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Abstract

:

In Mediterranean agropastoral areas, land abandonment is a key driver of wildfire risk as fuel load and continuity increase. To gain insights into the potential impacts of land abandonment on wildfire risk in fire-prone areas, a fire-spread modeling approach to evaluate the variations in wildfire potential induced by different spatial patterns and percentages of land abandonment was applied. The study was carried out in a 1200 km2 agropastoral area located in north-western Sardinia (Italy) mostly covered by herbaceous fuels. We compared nine land abandonment scenarios, which consisted of the control conditions (NA) and eight scenarios obtained by combining four intensity levels (10, 20, 30, 40%) and two spatial patterns of agropastoral land abandonment. The abandonment scenarios hypothesized a variation in dead fuel load and fuel depth within abandoned polygons with respect to the control conditions. For each abandonment scenario, wildfire hazard and likelihood at the landscape scale was assessed by simulating over 17,000 wildfire seasons using the minimum travel time (MTT) fire spread algorithm. Wildfire simulations replicated the weather conditions associated with the largest fires observed in the study area and were run at 40 m resolution, consistent with the input files. Our results highlighted that growing amounts of land abandonment substantially increased burn probability, high flame length probability and fire size at the landscape level. Considering a given percentage of abandonment, the two spatial patterns of abandonment generated spatial variations in wildfire hazard and likelihood, but at the landscape scale the average values were not significantly different. The average annual area burned increased from about 2400 ha of the control conditions to about 3100 ha with 40% land abandonment. The findings of this work demonstrate that a progressive abandonment of agropastoral lands can lead to severe modifications in potential wildfire spread and behavior in Mediterranean areas, thus promoting the likelihood of large and fast-spreading events. Wildfire spread modeling approaches allow us to estimate the potential risks posed by future wildfires to rural communities, ecosystems and anthropic values in the context of land abandonment, and to adopt and optimize smart prevention and planning strategies to mitigate these threats.
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1. Introduction


In Mediterranean areas, wildfires are an important disturbance agent and cause significant losses to ecosystems, farms, anthropic values and, sometimes, even human lives [1,2,3,4,5]. During the 2011–2020 period, south-western Europe (Italy, France, Spain, Portugal, and Greece) experienced an average of about 38,000 fire ignitions per year with an annual burned area close to 320,000 hectares [6]. However, the 2017 wildfire season was the worst ever observed in the above countries, with about 0.9 million hectares burned [6]. More recently the European Forest Fire Information System EFFIS highlighted that 2021 was the second-worst wildfire season (following 2017) in the European Union since 2000 [7]; the current 2022 wildfire season was also very complex in several EU Countries (e.g., Spain; France). These recent severe wildfire seasons warn against the potential increase in dangerous environmental conditions able to sustain the occurrence of devastating wildfires or even megafires [8,9,10] which are associated with an overall increase in fire danger conditions in the Mediterranean Basin [11,12,13].



Several works analyzed the role played by the complex spatial and temporal relationships among multiple physical, biological, and anthropogenic drivers on the wildland fire regime and spread [14,15,16,17]. Among these factors, the increasing fuel accumulation and continuity at the landscape scale, mostly related to land abandonment processes and fire exclusion policies, in combination with the increased frequency and length of adverse weather conditions (i.e., heat waves, dryness, strong winds), were evidenced as main drivers for current and likely future variations in the wildfire regime and losses in Europe [18,19,20,21,22,23,24].



Regarding land abandonment, Schuh et al. [25] evidenced that around 30% (circa 56 million ha) of agricultural areas in the EU are under moderate or high risk of land abandonment, and that remote areas, mountains, islands, coastal and sparsely populated areas are particularly affected by this phenomenon. The island of Sardinia (Italy), together with other Mediterranean islands, Northern Portugal, and Southern France, was identified as an EU hot-spot area in terms of both incidence of land abandonment and decrease in utilized agricultural areas [25]. Indeed, the abandonment of agricultural and livestock practices together with the loss of agro-silvopastoral farms are of particular concern in a number of areas in Sardinia, where they are linked to a series of negative cascading effects including the loss of economies in remote rural areas, depopulation, denatality, desertification of the socio-economic and productive fabric, and rewilding of agropastoral areas [26,27,28,29]. This is particularly evident in extensive agropastoral farms and marginal lands, which generally cover areas where the intensification of agricultural and livestock production is often limited by environmental factors (e.g., topography, stoniness, soil, lack of irrigation water) and land size and property constraints (i.e., myriad of small and dispersed plots owned by private owners, with several parcels being less than two hectares) [28,30,31]. The ecological succession after abandonment often allows the increase in biodiversity and favors interactions between species [32] but is on the other hand responsible for the increase in continuity and load of flammable fuels, which in turn can promote the potential occurrence of larger and more intense wildfires [33,34,35,36,37,38]. In this sense, grazing and agricultural activities can represent valuable means to obtain well-managed land use mosaics, which are in fact able to reduce wildfire spread and intensity and can increase fire-fighting effectiveness [39,40,41].



Despite uncertainties and limitations concerning the application of wildfire spread models to inform risk reduction strategies and optimize landscape management programs, many projects and works highlighted the crucial role of funding and implementing this type of prevention activities [42,43,44,45,46,47,48]. In this sense, policy resolutions and development of investment strategies could benefit from realistic quantifications of the effects of fuel change scenarios on wildfire spread modeling outputs such as burn probability, fire intensity and size, and fire transmission towards neighboring land tenures or values after ignition [49,50,51,52]. Assessing the impact of land abandonment in terms of wildfire risk has been addressed in several studies [24,35,53]; however, at the landscape scale, only a very limited number of works estimated and quantified the potential impacts of agropastoral land abandonment and fuel build-up on wildfire propagation and behavior in fire-prone Mediterranean areas [54,55].



