limited to 

drought-driven wildfire regimes (Pausas & Fernández-Muñoz, 2012). Recent megafire 

episodes across Europe illustrate this escalation (European Commission. Joint Research 

Centre et al., 2025; Linley et al., 2025). In 2025 alone, EFFIS (European Forest Fire 

Information System) reported more than 1,000,000 ha burned, nearly three times the 

2006–2024 average. This trend marks a departure from traditional “cultural fire regimes,” 

in which primary land-use activities limited fuel continuity, leading to a new paradigm 

characterized by unprecedented fire extremes (Seijo & Gray, 2012).  

Over the past decades, the Mediterranean basin has experienced a profound landscape 

transformation, largely driven by widespread agricultural land abandonment (Estel et al., 

2015; Lasanta et al., 2017). The cessation of traditional land-use practices has triggered a 

“forest transition,” marked by the encroachment of woody vegetation into formerly 

heterogeneous agricultural mosaics (Vidal-Macua et al., 2018). In Spain, this process is 

generally associated with cessation of agricultural activity and lack of proactive forest 

management, particularly in mountainous areas (Ameztegui et al., 2016). Evidence 

indicates that fire activity may intensify where silvicultural interventions are restricted 

under certain forms of environmental protection (Resco De Dios, Cunill Camprubí, et al., 

2025; Resco De Dios, Schütze, et al., 2025). The loss of the traditional landscape mosaic 

has significantly raised the likelihood of high-intensity wildfire events (Viedma et al., 

2015), compounded by increasing fuel aridity (Chaparro et al., 2016; Rodrigues, 

Camprubí, et al., 2023). Despite these trends, the consequences of forest transition remain 

insufficiently characterized, especially at the local scale (Schulp et al., 2019), where fine-



grained landscape structure governs fire spread and behavior (Finney, 2002; Finney et al., 

2011). 

In response to this escalating risk, the EU Civil Protection Mechanism emphasizes the 

need for readiness and anticipatory planning to face destructive wildfire seasons 

(European Parliament and Council of the European Union, 2021). Robust risk assessment 

and public awareness are essential for adapting to emerging fire regimes (Moreira et al., 

2020; Wunder et al., 2021), providing a necessary framework for effective risk mitigation 

strategies (Cochrane & Bowman, 2021). Contemporary wildfire management prioritizes 

quantitative risk assessment grounded in probabilistic representation of exposure—

particularly burn probability (BP)—over descriptive approaches (Ager et al., 2021; 

Alcasena, Ager, et al., 2021; Alcasena et al., 2022; Palaiologou et al., 2026; Parisien 

et al., 2019; Salis et al., 2018). Stochastic fire-spread modeling is fundamental in this 

context, as it captures the inherent variability of fire occurrence by simulating numerous 

potential scenarios. These methodologies move beyond “worst-case” planning and 

instead identify the underlying landscape configurations that govern fire spread (Finney, 

2005; Parisien et al., 2019).  

Accordingly, this study applied a stochastic fire-spread modeling framework integrating 

spatially explicit fire-occurrence patterns with historical fire weather distributions to 

quantify burn probability—reflecting exposure levels—and flame length—representing 

potential burn intensity. This probabilistic approach is particularly suited to exploring 

scenarios that reflect the range of potential fire situations. The analysis focused on the 

Matarranya region, located in the Spanish province (NUTS3) of Teruel. Matarranya has 

experienced substantial agricultural abandonment, mirroring broader rural trends across 

Aragon and Spain. Historically, the region has recorded recurrent high-intensity fires from 

both natural and anthropogenic sources (Amatulli et al., 2007). 

The primary objective of this study was to present a methodology to evaluate the effects 

of land abandonment on fire risk transmission and landscape-scale exposure (Ager et al., 

2017). Thousands of plausible wildfire events were simulated under two distinct 

landscape configurations: the current landscape condition and a counterfactual scenario 

in which abandoned plots remained functional. A comparative analysis of these landscape 

states was conducted to evaluate changes in the spatial distribution of BP, risk 

transmission hotspots, and infrastructure exposure. The analysis establishes a baseline for 

estimating changes in expected fire frequency and return intervals,(RI), offering a 



replicable methodology for decision making in other regions. The main contribution of 

this work is the comprehensive integration of multiple aspects of stochastic modeling for 

exposure assessment. Empirical ignition models—incorporating both human and natural 

drivers—were coupled with suppression capabilities to determine location of fire 

initiation. While existing assessments are often based on historical evidence of 

abandonment, this approach relies on the actual spatial footprint of rewilding 

(Bachantourian et al., 2023; Salis et al., 2022). Furthermore, the study incorporates 

annualized outputs in the identification of priority intervention areas, a feature frequently 

absent when optimization is the primary objective (Carrasco-Barra et al., 2025). 

