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Abstract

:

Socio-demographic changes in recent decades and fire policies centered on fire suppression have substantially diminished the ability to maintain low fuel loads at the landscape scale in marginal lands. Currently, shepherds face many barriers to the use of fire for restoring pastures in shrub-encroached communities. The restrictions imposed are based on the lack of knowledge of their impacts on the landscape. We aim to contribute to this clarification. Therefore, we used a dataset of burned areas in the Alto Minho region for seasonal and unseasonal (pastoral) fires. We conducted statistical and spatial analyses to characterize the fire regime (2001–2018), the distribution of fuel types and their dynamics, and the effects of fire on such changes. Unseasonal fires are smaller and spread in different spatial contexts. Fuel types characteristic of maritime pine and eucalypts are selected by seasonal fires and avoided by unseasonal fires which, in turn, showed high preference for heterogeneous mosaics of herbaceous and shrub vegetation. The area covered by fuel types of broadleaved and eucalypt forest stands increased between 2000 and 2018 at the expense of the fuel type corresponding to maritime pine stands. Results emphasize the role of seasonal fires and fire recurrence in these changes, and the weak effect of unseasonal fires. An increase in the maritime pine fuel type was observed only in areas burned by unseasonal fires, after excluding the areas overlapping with seasonal fires.
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1. Introduction


Fire is an ecological process that has not only co-evolved with and shaped the structure and composition of a wide range of ecosystems since the advent of land plants, but also played a critical role in regulating vegetation feedbacks in atmospheric oxygen [1,2,3,4]. Although doubts remain about the moment when humans started to control and regularly use fire, there is evidence that in Europe fire began to be used as a technological tool between 300,000 to 400,000 years ago [5,6]. However, Daniau et al. [7] did not find evidence of extensive use of fire for managing ecosystems in western Europe until 10,000 years ago. According to Connor et al. [8], changes in fire regime in the Iberian Peninsula started 7500 years ago, but the most pronounced fire-induced landscape changes only become evident from 5500–5000 years BP onwards and have become more intense and persistent in the last two millennia. In the Iberian regions, fire as a landscape management tool was used by humans to expand pasture areas and soils for cereal production [9,10,11,12], showing additional effects of increasing soil fertility by recycling nutrients (ash-fertilization) and promoting healthy crops by controlling soil pathogens [13].



Currently, about 95% of rural fires in the Mediterranean region are of human origin (negligence, accidents, or arson) [14]. In the cultural landscapes of the Iberian Peninsula, natural fires represent a small fraction of the total number of fires larger than 0.01 ha [15]: 4.1% in Spain, and 1.1% in Portugal. Among the registered anthropogenic fire causes, 34.05% of the ignitions in Portugal [16,17] and 35.96% in Spain [18] are closely related to land management activities (accounting for 16.27% and 36.17% of the total registered burned area, respectively), such as slash-pile and agricultural stubble burnings, and pastoral fires to improve or restore grasslands. These rural fire use practices emerged from ancestral practical knowledge of landscape management [19] and are the result of cumulative and dynamic processes of learning by practice, generational knowledge transfer, and adaptation to changes over a long period [20]. Such cultural practices determine fire regimes at the local level and have contributed since ancient times to landscape heterogeneity and to ecosystems and biodiversity conservation [21,22,23]. Fire, for the traditional pastoral communities of the Iberian Peninsula, continues to be a critical tool for woody vegetation management and to promote and restore an herbaceous layer rich in palatable species to livestock [24,25,26,27], as in other regions across the Mediterranean basin [28,29,30].



However, European landscapes have changed significantly in recent decades [31,32,33]. In southern Europe, except for some regions where land use intensification was possible or encouraged (e.g., [34]), the most frequent processes of land use change are related to agricultural abandonment, decrease in livestock production and in forestry intensity [35,36,37,38,39]. De-intensification processes have often been identified as the factors driving changes in the fire regimes in the Iberian Peninsula as they result in wildland fuels accumulation and connectivity at the local (vertical) and landscape (horizontal) scales [40,41,42,43]. Contributing to this fuel accumulation, the effect of fire exclusion policies is not insignificant, which is translated in the scientific literature into a series of paradoxes [44,45,46]: “wildfire paradox”, “firefighting trap”, and “safe development paradox”. In general, the system is a victim of its own success. By managing to reduce the progression of ignitions that occur within meteorological thresholds favorable to fire suppression and, in the absence of other landscape management mechanisms that allow reducing the fuel load, it reduces pyrodiversity and increases the spatial connectivity of fuels, creating conditions conducive for increasingly larger [47] and extreme fires, such the ones observed in southern Europe in last six years [48,49,50,51,52].