In this study, we used landscape wildfire simulations based on the minimum travel time (MTT) algorithm [56]. The MTT algorithm is a compact fire simulation algorithm that makes it computationally feasible to simulate thousands of fires over large areas, is parallelized for multi-threaded processing and imbedded in a number of research and modeling applications, and is widely used in Mediterranean areas to assess wildfire exposure and risk or target risk mitigation strategies [57,58,59]. Wildfire simulations were used to examine the influence of diverse spatial patterns and the intensity of agropastoral land abandonment in a 120,000 ha study area located in Sardinia, Italy. The area under investigation is largely covered by herbaceous fuels and has been facing the remarkable phenomena of agropastoral land and farm abandonment, with an inherent increase in wildfire risk. We defined four intensity levels and two spatial patterns of agropastoral land abandonment, and assumed short-term herbaceous fuel-type modifications in dead fuel load and depth for given abandoned portions of the landscape. We then quantified how land abandonment affected wildfire potential in the study area, focusing on burn probability, and wildfire intensity and size. Our results demonstrate that progressive land abandonment can lead to severe modifications in potential wildfire spread and behavior in the study area that can in turn promote an increased likelihood of large and fast-spreading events. This work provides a novel approach based on wildfire spread modeling to analyze and quantify the short-terms effects of land abandonment on wildfire hazard and likelihood in Mediterranean agropastoral areas. In fact, previous works conducted in Mediterranean areas largely ignored the abandonment process in grassland and pastures and the inherent potential consequences in terms of wildfire spread and behavior. Likewise, wildfire management projects design and plan thinning, mastication, and prescribed fires, but infrequently quantify the positive effects of supporting agriculture and grazing as a management alternative per se. The methods and findings of this study are extendable to neighboring Mediterranean areas and other fire-prone regions where land abandonment is increasingly influencing fuel availability and altering wildfire risk conditions.




2. Methods


2.1. Study Area and Wildfire Data


The study area is located in Northwestern Sardinia, Italy, and encompasses about 120,000 ha of land (Figure 1). The terrain elevation ranges from about 40 m a.s.l. to 800 m a.s.l., with an average of about 420 m a.s.l. Overall, the area is mostly characterized by the presence of hilly land, with the highest peaks located in the southeastern portion of the territory (Figure 1c). The main plains are in the eastern part of the study area. From a bio-climatic standpoint, the study area is characterized by mesomediterranean conditions [60], with lower mesomediterranean covering about 2/3 of the lands, and upper mesomediterranean in the remaining part (Figure 1a). The climate is Mediterranean, with variations in temperature and precipitation between the hot and dry summer and the cold and wet conditions of late fall–winter. The average annual precipitation in the study area is about 800 mm, with the highest values (about 980 mm) observed at the highest elevations [61]. The average annual temperature is about 14.5 °C. July is the hottest month of the year, with an average maximum temperature of about 28.5 °C.



The area under investigation is largely covered by herbaceous fuels, namely pastures and grasslands, which represent about 57 and 11% of the study area, respectively (Figure 1b) While grasslands are devoted to autumn-winter herbaceous crop productions, pastures, as well as wooded pastures and shrublands, support the needs of the livestock farms, which are fundamental for the local community economy. Broadleaf forests (about 15%) occupy hills and marginal stony areas (Figure 1b); they are principally represented by deciduous (Quercus pubescens Willd.) and evergreen oaks (Quercus suber L. and Quercus ilex L.). Shrubland formations (11%) are relatively tall in most of the study area and comprise Olea europaea L. var. oleaster Hoffgg. et Link, low-height Quercus spp., Phyllirea spp., Pistacia lentiscus L.; while low maquis (e.g., Cistus spp., Pyrus spp.; Prunus spp.) occupies degraded and grazed lands and steep zones. Fruit-bearing areas cover about 3700 ha of land and are largely represented by olive groves, particularly in the western part of the study area, as well as by sparse vineyards and cherry trees. About 1% of the study area is covered by water bodies.



Anthropic areas cover approximately 1% of land and are principally characterized by sparse and small villages and manufacturing areas. In more detail, about 40,500 inhabitants are distributed in 26 municipalities, the largest of which are represented by Macomer and Ittiri with about 9700 and 8300 inhabitants, respectively [64]. About 40% of these villages have less than 500 inhabitants [64]. The study area has been facing a progressive depopulation since 1990, with a 20% reduction in inhabitants in the last 20 years, and a general decrease in population for all municipalities of the study area [64]; a more relevant decreasing pattern is shown by farms and working units in the agro-silvopastoral sector [65].



In the period 2003–2019, the study area was affected by about 2200 fire ignitions which burned approximately 41,000 ha of lands. The area burned was largely influenced by a few large events: wildfires above 100 ha accounted for 1.5% of the fire ignitions but caused about 75% of the total area burned. The largest wildfires in the study area (Bonorva wildfire, about 10,500 ha; Sindia wildfire, about 5900 ha) were observed in July 2009. The fire season is typically concentrated in the period June–September, with an evident peak (about 2/3 of the total area burned) observed in July.




2.2. Input Data


Spatial data on topography and fuels were assembled and processed with ArcFuels [49,66] to generate a 40 m resolution gridded landscape file as required by FlamMap MTT (Firelab, Missoula, MT, USA) [56]. The wildfire modeling domain included a 2 km buffer around the study area to account for outgoing and incoming wildfires (moving from the neighboring areas) and remove the “edge effect” [67] and was close to 165,000 ha. Elevation, slope, and aspect were obtained from 10 m digital elevation data of the island [62]. Surface fuel types were mapped by combining the 2008 Sardinian Land Use Map [62] with the 10 m Land Cover Map of Europe, 2017 [63]. We initially identified a set of main fuel types, and we then associated each fuel type with either a standard or custom model [44,68,69,70] (Table 1). For surface fuels of forest areas, we customized fuel load and depths for the different bioclimatic areas based on field sampling data [71]: overall, moving from the LMM to UMM bioclimatic zones, we increased by 20% both dead and live fuel loads in forest and shrubland surface fuels, as well as the fuelbed depth of shrublands (Table 1). We also used fuel load and depth data from destructive samplings conducted in Sardinian abandoned pastures and grasslands in recent years to build the reference fuel model for abandoned herbaceous lands. Canopy metrics (canopy cover, canopy bulk density, canopy base height, and canopy height) for forest areas were estimated using as reference the data from the National Inventory of Forests and Forest Carbon Sinks [72] relative to Quercus suber L. and Quercus pubescens L. stands.



Fuel moisture content (FMC) for dead fuels was determined using the time series of fuel moisture measurements collected in Sardinia by a network of fuel moisture sensors located in 14 measurement stations and covering diverse bioclimatic zones. Fuel sensor data were validated considering destructive samplings mostly conducted in Northern Sardinia [73,74,75,76]. Dead FMC values were determined by calculating the 3rd percentile observed in the fuel stick time-series for the main bioclimatic zones. The values used for wildfire simulations ranged from 6 to 10% (1 h time lag dead fuels) to 10–14% (100 h time lag dead fuels), with a gradient from the hottest to the moistest zones of the study area according to the Sardinia Bioclimatic map [60]. The live FMC values accounted for the driest periods of the fire season and were derived both from data collected in northern Sardinia from 2003 to 2021 and from previous studies [77,78]; these data were tuned to consider the differences between bioclimatic zones (Figure 1a).