Simulations were calibrated to reproduce observed fire weather conditions and fire-size 

distributions, improving representation of the prevailing fire regime. When combined 

with land-abandonment data, this methodology assesses changes in exposure and risk 

transmission and improves the communication of results to planners and decision makers. 

The approach aligns with Strategic Environmental Assessment requirements (Granceri 

Bradaschia et al., 2024; Ledda et al., 2021) by providing a framework that evaluates 

potential wildfire impacts while explicitly characterizing the baseline conditions (current 

abandonment), interventions (agricultural plot recovery), and derived effects (change in 

exposure, intensity and risk transmission). 

2. Methodology 

2.1. Study Area 

The study was conducted in the Matarranya region, province of Teruel, in northeastern 

Spain (Autonomous Community of Aragon; Figure 1). The comarca covers 

approximately 933 km² and comprises 18 municipalities with a total population of 8,267 

inhabitants (INE, 2024), resulting in a population density of less than 10 inhabitants per 

km². Matarranya represents a characteristic Mediterranean landscape marked by 

pronounced territorial and environmental contrasts. The region has experienced sustained 

depopulation and agricultural land abandonment, with approximately 3,338 ha abandoned 

between 1984 and 2009 (Rich & Ibarra, 2015). These trends contributed to the 

degradation of cultural and agrarian landscapes. Historically, Matarranya has been 

defined by a characteristic mosaic of dry-stone wall terraces and flat-bottomed valleys 

(“vales”), which generated marked structural diversity across the landscape. The 

cessation of cropping and livestock farming led to widespread woody encroachment, as 

former olive and almond groves were replaced by dense scrublands and spontaneous 



woody vegetation. This homogenization of the landscape matrix increased fuel loads and 

transformed the environment from a fragmented mosaic to a forest continuum (Rich & 

Ibarra, 2015).  

The relief reflects the convergence of the Iberian System and the Catalan Coastal Ranges. 

The terrain exhibits a complex orography characterized by a pronounced altitudinal 

gradient, ranging from 300 masl in the northern agricultural plains to nearly 1,400 masl 

in the southern mountains. The climate is Mediterranean with continental influences. 

Mean annual precipitation varies from approximately 400 mm in the northern plains to 

over 700 mm in the southern highlands. Land cover consists of a mosaic of traditional 

dryland crops (olive, almond, vineyards) and expanding stands of Pinus halepensis and 

Quercus ilex, the latter largely associated with terrace abandonment since the mid-20th 

century. 

 

 

Figure 1. Study area: Matarranya region (Aragon, Spain). Location of the study area in 

northeastern Spain, including municipal boundaries and main settlements. 

 

2.2. Datasets for stochastic fire spread and behavior 

2.2.1. Location of abandoned plots 



Abandoned croplands were obtained from the Matarranya Land Bank cartography (Rich 

& Ibarra, 2015). This dataset integrates photointerpretation of orthophotographs (PNOA 

2009, 0.5 m resolution; regional flight 2008, 0.25 m resolution) with historical aerial 

imagery from 1984 (IGN, 1:30,000 scale) to delineate abandoned agricultural parcels. 

Pre-1984 abandonment was identified through comparison with 1956 aerial photography 

(https://pnoa.ign.es/pnoa-imagen/vuelos-y-ortofotos-historicas). The analysis was further 

refined by consulting land-use data such as CORINE Land Cover maps (European 

Environment Agency, 2019a, 2019b) and the Spanish Forest Map (Ministerio de Medio 

Ambiente, 1997). The final product is a vector polygon layer in which each feature 

corresponds to an abandoned plot. 