Silvo-pastoral communities that traditionally use fire have been particularly affected by these fire suppression policies [53]. The disruption of these cultural burns, resulting from the successive constraints or prohibitions inscribed in the legislation that converted the traditional use of fire into “proscribed fires” or “proscribed burns”, has multiple effects that contribute to the occurrence of more complex fires: (a) it allows the encroachment of more flammable fuels [54]; (b) the marginalization of these cultural practices enhances the increase in illegal burning that is not properly monitored [55]; and (c) although fire is considered as “(…) an element of our farming culture”, as stated by Coutinho ([56], p. 35), the knowledge that guided its correct use is progressively lost [57].



Landscape–fire interactions are very complex and in face of extreme fire weather conditions, fire spread is not very responsive to land cover types [58,59,60] and, therefore, the role that these traditional fires play in maintaining a pyrodiverse mosaic in the landscape cannot be overlooked. Moreover, the operationalization of the paradigm shift identified by Moreira et al. [61], in the sense of measuring the effectiveness of fire management policies in terms of damage and losses in socio-ecological systems instead of the annual variation in the burned area, implies distinguishing the regimes and effects of different types of fires. Considering that the resilience of individuals, populations, and communities is determined by the fire regime [62], and not by the simple presence of the disturbance factor, the above-mentioned changes in fire regimes can catalyze dynamics in landscape structure and composition [63,64].



The need to apply “let it burn” approaches and adaptive prescribed burns is growing and is urgent, considering not only the most expected climate change scenarios [65], but also the current and future landscape trajectories that are strongly driven by rural abandonment [66], and respective effects in reducing the fire regulation capacity [43]. However, little is known about the fire regime associated with the unseasonal fires, and what effects they have on landscape and fuel dynamics. Fire seasonality is a critical component of the fire regime that, in cultural landscapes, reflects the combined effects of human activity, the use of fire for landscape management and local biophysical conditions, and understanding of which allows defining effective strategies to reduce the prevalence of extreme fires during the fire season [67,68,69].



In this way, this paper intends to contribute to consolidating scientific knowledge about: the fire regime in an area of northwest mainland Portugal, Alto Minho, where the traditional use of fire still has a strong presence; the fuel types affected by seasonal and unseasonal fires; and their role in fuel-type changes. To accomplish the overall objective, we compared the areas burned between 2001 and 2018 by seasonal (summer fires) and unseasonal fires to assess variability in: (a) fire metrics and regime sensu stricto (following Krebs et al.’s [70] definition); (b) the types of fuels affected through the Jacobs index [71]; and (c) the dynamics between fuel types in the period considered using transition matrices and applying logistic regression.




2. Materials and Methods


2.1. Study Area


The study area is located in the extreme northwest of mainland Portugal, comprising the entire sub-region of Alto Minho (NUTS III level) and covering 10 municipalities (221,884 hectares; Figure 1).



The study region is predominantly mountainous, and the average altitudes exceed 400 m, attaining elevations higher than 1000 m, except in the coastal area and the floodplain of the main valleys of the Minho and Lima rivers [72]. According to the Intermunicipal Plan for Adaptation to Climate Change [73], the annual mean temperatures vary between 14 °C and 16 °C in most of the region but can be substantially lower at higher elevations (≤9.5 °C). The mean annual rainfall is above 1100 mm, but the distribution of precipitation is highly variable between the coastal strip and the most continental and mountainous areas of the study region, in the latter reaching values between 2400 and 2800 mm [73]. The dominant soils are Regosols (51.6%), followed by Anthrosols (24.1%) and Leptosols associated with rocky outcrops (13.8%) [74]. Regosols and Leptosols are poorly developed soils and are common in mountains and Anthrosols are highly modified soils through long-term human land use [75].



The cultural landscapes of Alto Minho, as in other rural areas of the Iberian Peninsula, result from a long process of deforestation that began in the Neolithic for establishing agricultural areas for cereal production and pastures for livestock [76,77]. Agricultural expansion reached its peak at the beginning of the 20th century (according to the 1910 agriculture and forest map, arable crops covered 33.2% of the study region), resulting from the cereal protectionist policies (“Hunger Law” between 1889 and 1914 and “Wheat Campaign” between 1928 and 1938) that started in the second half of the 19th century [78,79]. In the middle of the 20th century, afforestation of common lands with maritime pine (Pinus pinaster) was intensified (the common lands currently cover 37.8% of the study region), as a response of public policies to soil degradation in marginal areas [80]. Afforestation of common lands, critical to mountain agriculture and livestock production in the multifunctional landscapes of Alto Minho, was imposed by the state forest service [81] and implied grazing and fire exclusion [82]. Currently, shrubland and forest stands dominate the Alto Minho landscapes, covering ~72% of the study region, followed by agriculture, ~18% [83].