Regarding the wildfire data, we used the 2003–2019 wildfire database provided by the Sardinia Forest Service. The wildfire database contains information on ignition point coordinates, municipality, ignition date, fire size, as well as the perimeter shapefile. A smoothed ignition probability grid was developed from the historical wildfire database, considering all fire occurrence locations in the study area. The ignition probability grid was created with ArcGIS 10.8 (Esri Inc., Redlands, CA, USA) using the point density method with a 5 km bandwidth and was held as constant input for all fire simulations. The five wind directions (SW, NW, W, S, NE) associated with large wildfires (>100 ha) in the study area were derived from weather data, wildfire reports, and information from the Sardinia Forest Service. Overall, SW winds contributed to about 68% of the total area burned, followed by W and NW winds, with about 14 and 9%, respectively.



A graphical flowchart of the main data sources and their combinations to run the wildfire spread modeling simulations is provided in Figure 2.




2.3. Land Abandonment Scenarios


We considered different scenarios of land abandonment for agropastoral vegetation types (namely herbaceous vegetation and grasslands, fuel models which cover about 64% of the study area). The land abandonment scenarios hypothesized a variation in dead fuel load and depth within given polygons with respect to the control conditions (Table 1); the short-term effect of agropastoral land abandonment was therefore the transition to taller herbaceous fuels with higher load. Each land abandonment scenario was used to originate a 40 m resolution raster file for wildfire simulations, as described below. Overall, we generated 9 land abandonment scenarios, which consisted of the control conditions (NA, no abandonment) and 8 scenarios obtained by the combination of 4 abandonment intensity levels and 2 spatial patterns of abandonment (Figure 3a–h). Regarding the abandonment intensity levels, we constrained the abandonable area to 10% (≈7700 ha), 20% (≈15,400 ha), 30% (≈23,100 ha), and 40% (≈30,800 ha) of the total area covered by herbaceous fuels in the study area. We imposed specific criteria for the spatial selection of the abandonment units to be for each abandonment intensity level (from 10 to 40%). We first created a 200 m resolution fishnet to split the study area into 4 ha cells, and we then intersected the fishnet with grasslands and herbaceous vegetation: all polygons that intersected those fuel models were considered potentially abandonable. A priority in the selection of land abandonment units was given to agropastoral lands located in areas with slope above 20° (≈2400 ha), that are characterized by agronomic and physical constraints and therefore more complex to be efficiently managed. To select the remaining fishnet polygons, two different criteria were applied. The first method was based on the selection of random polygons, the second criterion was linked to the actual land abandonment patterns in the study area. For the latter, we first calculated a municipal land abandonment index (AI), computed as the ratio between the working units in agro-silvopastoral activities (year of reference 2010) and the variation in the municipal population (2021 vs. 2001). Municipalities with the highest decrease in population and the lowest working units in agro-silvopastoral activities exhibited the highest AI values and therefore were prioritized in the selection of polygons for land abandonment. We then assigned the AI values to the municipality centroids and spatialized the AI using the inverse distance weighting function of ArcMap 10.8 with a 10 km radius, to obtain a continuous spatial map that discriminated the level of prioritization of the fishnet polygons.




2.4. Wildfire Simulations


Wildfire simulations were performed using the minimum travel time (MTT) spread algorithm of Finney (2002) as implemented in its command-line version called FConstMTT (Firelab). The MTT algorithm calculates a two-dimensional fire growth, under constant weather, following the Huygens’ Principle, by searching for the pathways with minimum spread time from the cell corners at an arbitrary resolution set by the user. Surface wildfire spread is predicted according to Rothermel’s equation [79]; crown fire initiation and spread are calculated according to Van Wagner [80] and Rothermel [81], respectively. The MTT algorithm was previously calibrated in the study area and in Sardinia, as reported in several previous studies [44,58,76,82].



For each abandonment scenario, we simulated about 17,000 wildfire seasons. The number of fires simulated was adequate to fully saturate the study area, as well as to guarantee that all pixels with burnable fuels were burned at least once and that individual pixels were burned on average about 100 times in the control conditions. The ignition points were located within the burnable fuels of the study area, according to the historical wildfire ignition probability grid. Simulations were run at 40 m resolution, consistent with the landscape files, with constant wind speed (35 km h−1) and a fixed burning period of 8 h. The dominant wind directions associated with the largest fires observed in the study area, with their relative incidence, were used as input for the wildfire spread modeling.



For each scenario and the whole modeling domain, the wildfire simulations generated a burn probability (BP) raster, a frequency distribution of flame lengths (FL) in twenty 0.5 m for each pixel, a fire size list (FS), and simulated wildfire polygons. The conditional burn probability is a relative measure that quantifies the chance that a pixel will burn given an ignition in the study area. We then derived the annual burn probability (aBP), which represents the annual likelihood of burning given the current landscape and conditions, calculated as the number of times a pixel burns divided by the modeled wildfires seasons, and can range from 0 (the pixel never burns) to 1 (the pixel burns annually) [76,83]. From the frequency distribution of FL values for each pixel, we derived the conditional flame length (CFL), which represents the probability-weighted flame length given a fire occurs in the modeling domain. In addition, we estimated the high flame length probability (HFLP), that is the probability distribution of high flame length (>2.5 m) in a pixel, given the condition that a wildfire burns the pixel, as well as the number of pixels presenting HFLP > 0. We then derived a potential fire size (FS) raster, which was obtained by smoothing the simulated ignition points file using the inverse distance weighting function of ArcMap 10.8, with a 5 km search distance.




2.5. Wildfire Hazard and Likelihood Analysis


A wildfire hazard and likelihood assessment was carried out to compare the different land abandonment scenarios in the study area and was performed considering diverse spatial layers of reference. A first evaluation was carried out at the landscape level, considering the wildfire simulation outputs in the whole modeling domain and characterizing the wildfire potential profiles for each abandonment scenario. We then focused on the municipal level by intersecting the simulation outputs with the municipal boundaries and calculating the average values of aBP, CFL, HFLP, and FS. Wildfire outputs were finally summarized for the different fuel types to highlight differences among the diverse vegetation types and abandonment scenarios.



The Kruskal–Wallis non-parametric test was applied to evaluate whether the differences among spatial patterns of abandonment and abandonment intensities, considering aBP, CFL and FS variables, were statistically significant. The Bonferroni post hoc test was used for pair-wise comparison among the 9 groups to assess the group differences. To evaluate the effects of land abandonment on HFLP, focusing on the hectares characterized by high flame length, we used the Kappa statistic, based on the calculation of the confusion matrix between the raster files provided by the simulator for each spatial pattern of abandonment and percentage of abandonment. The Kappa statistic measures the level of association between the abandonment scenarios for the areas with flame length above 2.5 m. The significance of the association between pairs of raster files was evaluated by the McNemar’s χ2 test.