2.2.2. Fire-occurrence probability 

Fire-occurrence probability (𝑃𝑜) defines the spatial allocation of ignition seeds used in the 

spread simulation algorithm (Parisien et al., 2019). In this study, 𝑃𝑜 was the likelihood 

that an ignition—natural or anthropogenic—develops into a spreading fire exceeding 10 

ha and escapes initial suppression efforts (Arienti et al., 2006), thus representing extreme 

wildfire conditions (Alcasena et al., 2022). 𝑃𝑜 was calculated from multiple products 

available in the study area. Human-caused ignition likelihood (𝑃ℎ) was estimated 

following Gelabert et al. (2025) and implemented as described in Rodrigues and Gelabert 

(2025a); lightning-caused ignition (𝑃𝑙) was calculated according to Rodrigues et al. 

(2023b) and implemented as described in Rodrigues and Gelabert (2025b); and 

probability of escape from initial attack (𝑃𝑒) was determined following Rodrigues et al. 

(2019) and implemented as described in Rodrigues and Gelabert Vadillo (2025c). All 

datasets were provided at 200 × 200 m resolution. Operationally, 𝑃𝑜 was calculated as 

follows: 

𝑃𝑜 = (𝑃ℎ  ∩  𝑃𝑙)  ∪ 𝑃𝑒 

where 𝑃ℎ  denotes anthropogenic ignition probability, 𝑃𝑙 natural ignition probability, and 

𝑃𝑒 the probability of escape from initial attack. 

 

The region exhibits a higher proportion of lightning-caused fires (Amatulli et al., 2007), 

compared with other Mediterranean environments, where fires are predominantly 

anthropogenic (San-Miguel-Ayanz et al., 2012). The intersection of ignition probability 

(𝑃ℎ  ∩  𝑃𝑙 ) was calculated using a weighting scheme, with 𝑃ℎ representing 80% and 𝑃𝑙 

20%. 

https://pnoa.ign.es/pnoa-imagen/vuelos-y-ortofotos-historicas


 

2.2.3. Landscape data for spread simulation 

Fire behavior simulations require spatial layers characterizing topography (elevation, 

slope, aspect), surface fuel models (Scott & Burgan, 2005), and canopy attributes (height, 

cover, bulk density, base height), collectively forming the landscape file. These inputs 

were obtained from the pan-European fuel map server (Kutchartt et al., 2024), which 

provides raster layers at 100 × 100 m resolution, with all the necessary information to 

conduct the simulations. To introduce the effect of land abandonment, the surface fuel 

layer was modified by reclassifying abandoned plots as non-burnable (NB) (fuel model 

code 93; Scott & Burgan, 2005). Pixels in the original fuel map whose centroids fell 

within abandoned plot polygons were reassigned accordingly. Two landscape files were 

therefore generated, one for each surface fuel scenario. 

 

 

Figure 2. Spatial distribution of fire-occurrence probability. Left panels show individual ignition 

probabilities and escaping fires. The right panel shows the 𝑃𝑜 used to assemble simulated 

perimeters into 𝐵𝑃𝑎. 

 

2.3. Stochastic wildfire spread simulation and burn probability estimates  



Fire propagation was simulated using the FConstMTT command-line application 

(Missoula Fire Sciences Laboratory, 2024), implementing a core version of the minimum 

travel time algorithm (MTT; Finney, 2002). Simulations were conducted under two 

scenarios: the current situation with abandoned croplands (AB), and a counterfactual 

scenario in which all parcels retained active woody crops and were therefore non-

burnable (NO_AB). A total of 20,676 wildfire events were simulated under extreme fire 

weather conditions (5th percentile dead fuel moisture content, 95th percentile wind speed, 

and 90–60% live woody-herbaceous moisture content). Simulations were proportionally 

distributed across four synoptic weather patterns derived from observed wildfires in the 

region (Table S1). Ignition seeds were allocated based on 𝑃𝑜 (Figure 2). Following 

common practice, simulations were calibrated to reproduce historical fire-size 

distributions (Parisien et al., 2019), following Rodrigues (2025). The ensemble of 

simulations represents the equivalent of 10,000 fire seasons—sufficient to affect all 

burnable pixels at least once. Annual burn probability (𝐵𝑃𝑎) was then calculated for each 

100 ×100 m grid cell within the study area as: 

𝐵𝑃𝑎 =
𝑁𝑝

𝑛
 

where 𝑁𝑝 is the number of simulated fire perimeters intersecting grid cell 𝑝, and n is the 

total number of simulated seasons. Individual 𝐵𝑃𝑎 surfaces were generated for each land-

use scenario to allow spatial comparison of wildfire exposure under changing agricultural 

conditions. 

Simulations were replicated under the NO_AB scenario using the alternative fuel layer 

that restores agricultural practices in AB parcels. By maintaining identical ignition seeds 

and weather conditions, a second 𝐵𝑃𝑎 map was generated and subsequently compared 

with the baseline AB scenario. 

2.4. Exposure assessment 

Wildfire exposure was defined as the probability that a given infrastructure element or 

asset is affected by fire as a function of burning intensity. Building infrastructure exposure 

was analyzed by functional use (urban, industrial, or agricultural). Building footprints 

were obtained from the Spanish National Topographic Base (BTN; IGN, 2018) and later 

converted into centroid points for further analysis. Building features were assigned a 

functional use based on SIOSE (Land Cover / Land Use Information System of Spain) 

high-resolution dataset (IGN, 2022), which classifies land parcels based on the HILUCS 



(Hierarchical INSPIRE Land Use Classification System). Each building polygon from 

the BTN dataset was spatially overlaid with the SIOSE land-use layer, and the dominant 

HILUCS code within each footprint was extracted and reclassified into one of three 

functional categories. 

Exposure was quantified by combining building presence and 𝐵𝑃𝑎 values at each location. 

In the first step, infrastructures exposed in each 𝐵𝑃𝑎 class were determined, using breaks 

at 0.0010, 0.0020, 0.0034, and 0.0067, which defined five classes corresponding to fire 

RI of 1000, 500, 300, and 150 years. A second exposure metric estimated the annual 

average infrastructure loss by multiplying the total number of buildings by their 

respective 𝐵𝑃𝑎 values. This yielded an aggregated value representing the expected annual 

number of buildings affected by fires. Finally, to characterize the potential burning 

intensity, flame-length values from the spread simulations were extracted for all locations 

with non-zero 𝐵𝑃𝑎. Four ordinal exposure classes were defined using the recommended 

Byram’s fireline intensity (<1.2, 1.2–3.4, and >3.4 m) by the National Wildfire 

Coordinating Group (2006). 

2.5. Risk transmission 

Risk transmission represents the potential of the landscape to affect exposed assets. It is 

based on identifying clusters or hotspots from which fires that may affect a given resource 

originate (Ager et al., 2017). From the ensemble of simulated events, fires intersecting 

buildings were extracted and their ignition points retrieved. Each ignition location was 

assigned a weight corresponding to the number of buildings potentially affected. Using 

these weighted ignition points, kernel density estimates (KDE) were generated for both 

scenarios using a fixed bandwidth of 400 m and a resolution of 25 x 25 m. The resulting 

KDE raster surfaces represent the spatial footprint of ignition pressure on infrastructure. 

KDE densities were reclassified into five ordinal classes (“very low” to “very high”) 

based on upper quantile thresholds (P75 to P99) calculated across both scenarios. 

 

2.6. Statistical analysis 

The AB and NO_AB scenarios were compared using linear regression analysis, modeling 

the relationship between BPs at the building level under both scenarios. R2 coefficient and 

the β regression coefficients were extracted for each structure to evaluate slopes against 

the identity line (AB = NO_AB). At the plot level, total burned area of perimeters 

intersecting each plot was compared with the total number of exposed buildings. These 



analyses provided the basis for parameterizing changes in exposure and determining the 

capacity of specific plots to disrupt fire propagation. This approach yields a systematic 

ranking of plots based on their priority for restoration and recovery.  

 

3. Results 

3.1. Spatial patterns and change in annual burn probability 

Of the 20,676 fires simulated under the AB baseline, 4,098 originated within abandoned 

plots, reducing the number of effective perimeters assembled into 𝐵𝑃𝑎 to 16,578. The 

simulations reproduced the historical distribution with sufficient fidelity, showing a 6% 

difference in observed density (Figure S1). 

Land abandonment substantially increased 𝐵𝑃𝑎 in the region, thereby shortening the 

expected fire RI (Figure 3 and Figure S2). High 𝐵𝑃𝑎 clusters were concentrated near 

Valjunquera in the mid-western sector, and near Monroyo and Penyarolla de Tastavins in 

the south. Under the NO_AB scenario, most of the territory fell within the “very low” BP 

interval class (≤ 0.001 or >1000y RI), while only a few isolated patches in the south-

eastern sector—near settlements such as Beceite, Fuentespalda, and Peñarroya de 

Tastavins—reached medium (≤ 0.003) or high (≤ 0.004) values. The mean 𝐵𝑃𝑎 under AB 

was 0.001, approximately twice the 0.00049 observed under NO_AB. Areas with fire RI 

below 300 years exhibited a notable reduction. Overall, the absence of abandonment 

extended the mean RI by 843 years, increasing the expected return period from 800 to 

1,498 years. 