3. Results


3.1. Wildfire Hazard and Likelihood at the Landscape Level


The highest wildfire likelihood (aBP > 0.035) and fire size (FS > 5000 ha) values (Figure 4a,d) were mainly concentrated in the southern and central portions of the study area, where herbaceous surface fuels cover large parts of the landscape and historical fire occurrence is high (Figure 1). The north-western portion also showed high likelihood values (aBP > 0.025). Wildfire hazard, in terms of conditional flame length (CFL) and high flame length probability (HFLP) (Figure 4b,c), highlighted a wide range of values throughout the landscape. Overall, the highest wildfire hazard values (CFL > 2.4 m and HFLP > 50%) were associated with complex topography, as well as with high fuel load areas, especially in the eastern and western parts of the study area. In contrast, the lowest values were observed in flat areas covered by grasslands and sparse vegetation.



Agropastoral land abandonment substantially increased the wildfire hazard and likelihood outputs (Table 2 and Figure 5). We found the highest increase in aBP, CFL, HFLP, and FS in RND and PR scenarios as land abandonment rose to 40%. For instance, the average annual burn probability (aBP) increased from 2.05·10−2 for the control conditions to 2.63·10−2 for RND-40% (i.e., an increase in annual area burned of about 700 ha per year). The wildfire potential indicator that exhibited the most relevant growth moving from NA to land abandonment intensity of 40% was HFLP, which at the landscape scale increased from about 26,000 ha to about 55,900 ha in both RND and PR abandonment scenarios. The Kruskal–Wallis analysis and the Bonferroni post hoc test showed that the increasing level of land abandonment significantly (p = 0.01) affected wildfire hazard and likelihood outputs (Table 2).



To further explore the spatial arrangement of wildfire profiles for the study area and determine the most important variations in wildfire hazard and likelihood due to land abandonment, we produced an exposure map, based on the combination of simulated aBP and CFL (Figure 5). In the control conditions (NA), the high exposure areas (aBP > 0.017 and CFL > 2.4 m) were observed in about 5% of the study area, mostly concentrated in the south-western and north-western pixels. For the highest intensity of land abandonment, high exposure areas grew to 10.6 and 10.8% (PR and RND, respectively) (Figure 4). Nevertheless, about 46% of the land was characterized by moderate wildfire hazard and likelihood (aBP < 0.017 and CFL < 2.4 m). The land abandonment increase caused a progressive reduction of moderate-to-low exposure areas, which dropped below 35% in both PR-40% and RND-40% scenarios. In the NA scenario, about 7.5% of the study area presented high conditional flame length values (CFL > 2.4 m) associated with low burn probabilities (aBP < 0.017); the increase in the percentage of land abandonment did not significantly affect this exposure factor. The high burn probabilities (aBP > 0.017) and moderate hazard (CFL < 2.4 m) areas covered about 41.5% of the land in the control conditions; the hectares of land characterized by these conditions increased as a function of the percentage of land abandonment, with peaks of 49.8 and 50.7% observed in PR-40% and RND-40%, respectively (Figure 5).



Figure 6 presents the high flame length probability (HFLP) difference maps between the two spatial patterns of land abandonment scenarios (considering abandonment intensities of 20 and 40%) and the NA conditions. These maps show the probability that any given pixel had experienced a variation in the probability of having intense wildfires due to different patterns and intensities of land abandonment. As expected, for both spatial patterns of abandonment, the variations in HFLP were more relevant when higher fractions of the landscape were abandoned (40 vs. 20%). The zones that highlighted the widest shifts in HFLP were principally located in the south-eastern portion of the study area for both PR and RND scenarios. The variation in HFLP values was overall relatively small (in the range (−5%; 5%) for most of the landscape (about 87% with 20% abandonment percentage, about 76% with 40% abandonment percentage). The areas which presented the most substantial differences (>50%) in HFLP between pre- and post-abandonment conditions were close to 4% of the study area (considering 40% of land abandonment intensity).



Furthermore, we analyzed the differences in fire size (FS) between the two spatial patterns of land abandonment scenarios, considering all percentages of abandonment, and the NA conditions (Figure 7). The maps reveal prominent changes induced by land abandonment scenarios, in particular with the highest abandonment intensities, regardless of the spatial patterns of abandonment. For example, the percentage of land with low fire size class variation (<500 ha) in the post-abandonment condition ranged from ~69% (10% abandonment intensity) to ~18% (40% abandonment intensity). The areas that presented variations in fire size in the range (500–2000 ha) moved from ~31% (10% abandonment intensity) to ~60–65% (30 and 40% abandonment intensity, respectively). Large wildfire occurrence increased with the rise in the percentage of abandonment; for instance, in the PR-40% scenario, about 25,000 hectares of land had the potential to originate very large events (with size > 2000 ha than in the NA conditions).



Not surprisingly, land abandonment caused a fire size distribution shift toward more frequent large wildfire scenarios (Figure 8). Likewise, the fire size distributions presented a decreasing trend in frequency for the most common classes. The peak in the fire size frequency was observed in the class 6000–7000 ha; starting from agropastoral land abandonment greater than or equal to 30%, this peak shifted to the next size class (7000–8000 ha). Yet, in the case of RND-40%, the principal fire size class was in the range 8000–9000 ha, with about 20.5% of simulated fire ignitions able to produce such large events. Fires smaller than 2000 ha were about 5% of the total wildfire simulations for the NA conditions, and decreased progressively, as a function of the percentage of agropastoral land abandonment, to 3% (with an abandonment intensity of 40%). On the other hand, fires with a size greater than or equal to 9000 hectares occurred only with abandonment rates higher than or equal to 20% and accounted for about 8.5 and 10% of total fire ignitions in PR-40% and RND-40%, respectively.




3.2. Wildfire Hazard and Likelihood at the Municipality Level


The effect of land abandonment on wildfire outputs was also analyzed for the 26 different municipalities included in the study area (Figure 1 and Figure 9). Considering the NA conditions, three municipalities presented an average aBP higher than 4.5·10−2: Sindia (5.24·10−2), Suni (4.94·10−2), and Sagama (4.85·10−2) (Figure 9). These villages had the highest aBP values for the study area regardless of the land abandonment intensity and pattern. Sindia evidenced the highest aBP (6.16·10−2) among the municipalities, observed with the RND-40% scenario. In contrast, the lowest aBP values were observed in Romana (Figure 9), where the values ranged from a minimum of 4.40·10−3 (NA conditions) to 5.60·10−3 (PR-40%). In some cases, the shift from the NA conditions to a 40% land abandonment intensity raised the aBP over 0.01. For example, the highest increase in aBP was found in Semestene (+0.010) for the RND scenario, and in Torralba (+0.0109) and Pozzomaggiore (+0.0103) for the PR scenario (Figure 9).