3.2. Exposure to wildfires 

3.2.1. Exposed buildings 

Under NO_AB conditions, the number of exposed buildings decreased by 26.4%, from 

3,254 in the current AB scenario to 2,396 (Table 1). Under NO_AB, the expected annual 

average of burned buildings declined from 4.35 to 1.69. Nearly eight out of ten structures 

(80.1%) were located in NB areas, and 11.3% fell within the “very low” class (< 0.001), 

leaving 8.6% above this threshold. Reversing agricultural abandonment increased the 

proportion of buildings in NB areas by 5.2%, while all non-zero probability classes above 

the “very low” interval contracted. The 0.001–0.002 class decreased from 567 to 292 

buildings, and the 0.002–0.0033 class from 466 to 186. High-end exposure was largely 

confined to the AB scenario. Buildings in the “high” (0.003–0.004) and “very high” 



(> 0.004) classes were seven times more exposed under AB, with 366 buildings compared 

to 51 under NO_AB.  

Figure 3. Spatial distribution of 𝐵𝑃𝑎 across the Matarranya region under two land-use scenarios: 

(left) no-abandonment (NO_AB), (right) abandonment (AB). Burn probability (BP) classes are 

expressed as return intervals (RI) with breakpoints at 0.0010, 0.0020, 0.0033, 0.0066 𝐵𝑃𝑎, 

corresponding to 1000, 500, 300 and 150 years. 

Table 1. Distribution of buildings by 𝐵𝑃𝑎 class under abandonment (AB) and no-abandonment 

(NO_AB) scenarios. n is the number of buildings, pct the percentage of buildings and N_BP is 

the average annual number of fire-affected buildings. 

BPa AB_n AB_pct N_BP_AB NOAB_n NOAB_pct N_BP_NOAB 

NB 13,068 80.1 - 13,926 85.3 - 

0–0.001 1,850 11.3 0.74 1,867 11.4 0.60 

0.001–0.002 567 3.5 0.84 292 1.8 0.42 

0.002–0.0033 466 2.9 1.22 186 1.1 0.48 

0.0033–0.0066 366 2.2 1.52 51 0.3 0.20 

>0.0066 5 0.03 0.04 0 0.0 0.00 

  3,254   4.35 2,396   1.69 

 

3.2.2. Exposure by functional land use 

The comparative analysis of building-scale 𝐵𝑃𝑎 revealed systematically higher wildfire 

exposure across all functional land-use categories under AB conditions. As illustrated in 

Figure 4, the distribution consistently fell below the identity line, indicating universally 



higher 𝐵𝑃𝑎 following land abandonment. Linear regression models fitted to each 

functional class showed a high degree of correlation, with relatively high R2 coefficients, 

indicating that the spatial pattern of risk was largely preserved but shifted toward higher 

probability magnitudes. However, regression lines diverge substantially from the identity 

line, particularly at higher probability thresholds. Slope regression coefficients of 

approximately 0.4 correspond to a 2.5-fold increase in 𝐵𝑃𝑎. 

 

 

Figure 4. Building-scale comparison of BP between the abandonment (AB) baseline and the no-

abandonment (NO_AB) scenario by functional land use. The dashed line represents the perfect 

identity line, while colored lines show the fitted linear regression between 𝐵𝑃𝑎 with and without 

abandonment, including the equation and R2 coefficient. Each point represents a building, with n 

standing for the total number of buildings per category. 

3.2.3. Burning intensity in terms of flame length 

1. The comparative analysis of fire behavior revealed a marked increase in potential fire 

intensity across the Matarranya region under the two situations (Figure 5 and 

Figure S3). NO_AB conditions preserved a heterogeneous mosaic, with active 

agricultural plots maintaining extensive swathes of low-intensity fuels (green, 

<1.2 m). Under AB, this heterogeneity was lost due to landscape homogenization. 

“High” (yellow, 2.4–3.4 m) and “extreme” (red, > 3.4 m) flame-length classes 

expanded as former croplands were colonized by scrublands and forest fuels. This 

expansion created a continuous, high-load fuel matrix in which fires propagated 

with greater energy, particularly where extreme-intensity classes (> 3.4 m) 

encroached upon populated areas such as Valderrobres and Beceite. Regarding 

building exposure, all flame-length classes affected fewer structures under the 

NO_AB scenario (. Spatial distribution of flame-length (FL) across the Matarranya 

region under two land-use scenarios: (left) no-abandonment (NO_AB), (right) 



abandonment (AB). FL classes were defined according to fireline intensity thresholds 

from the National Wildfire Coordinating Group (2006). 

 

Table 2). The largest reductions occurred in intervals exceeding 2.4 m: approximately 6% 

of buildings were affected by high/extreme fire behavior under AB, compared with 3.5% 

under NO_AB. The second-largest change occurred in the NB class, in which 5% of 

buildings were no longer exposed to fire. Moderate and low-intensity fire behavior 

showed limited variation.  

3.3. Plot influence in propagation and exposure 

The assessment of plot influence revealed a significant increase in fire impact under AB 

across both evaluated metrics. All data points fell below the identity line, confirming that 

restoring plots reduced fire exposure. For total burned area (left), the regression slope 

(0.33) indicated that, on average, the NO_AB scenario lowered simulated fire size by 

approximately 67%. The model explained a moderate proportion of variance (R2 = 0.49), 

suggesting that the impact varied with the surrounding landscape configuration. A 

comparable pattern was observed for building exposure (right panel). The regression 

slope (0.24; R2 = 0.49) showed a stronger proportional reduction in affected buildings 

than in fire size, with the AB scenario reaching roughly 75% more buildings. Spatial 

analysis of plot influence identified several distinct core clusters of highly influential 

locations. For fire-size reduction (Figure S4), one major cluster appeared in the mid-west 

region and two secondary clusters in the north-east and south-west. For building 

exposure, a principal cluster was located in the mid-west sector, with a secondary cluster 

in the south-east. The mid-west region emerged as the most influential area across both 

metrics. 

 



 

Figure 5. Spatial distribution of flame-length (FL) across the Matarranya region under two land-

use scenarios: (left) no-abandonment (NO_AB), (right) abandonment (AB). FL classes were 

defined according to fireline intensity thresholds from the National Wildfire Coordinating Group 

(2006). 

 

Table 2. Number and percentage of buildings with burn probability > 0 in each flame-length (FL) 

class under abandonment (AB) and no-abandonment (NO_AB) scenarios. 

FL 

(m) 
AB AB% NO_AB NO_AB% 

Fireline 

intensity 

Tactical recommendations 

(National Wildfire Coordinating 

Group, 2006) 

NB 13,255 81.2 14,037 86.0 - - 

≤1.2 834 5.1 690 4.2 Low 
Direct attack by hand crews is 

usually successful 

1.2–2.4 1257 7.7 1,024 6.3 Moderate Too intense for hand tools 

2.4–3.4 818 5.0 476 2.9 High 
Control efforts at the head will 

likely fail 

>3.4 158 1.0 95 0.6 Extreme 
Direct attack is dangerous and 

ineffective 

 



 

Figure 6. Comparison of total fire size (left) and number of exposed buildings (right) at plot scale 

between the abandonment (AB) baseline and the no-abandonment (NO_AB) scenario. The dashed 

line represents the identity line; colored lines show the fitted linear regression, including the 

regression equation and R2 coefficient. Each point represents a plot. 

 

3.4. Transmission risk into building 

The spatial distribution of fire transmission risk—defined as the density of ignition points 

likely to propagate and impact structural assets—exhibited a marked shift between the 

two land-use scenarios (Figure 7). Under AB, KDE identified extensive and contiguous 

“very high” risk clusters forming a consolidated north–south corridor through the central 

sector, particularly around the municipalities of Fórnoles, La Portellada, and Ráfales. In 

contrast, under NO_AB, this spatial connectivity was disrupted, and former large-scale 

hotspots fragmented into isolated and less intense patches. Regression analysis supported 

this spatial contraction, indicating a 75% mean reduction in exposed buildings when 

agricultural plots were restored (β = 0.24, R2 = 0.49; Figure 6). These results demonstrate 

that active land maintenance functions as a critical spatial intervention that prevents fire 

propagation toward infrastructure in high-vulnerability areas such as Beceite and 

Peñarroya de Tastavins. 