Considering the NA conditions, the three municipalities with the highest average flame length were Suni, Thiesi, and Ittiri, with average CFL of 1.957 m, 1.730 m, and 1.728 m, respectively (Figure 9); in contrast, the lowest average CFL value was observed in Bonnanaro, with 1.197 m. As the percentage of land abandonment increased, a rise in the average flame length values was observed, with the highest values in RND-40% and PR-40% scenarios. The shift from NA to PR-40% conditions resulted in an increase in average CFL, ranging from a maximum of +0.432 m and +0.419 m in Semestene and Mara, respectively, to a minimum of +0.128 m in Banari (Figure 9). In the case of the differences between NA and RND-40%, the increase in mean CFL varied from +0.411 m in Mores and +0.380 in Ardara to a minimum of +0.174 in Banari and Thiesi. The peak in mean CFL values was shown by Suni, which presented values of 2.131 m and 2.149 m for PR-40% and RND-40%, respectively. As already mentioned, the pattern of abandonment, random vs. priority-based, affected the average flame length value at the municipal level, leading to marked differences between these two patterns in some cases. For example, in five municipalities (Mara, Semestene, Romana, Padria and Cossoine), the priority-based pattern resulted in an increase in average CFL, at the 40% abandonment level, which was 0.10 m higher than the random pattern. However, for other municipalities such as Mores or Ittireddu, the highest average CFL values were observed with the RND scenario.



We then calculated the percent of municipal land characterized by high flame length (FL > 2.5 m). The results are reported in Figure 9, and the municipalities are classified into four classes according to the percent of the land with high flame length (<15, 15–30, 30–45, and >45%). In the NA conditions, only four municipalities (Ittiri, Thiesi, Banari, and Suni) highlighted more than 30% of the municipal land with FL > 2.5 m; in contrast, eight municipalities presented FL values > 2.5 m in less than 15% of their territory, with the minimum recorded in Borutta (10.07%). Furthermore, for this output, the increase in land abandonment caused a resulting growth in the percentage of municipal area with high flame length. The municipalities which showed potential to have FL > 2.5 m in more than 45% of their municipal area were 12 in the PR-40% conditions, with peaks above 60% observed in Padria (61.96%), Semestene (61.26%), Romana (60.11%), and Mara (60.03%), and 13 in the RND-40% conditions, peaking at 56.66% in Suni, and with percentage values overall smaller than in PR-40%. Significant increases in the municipal land with the potential to produce FL > 2.5 in the shift from NA to PR-40% conditions were observed in the municipalities of Semestene, Borutta and Mara, with changes slightly higher than 40%; the differences induced by the shift from NA to RND-40% were more limited in terms of maximum values, with the highest variations close to 32% and recorded in Borutta and Sindia.




3.3. Wildfire Hazard and Likelihood at the Fuel Type Level


We analyzed how the different land abandonment scenarios affected wildfire hazard and likelihood by the main fuel type classes in the study area (Table 3). Overall, increasing land abandonment intensity resulted in an increase in aBP; plus, for the same intensity of land abandonment, RND patterns often presented higher aBP than PR ones (Table 3). The highest aBP values were observed in abandoned herbaceous fuels (AB) and agropastoral vegetation (AP, which included grasslands, mixed agricultural and herbaceous pastures) types; Mediterranean maquis (MM) and forests (FOR) evidenced lower average values, with the lowest values presented by the latter fuel type. For instance, considering the RND-40% conditions, AB and AP showed aBP close to 2.90·10−2, while MM and FOR evidenced aBP values of 2.20 and 1.74·10−2, respectively.



Regarding the average CFL, the variations induced by land abandonment for a given fuel type, both in relation to percentage and patterns of abandonment, were, as expected, very small (Table 3). In addition, there was a clear difference in average CFL values between AB and AP, which in the PR-40% and RND-40% conditions dropped from 2.02 to 1.32 m, respectively. A similar consideration applies to HFLP, for which increasing the intensity of abandonment from 0 to 40% resulted in a slight growth in HFLP values for each of the main fuel types (Table 3). An evident difference in HFLP between AB and AP can be highlighted (with land abandonment intensity at 40%, HFLP of about 25 and 5%, respectively). For MM and FOR, HFLP values varied, depending on the percentage of land abandonment, in the range 80–81% and 7–9%, respectively.



Finally, as observed for aBP, the fire size (FS) also increased significantly as a function of the percentage of land abandonment (Table 3). In addition, for given intensities of land abandonment and fuel type, the random pattern produced larger average FS than the priority-based pattern. In general, the fuels able to originate the most extensive fires were herbaceous fuel types: maximum FS peaks were recorded for RND-40% conditions, with values of about 5890 and 5844 ha for AB and AP, respectively. Yet, the non-abandoned herbaceous fuel types, characterized by lower load and depth than the abandoned ones, showed average FS of about 4448 ha in the baseline (NA) conditions. From this point of view, for all the main fuel types presented in Table 3, the increase in the percentage of land abandonment resulted in higher wildfire transmission capacity in the landscape and thus in a growth of the average area covered by wildfires.





4. Discussion


Many previous studies applied wildfire spread models to analyze the spatial and temporal effects of fuel characteristics and conditions on wildfire spread, exposure and risk, particularly as far as fuel treatments and management strategies were concerned [59,84]. Yet, the use of wildfire spread modeling to quantify the short-term consequences of land abandonment in terms of potential propagation and behavior has been mostly unexplored in the Mediterranean Basin. This work represents one of the first applications of wildfire spread modeling to measure the response of wildfire variables to changes in spatial patterns and intensity levels of agropastoral land abandonment in fire-prone Mediterranean ecosystems. Moreover, this study is the finest-scale (40 m resolution) application of wildfire spread simulation modeling to explore the above topic in southern Europe, for a very large study area and the related modeling domain extent (120,000 ha and 165,000 ha, respectively). The study was performed in a pilot site located in western Sardinia (Italy), characterized by significant portions of land covered by herbaceous surface fuels, formerly exploited by grazing and agricultural productions and now increasingly subject to a fast land abandonment process. This phenomenon has also been described in other fire-prone Euro-Mediterranean areas, where agropastoral systems provide meager benefits and livestock farming activities are decreasing dramatically. In our work, we focused on the short-term effects of agropastoral land abandonment in Sardinia, which is promoting the transition to higher load and depth herbaceous fuels. In fact, after several years of intensive grazing and agricultural practices (tillage, sowing, etc.), the seed bank in abandoned agropastoral lands is largely characterized by herbaceous or pioneering species; afforestation by shrublands or forests requires a number of years, which can vary depending on the proximity to forests, climate and topography.



Several studies carried out in the Mediterranean Basin reported that agricultural land abandonment led to natural vegetation encroachment or afforestation, increasing landscape homogeneity and fuel contiguity, and changes in wildfire behavior and regime patterns [18,19,23,53,54,85,86,87]. Our results confirmed that, in Mediterranean areas, agropastoral land abandonment has the potential to boost wildfire hazard and likelihood, which in the present study were assessed considering several indicators, including annual burn probability, fire size and fire intensity. Overall, as expected, the increase in the percentage of land abandoned promoted, for both spatial abandonment scenarios, a growth in simulated wildfire outputs; for instance, moving from NA to a land abandonment intensity of 40%, areas with high flame length probability (HFLP) increased from about 26,000 ha to about 55,900 ha in both RND and PR scenarios, while aBP from 2.05 to 2.63·10−2 in RND-40%. These results are in line with previous studies conducted in southern Europe; increases in wildfire frequency, intensity and size in areas characterized by land abandonment processes and growing landscape homogeneity were also highlighted by Vega-Garcia and Chuvieco [85], Azevedo et al. [54], and Sil et al. [53]. Moreover, the maps obtained by the combination of simulated aBP and CFL outputs allowed us to identify the areas more likely to suffer intense wildfires, and how these areas spatially differed due to changes in spatial patterns and intensity levels of land abandonment. The above outputs showed complex patterns, and a high wildfire hazard did not necessarily connote a high likelihood, and vice versa. In this regard, we observed a growth in both potential occurrence of intense wildfires and hectares of land beyond the suppression capability of terrestrial forces as the percentage of land abandonment increased, apart from the spatial patterns of abandonment. In addition, we evidenced that the percentage of land with the highest burn probability and hazard values (aBP > 0.017 and CFL > 2.5 m) roughly doubled (5% vs. 10.8%) moving from the control conditions to a 40% level of abandonment of agropastoral areas. Therefore, under high levels of agropastoral land abandonment, wildfire control by terrestrial forces can be much more challenging and, consequently, the need for aerial means to support wildfire suppression teams and contain wildfire spread could likely increase. Regarding wildfire management in Mediterranean areas, paradoxically, even the fire exclusion policy and the progressive enforcement of suppression forces, with the final aim of suppressing a fire as quickly as possible once started, can further contribute to fuel accumulation; considering that megafires are mainly associated with extreme weather, and that in southern Europe wildfire frequency and impacts are expected to increase in future years, the current strong investment in fire suppression and exclusion policies could be conducive to a higher occurrence of large and extreme wildfire episodes, which could be exacerbated in a context of farmland abandonment [24,50,88,89,90,91,92,93].



We evidenced how increasing levels of agropastoral land abandonment caused consequential and progressive increases in average aBP and FS for all fuel types, while lower effects were observed when focusing on CFL. The latter result is not surprising, considering that the study area is characterized by a high presence of herbaceous fuels and that fuel variations due to land abandonment were only applied to herbaceous fuel types, which typically present lower fire intensity values than wildlands and forests. In broad terms, the highest average aBP and FS values were observed in abandoned herbaceous fuels and agropastoral vegetation types, considering the highest (40%) abandonment intensity levels. Therefore, herbaceous fuels evidenced a high wildfire transmission capacity at the landscape scale, and thus played a relevant role in supporting wildfire propagation and growth, particularly when the percentage of agropastoral land abandonment was above 20%. The fact that agricultural areas, pastures and unmanaged wildlands are key land categories with a strong potential to transmit wildfire exposure and risk to other land types was highlighted by other previous works [76,94,95,96]. In this context, the largest Sardinian wildfires of the last decades, Nuoro (about 9000 ha, July 2007), Bonorva (about 10,600 ha, July 2009), and Montiferru (about 13,000 ha, July 2021), were ignited and quickly spread firstly in areas almost entirely characterized by herbaceous-type land tenures, and then propagated in the surrounding landscape driven by windy and very dry weather conditions.



The modeling approach based on wildfire propagators such as the one proposed in this paper has, among many others, the advantage of being able to spatially assess burn probability, wildfire hazard and exposure at the landscape level [46,76,96,97,98] or the variations in wildfire risk or related disturbances caused by alternative environmental conditions or scenarios [48,51,99,100,101,102,103,104,105]. In our study, the modeling approach carried out allowed us to map the differences induced by the two abandonment patterns tested for increasing levels (from 0 to 40%) of land abandonment. From this point of view, while the differences between PR and RND scenarios in terms of average wildfire outputs (e.g., aBP, CFL, FS, etc.) were quite modest, the spatial variations were more important (as highlighted in Figure 5, Figure 6 and Figure 7 and 9). It was therefore possible to determine which areas or municipalities were potentially most affected by the worst wildfire spread and behavior conditions due to different levels of land abandonment. This spatial information is very important, as it permits to identify which zones should be given higher priority or attention in relation to reducing abandonment of agropastoral areas, in order to lower fire impact with fuel treatments, or inform decision-making [44,93,106]. For instance, programmed grazing plans can be promoted in strategic areas affected by land abandonment processes to reduce continuity, height and load of fine fuels, thus decreasing the likelihood of an ignition source coming in contact with flammable fuels, lowering fire spread rates and intensity, and increasing wildfire suppression effectiveness [107,108,109,110]. Our work highlighted the crucial role played by agriculture and pastoral activities in affecting wildfire potential and risk in Mediterranean areas. On one hand, agropastoral zones were identified as preferential sources of fire ignitions in some Southern EU areas [111,112,113,114]. On the other hand, managed agropastoral areas are less fire-prone and present lower wildfire hazard and likelihood profiles than abandoned herbaceous fields, as proved in this work. In this sense, the European Union’s Common Agricultural Policy (CAP) could and should play a key role in reducing wildfire risk, particularly in those areas characterized by the relevant phenomena of agropastoral land abandonment, by supporting farming activities and fostering the maintenance of extensive livestock grazing and agricultural productions in remote zones and in areas prone to abandonment [90]. Moreover, promoting and facilitating land associations or other forms of aggregation among private owners, as well as land property reorganization actions, could be relevant to reduce fragmentation and pulverization of land ownership, which in turn can have significant positive impacts on agropastoral farms and production chains, can lower land abandonment processes, and can thus reduce megafire occurrence.