 

Figure 7. Spatial distribution of density of buildings calculated using Kernel Density Estimation 

(KDE) across the Matarranya region under two land-use scenarios: (left) no-abandonment 

(NO_AB) and (right) abandonment (AB). 

 

4. Discussion 

This study integrates empirical inputs (ignition and suppression potential) with stochastic 

modeling (wildfire spread simulation) to quantify the effects of land abandonment in a 

representative Mediterranean landscape in eastern Spain. This approach establishes a 

baseline for assessing landscape-level wildfire exposure and infrastructure vulnerability, 

and identifies critical hotspots where highly threatening fire events are most likely to 

originate.  

4.1. Influence of land abandonment on landscape homogenization and spread 

potential 

The findings highlight the role of active agriculture in maintaining a heterogeneous 

mosaic that disrupts fuel continuity (Moreira et al., 2011). Under NO_AB, a 5.2% 

increase in non-burnable areas, together with fragmentation of extreme-risk patches in 

the southwestern highlands, illustrates how agricultural activity functions as a passive 

protective mechanism for infrastructure. Reversing rewilding creates heterogeneity in the 



landscape, which limits fire propagation by effectively re-fragmenting fuel beds and 

protecting the building stock by preventing the critical connectivity required for large 

fires (Bertomeu et al., 2022; Ursino & Romano, 2014). Within this context, maintaining 

agricultural activity extends beyond socio-economic considerations, serving as a strategy 

to counteract rewilding processes (Sil et al., 2024). The 7-fold increase in buildings 

exposed to “high” and “very high” probability thresholds (BP from 0.003 to > 0.004; 

Figure 3) indicates that land abandonment acts as an exposure multiplier (Salis et al., 

2022). The marked divergence from the identity line (slope coefficients around 0.4; 

Figure 4) reveals a systematic intensification of exposure. This “tail risk” is particularly 

relevant for the 8.6% of the building stock exceeding the highest probability threshold. 

Overall, under land abandonment structures enter an extreme-exposure category that 

would otherwise remain uncommon under active agricultural management (Alcasena 

et al., 2017; Lasanta et al., 2022; Salis et al., 2018). 

4.2. Intensification of fire behavior and related implications 

Differences in flame-length distributions (Figure 5) provide evidence that abandonment 

increases burn intensity and constrains suppression effectiveness. Expansion of the 1.2–

2.4 m and 2.4–3.4 m classes along the central valley corridor suggests that under current 

AB conditions operational thresholds have been exceeded. In these sectors, manual 

suppression is becomes ineffective requiring indirect strategies, heavy machinery, or 

aerial support, which increases costs (Stougiannidou & Zafeiriou, 2022). This transition 

complicates fire-fighting logistics and increases the likelihood that small ignitions 

develop into large-scale events that exceed the control capacity of local emergency 

services. Nearly 1,000 buildings fall within high-risk categories under AB (FL > 2.4 m), 

compared with approximately 570 under managed conditions. The avoided cost of fire 

damage may offset the subsidies required to keep marginal land in production (Simon 

et al., 2022), positioning agricultural maintenance as a modern, cost-effective 

infrastructure protection strategy (Lecina-Diaz et al., 2023). By maintaining 90.2% of 

structures within the NB or “very low” exposure classes (Table 2), the region preserves 

its socio-economic core while avoiding areas of “high” and “very high” exposure.  

4.3. Plot-scale mitigation and links with decision making 

Extending the analysis from landscape-level observations to building-scale 𝐵𝑃𝑎 provides 

a more precise and management-oriented perspective. The cessation of agricultural 



management nearly triples potential burned area and quadruples building exposure 

(Figure 6). Plots differ markedly in their influence on exposure and transmission risk, and 

these differences shift between land-use states (Figure S4), revealing strategic positions 

for risk mitigation. Identifying these specific parcels allows for a prioritized restoration 

strategy (Rich & Ibarra, 2015). Rather than pursuing full regional reversal of 

abandonment—which is unlikely—planners can concentrate efforts on “high-leverage 

plots,” where reintroducing agricultural activity yields the greatest reduction in building 

exposure per hectare. Targeted recovery of abandoned plots contributes to the formation 

of a “functional mosaic” that functions as a persistent firebreak while maintaining 

economic revenue. The use of plot-scale data to prioritize these zones directs limited 

rural-development resources toward areas delivering the highest safety return for both 

built stock and the emergency responders responsible for its defense (Alcasena, 

Rodrigues, et al., 2021). Evaluating the “mitigation yield” of reverting individual plots to 

a non-burnable state offers an empirical basis for defining and ranking strategic fire zones 

(SFZs). Under this framework, SFZs evolve from mere administrative boundaries into 

functional landscape units defined by their risk-reduction potential (North et al., 2024). 