5. Conclusions


This work is one of the first applications of wildfire spread modeling to estimate at fine-scale the potential changes in wildfire hazard conditions induced by diverse scenarios of agropastoral land abandonment in fire-prone Mediterranean ecosystems. We advance knowledge of how alternative spatial patterns and intensity levels of land abandonment can modify potential wildfire behavior and spread in areas mainly characterized by herbaceous land tenures. As herbaceous fuels increase in load and height, the wildfire hazard progressively rises, and wildfire transmission becomes more significant at the landscape scale. Given a fixed percentage of land abandonment, diverse spatial patterns of abandonment induce spatial variations in wildfire likelihood and hazard, while the average values (as measured by indicators such as burn probability, fire size, or flame length) at the landscape scale do not significantly differ. Our study demonstrates that land abandonment in agropastoral areas can alter wildfire spread and promote the likelihood of large and fast-spreading events. The approach proposed allows to quantify and map the risks posed by future wildfires in the context of agropastoral land abandonment. This can inform prevention and planning strategies to mitigate wildfire impacts and losses for ecosystems and anthropic values.
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Figure 1. Weather zones (adapted from Sardinia Environmental Protection Agency) and bio-climatic classification of Sardinia, the black polygon designates the study area (a); major land use classes of the study area, according to the 2008 Sardinia Land Use Map [62] combined with the 10 m Land Cover Map of Europe, 2017 [63] (b); digital elevation model map and municipalities boundary of the study area along with the main towns (c); historical wildfire ignitions in Sardinia for the period 2003–2019 as a function of the final wildfire size (d). AA = anthropic areas; WB = water bodies; NMS = natural material surfaces; G = grasslands; PC = permanent crops; HV = herbaceous vegetation (pastures and mixed agricultural areas); LM = low Mediterranean maquis; HM = high Mediterranean maquis; BF = broadleaf forests; CF = conifer forests; COF = cork oak forests. LTM = lower thermomediterranean; UTM = upper thermomediterranean; LMM = lower mesomediterranean; UMM = upper mesomediterranean; SM = supramediterranean; MT = mesotemperate; ST = supratemperate. AR = Ardara; BA = Banari; BE = Bessude; BR = Borutta; BN = Bonnanaro; BO = Bonorva; CH = Cheremule; CO = Cossoine; FL = Flussio; GI = Giave; IU = Ittireddu; IT = Ittiri; MA = Mara; MC = Macomer; MO = Mores; PA = Padria; PO = Pozzomaggiore; RO = Romana; SA = Sagama; SE = Semestene; SN = Sindia; SI = Siligo; SU = Suni; TH = Thiesi; TI = Tinnura; TO = Torralba. 
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Figure 2. Summary flowchart of the input and output data used for performing this study. More details can be found in the Methods. 






Figure 2. Summary flowchart of the input and output data used for performing this study. More details can be found in the Methods.



[image: Land 11 01942 g002]







[image: Land 11 01942 g003 550] 





Figure 3. Maps of the abandonment units, considering two spatial patterns of land abandonment scenarios (priority (PR; a–d), random (RND; e–h)), and 10, 20, 30, and 40% of agropastoral land abandonment. Blue polygons represent abandonment units. 
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Figure 4. Maps of annual burn probability (aBP) (a), conditional flame length (CFL) (b), high flame length probability (HFLP) (c), and fire size (FS) (d) for the NA (no abandonment) conditions. 
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Figure 5. Combination of simulated annual burn probability (aBP) and conditional flame length (CFL, m) in the study area for the NA and two spatial patterns of land abandonment scenarios (priority (PR) and random (RND)), considering 10, 20, 30, and 40% of agropastoral land abandonment. The values in the cells report the percentage of land for the diverse combinations of aBP and CFL. (a) NA, (b) PR 10%, (c) RND 10%, (d) PR 20%, (e) RND 20%, (f) PR 30%, (g) RND 30%, (h) PR 40%, (i) RND 40%. 
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Figure 6. High flame length probability (HFLP) difference between the two spatial patterns of land abandonment scenarios tested (priority (PR; a,b), random (RND; c,d)) and the NA conditions, considering 20 and 40% of agropastoral land abandonment. 
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Figure 7. Fire size (FS) difference between the two spatial patterns of land abandonment scenarios (priority (PR; a–d) and random (RND; e–h)) and the NA conditions, considering 10, 20, 30, and 40% of agropastoral land abandonment. 






Figure 7. Fire size (FS) difference between the two spatial patterns of land abandonment scenarios (priority (PR; a–d) and random (RND; e–h)) and the NA conditions, considering 10, 20, 30, and 40% of agropastoral land abandonment.



[image: Land 11 01942 g007]







[image: Land 11 01942 g008 550] 





Figure 8. Frequency distribution of the different FS values simulated for the NA and two spatial patterns of land abandonment scenarios (priority, PR, and random, RND), considering 10, 20, 30, and 40% of agropastoral land abandonment. 
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Figure 9. Scatterplots of annual burn probability (aBP) vs. conditional flame length (CFL (m)) at the municipality level for the NA conditions and two spatial patterns of land abandonment scenarios (priority (PR) and random (RND)), considering 20 and 40% of agropastoral land abandonment. The color of the bubbles is related to the percentage of municipal land with FL > 2.5 m. Municipality abbreviations are provided in Figure 1. 
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Table 1. Fuel model data was used for the wildfire simulations. A different combination of fuel models was used depending on the bio-climatic conditions of the study area, as described in the Methods. CH = canopy height; CBD = canopy bulk density; CBH = canopy base height. LMM = lower mesomediterranean; UMM = upper mesomediterranean.
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Fuel Type

	
Dead Fuel Load (t ha−1)

	
Live Fuel Load (t ha−1)

	
Fuel Depth (cm)

	
Bio-Climate

	
CH

(m)

	
CBH

(m)

	
CBD

(100 kg m−3)






	
Grasslands *

	
1.2

	
0

	
15

	
LMM

	
0

	
0

	
0




	
Permanent crops

	
1

	
2

	
80

	
0

	
0

	
0




	
Herbaceous vegetation *

	
2.5

	
0

	
35

	
0

	
0

	
0




	
Low Med. maquis

	
5.3

	
4.1

	
45

	
0

	
0

	
0




	
High Med. maquis

	
15

	
12.5

	
135

	
11

	
1

	
14




	
Broadleaf forests

	
12

	
2

	
70

	
12

	
2

	
14




	
Coniferous forests

	
10

	
1

	
25

	
14

	
2

	
11




	
Cork oak

	
12

	
2

	
70

	
12

	
2

	
14




	
Ab. herbaceous lands *

	
6

	
0

	
45

	
0

	
0

	
0




	
Grasslands *

	
1.2

	
0

	
15

	
UMM

	
0

	
0

	
0




	
Permanent crops

	
1

	
2

	
80

	
0

	
0

	
0




	
Herbaceous vegetation *

	
2.5

	
0

	
35

	
0

	
0

	
0




	
Low Med. maquis

	
6.3

	
4.9

	
70

	
0

	
0

	
0




	
High Med. maquis

	
18

	
15

	
160

	
11

	
1

	
14




	
Broadleaf forests

	
14.4

	
2.4

	
70

	
15

	
3

	
14




	
Coniferous forests

	
12

	
1.2

	
25

	
16

	
3

	
11




	
Cork oak

	
14.4

	
2.4

	
70

	
15

	
3

	
14




	
Ab. herbaceous lands *

	
6

	
0

	
45

	
0

	
0

	
0




	
* In the case of slope above 20°, fuel load is reduced by 20%.
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Table 2. Summary of the average annual burn probability (aBP), conditional flame length (CFL), high flame length probability (HFLP), and fire size (FS) for the NA and two spatial patterns of land abandonment scenarios (priority (PR) and random (RND)), considering 10, 20, 30, and 40% of agropastoral land abandonment. Standard deviation values are provided under parenthesis. The significance of the statistical differences of BP, CFL and FS was evaluated by the Kruskal–Wallis test and the Bonferroni post hoc test for pairwise comparison (lower case letters), while the significance of the differences of HFLP was evaluated by the Kappa statistic (upper case letters).
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	Land Abandonment Scenarios
	aBP
	CFL (m)
	HFLP (ha)
	FS (ha)





	NA
	0.0205 a (0.0162)
	1.55 a (1.08)
	26,081.44 A
	4141.24 a (1430.97)



	PR-10%
	0.0218 b (0.0166)
	1.61 b (1.09)
	33,200.32 B
	4463.55 b (1565.07)



	PR-20%
	0.0229 c (0.0163)
	1.67 c (1.10)
	40,761.12 C
	4755.18 c (1680.28)



	PR-30%
	0.0244 d (0.0176)
	1.73 d (1.10)
	48,315.68 D
	5060.15 g (1856.67)



	PR-40%
	0.0256 e (0.0178)
	1.80 e (1.10)
	55,935.36 E
	5330.43 e (2007.28)



	RND-10%
	0.0221 f (0.0168)
	1.61 b (1.09)
	33,162.24 B
	4478.62 f (1532.85)



	RND-20%
	0.0232 c (0.0171)
	1.67 c (1.09)
	40,645.76 F
	4750.20 c (1696.12)



	RND-30%
	0.0249 g (0.0183)
	1.74 f (1.10)
	48,411.20 G
	5076.81 c (1832.48)



	RND-40%
	0.0263 h (0.0187)
	1.80 g (1.10)
	55,803.36 H
	5436.00 h (1991.80)







Different letters in the same column indicate significant differences at p < 0.05.
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Table 3. Summary of annual burn probability (aBP), average conditional flame length (CFL, in m), average fire size (FS, in ha) and percentage of land with FL > 2.5 m (FL > 2.5 m, in %) for the main fuel types (AB, abandoned lands; AP, agropastoral vegetation; MM, Mediterranean maquis; FOR, forests) of the study area, considering the NA conditions and two spatial patterns of land abandonment scheme 10, 20, 30, and 40% of agropastoral land abandonment). The significance of the statistical differences among scenarios, for each wildfire hazard indicator, was evaluated by the Kruskal–Wallis test and the Bonferroni post hoc test for pairwise comparison.
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Land Abandonment Scenarios




	

	
Fuel Type

	
NA

	
PR-10%

	
PR-20%

	
PR-30%

	
PR-40%

	
RND-10%

	
RND-20%

	
RND-30%

	
RND-40%






	
aBP

	
AB

	

	
0.0250 a

	
0.0286 b

	
0.0259 c

	
0.0299 d

	
0.0235 a

	
0.0269 e

	
0.0239 d

	
0.0282 g




	
AP

	
0.0228 a

	
0.0256 b

	
0.0287 c

	
0.0259 d

	
0.0292 e

	
0.0243 f

	
0.0273 c

	
0.0246 g

	
0.0277 h




	
MM

	
0.0178 a

	
0.0195 b

	
0.0214 c

	
0.0199 d

	
0.0220 e

	
0.0189 f

	
0.0206 g

	
0.0191 h

	
0.0212 e




	
FOR

	
0.0137 a

	
0.0153 b

	
0.0171 c

	
0.0155 d

	
1.7388 e

	
0.0147 f

	
0.0161 c

	
0.0148 g

	
0.0166 h




	
CFL (m)

	
AB

	

	
1.93 a

	
1.98 a

	
2.01 a

	
2.02 a

	
1.93 a

	
1.98 b

	
2.01 a

	
2.02 a




	
AP

	
1.23 a

	
1.26 b

	
1.27 b

	
1.29 b

	
1.31 b

	
1.26 c

	
1.28 c

	
1.30 c

	
1.33 c




	
MM

	
4.00 a

	
4.03 b

	
4.05 b

	
4.06 b

	
4.08 b

	
4.03 b

	
4.04 b

	
4.06 b

	
4.08 b




	
FOR

	
1.44 a

	
1.45 b

	
1.46 b

	
1.46 b

	
1.48 b

	
1.45 b

	
1.46 b

	
1.47 b

	
1.47 b




	
FS (ha)

	
AB

	

	
4778.9 a

	
5168.3 a

	
5528.1 a

	
5848.3 a

	
4767.6 a

	
5117.3 b

	
5495.9 b

	
5890.2 b




	
AP

	
4447.7 a

	
4800.2 b

	
5095.8 b

	
5416.8 b

	
5695.4 b

	
4810.2 b

	
5120.3 c

	
5467.4 c

	
5843.8 c




	
MM

	
3740.8 a

	
4011.0 b

	
4268.3 b

	
4476.0 b

	
4702.2 b

	
4017.1 b

	
4238.7 c

	
4499.0 c

	
4766.0 c




	
FOR

	
3120.0 a

	
3366.4 b

	
3599.6 b

	
3835.8 b

	
3964.6 b

	
3412.6 c

	
3527.7 c

	
3782.2 c

	
4096.8 c




	
FL > 2.5 (%)

	
AB

	

	
19.98 a

	
22.69 a

	
24.18 a

	
25.03 a

	
19.93 b

	
22.73 a

	
24.08 a

	
25.01 b




	
AP

	
3.16 a

	
3.50 b

	
3.93 b

	
4.45 b

	
5.19 b

	
3.51 b

	
3.91 b

	
4.47 b

	
5.19 b




	
MM

	
80.46 a

	
80.61 b

	
80.74 b

	
80.78 b

	
80.92 b

	
80.57 b

	
80.71 c

	
80.74 b

	
80.89 b




	
FOR

	
7.63 a

	
8.18 b

	
8.62 b

	
8.94 b

	
9.32 b

	
8.18 b

	
8.59 b

	
8.97 b

	
9.25 b








Different letters in the same column indicate significant differences at p < 0.05.
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