Critical mitigation zones were identified with clusters of managed plots forming a 

defensible buffer. Final prioritization on interventions, however, requires further 

refinement of approaches (Carrasco-Barra et al., 2025).  

5. Conclusions and final remarks 

Land abandonment in Mediterranean regions represents not only a socio-economic 

transition but also a key driver of environmental hazard intensification, highlighting the 

need for a paradigm shift in wildfire risk assessment. By applying a stochastic modeling 

framework to isolate the effects of agricultural cessation, this study demonstrates that 

active land management functions as a critical system for infrastructure protection. The 

progression from landscape-scale observations to plot-level prioritization offers a 

scalable methodology for moving from broad administrative directives to functional 

Strategic Environmental Assessment. Recognizing the mitigation potential of agricultural 

restoration improves resource allocation and transforms the environmental challenge of 

rewilding into an opportunity for proactive, evidence-based wildfire mitigation strategy. 
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Table S1. Summary of weather type conditions used in wildfire spread simulation. WT stands for 

the dominant weather types observed in the region obtained by using a K-means cluster procedure 

from historical wildfires (min k=4); WS is the 95th percentile of wind speed (km h-1); RH is the 

5th percentile of relative humidity (%); T is the 95th percentile of temperature (ºC); Freq. WT is 

the relative frequency of observation of the WT; WD is the dominant wind direction; Freq. WD 

is the relative frequency of WD within the WT; BA is the observed burned area (ha) in the WD 

and WT; and Freq. Simulation is the proportion of burned area across all WT and WD.  

WT WS RH T Freq. WT WD Freq. WD BA Freq. Simulation 

1 28.94 21.89 34.73 0.43 

N 0.02 11.7 0.01 

NE 0.00  0.00 

E 0.09 73.5 0.04 

SE 0.60 1112.4 0.26 

S 0.09 509.2 0.04 

SW 0.00  0.00 



W 0.06 4.2 0.02 

NW 0.13 26.5 0.06 

2 37.55 27.96 25.73 0.23 

N 0.00   0.00 

NE 0.00  0.00 

E 0.00  0.00 

SE 0.29 85.8 0.07 

S 0.07 6.5 0.02 

SW 0.00  0.00 

W 0.07 4.1 0.02 

NW 0.57 46.0 0.13 

3 24.78 49.46 23.55 0.11 

N 0.31 4.9 0.03 

NE 0.00  0.00 

E 0.08 3.0 0.01 

SE 0.46 28.0 0.05 

S 0.00  0.00 

SW 0.08 1.0 0.01 

W 0.00  0.00 

NW 0.08 1.0 0.01 

4 21.67 25.57 26.45 0.24 

N 0.03 1.3 0.01 

NE 0.03 2.5 0.01 

E 0.14 14.1 0.03 

SE 0.31 41.5 0.07 

S 0.07 28.0 0.02 

SW 0.03 1.0 0.01 

W 0.07 5.4 0.02 

NW 0.31 30.3 0.07 

 

 

 

Figure S1. Historical fire size density distribution in the Matarranya region (red line) and 

frequency histogram of the 20,000 simulated fires. The discrepancy value indicates the percent 

difference between the historical and simulated fire size distribution.



 

Figure S2. Spatial distribution of BPa across the Matarranya region under two land-use scenarios: (bottom) no-abandonment (NO-AB), (top) abandonment (AB). 

Burn probability classes were expressed as return intervals (RI) with breakpoints at 0.0010, 0.0020, 0.0033, 0.0066 BPa, corresponding to 1000, 500, 300 and 150 

years. Maps represent increasing thresholds of flame length from left to right. 



 

Figure S3. Spatial distribution of flame length (m) across the Matarranya region under two land-use scenarios: (bottom) no-abandonment (NO-AB), (top) 

abandonment (AB). 



 

 

 

Figure S4. Location of the top 100 most influential plots in terms of size of simulated fires (left) 

and number of buildings inside simulated fire scars (right). Color maps represent BPa in the 

abandonment baseline. 
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