The biophysical characteristics of Alto Minho, and public policies with an impact on rural landscapes management, determined not only the spatial pattern of land cover types but also the land systems and respective temporal dynamics, in close connection with the fire regime. Fire was the preferred instrument in the land systems that shaped these landscapes over time, having been used for multiple functions within an ancestral agro-silvo-pastoral system that defines the territories of northwest Iberia [84].




2.2. Burned Area Maps


We used the dataset of burned areas in Alto Minho between 2001 and 2018 produced by Oliveira and Fernandes [85]. The burned areas were obtained from images captured by the Landsat 5 (TM), Landsat 7 (ETM+), Landsat 8 (Operational Land Imager—OLI) and Sentinel-2 (Multispectral Instrument—MSI) satellites. These images (about 400) were extracted and pre-processed from the Semi-Automatic Classification Plugin 6.0.1.1 (SCP) application developed by Congedo [86] for the QGIS software 3.24.1 [87]. Oliveira and Fernandes [85] selected images without clouds or with minimum cloud cover to cover the maximum number of months of each year, allowing the identification of seasonal patterns in the burned areas in Alto Minho. The authors produced false-color RGB compositions and the Normalized Burn Ratio [88] and edited the burned areas manually with the support of auxiliary data, such as high-resolution orthophotos, to avoid errors resulting from other types of land cover changes that could compromise results [89,90]. The resulting burned areas, with a minimum map unit of 0.04 ha for burned areas mapped from Sentinel-2 images and of 0.4 ha for burned areas mapped from Landsat images, were classified according to the period in which they occurred, whether in the “fire season”, i.e., during the summer months, or “non-fire season”, for fires that spread during the period between autumn and spring. To establish this classification, Oliveira and Fernandes [85] used the national rural fire database (from the Portuguese Institute for Nature Conservation and Forests), which brings together a set of relevant data such as the date the fire started and pairs of coordinates with its location, and also the hotspots from the MODIS and VIIRS sensors, available since November 2000 and since January 2012, respectively, and obtained through the NASA’s Fire Information for Resource Management System (FIRMS) web archive (https://firms.modaps.eosdis.nasa.gov/ (accessed on 20 August 2020)).




2.3. Spatial Distribution of Fuel Types


We used the fuel types based on the fuel models of Fernandes et al. [91], built by combining published and field inventories data and also from the National Forest Inventory [92] that describes the composition and vertical structure of vegetation. The fuel types are divided into three groups based on the structure and relative importance of the different components of the fuel complexes in fire behavior (Table 1, where only the fuel types identified in the study region are listed): (i) litter (F), referring to forest stands in which fire behavior is dominated by the litter layer; (ii) litter and understory vegetation (M), referring to forest stands in which fire behavior results from the combined effect of litter and understory layers; (iii) and other vegetation (V), which involves plant communities, with or without a tree canopy, in which fire behavior is determined by the shrub or herbaceous layers.



The combination of structural and vegetation type criteria that defines the fuel types of Fernandes et al. [91] allows its easy recognition in the field as well as its association with land cover classes. Therefore, the construction of the fuel-type maps referring to the years 2000 and 2018 was based on the official Land Cover Maps produced by the Portuguese General Directorate of the Territory at 1:25,000 scale. This map series has thematic, spatial and temporal consistency allowing comparative analysis between different periods [93,94], including Land Cover Maps for the years 1995, 2007, 2010, 2015, and 2018. The classification system, comprising 83 thematic classes, allows the relationships to be established between these and the fuel types based on their generic description included in Table 1. This relationship was established directly for the 2018 land cover map (FC2018), but for the starting point of our fire data series we do not have the same temporal congruence. To build the fuel map in 2000 (FC2000), we established the relationships between land cover classes and fuel types for the years 1995 and 2007 (FC1995 and FC2007, respectively), following the same procedure used to define the FC2018. We then carried out a bi-temporal analysis combining FC1995 and FC2007 to extract patches that showed changes in fuel types over that period to reclassify in accordance with the procedure set out below. We used the land cover data from CORINE Land Cover 2000 (CLC2000) [95,96], at 1:100,000 scale and 44 thematic classes, as auxiliary data to identify divergences and convergences in the land cover classes between 1995 and 2000. The lower thematic and geometric resolution of the CLC2000 does not allow its direct use for comparison with the layers mentioned in the previous paragraphs, but for the patches that changed between 1995 and 2007 it was useful to adjust the land cover classes to the year 2000. We assumed that divergences between the FC1995 and CLC2000 patch classes were indicative of changes occurring between 1995 and 2000, implying the attribution of the 2007 fuel type to these ones, and that their convergence was indicative that changes would have occurred between 2000 and 2007, keeping the 1995 fuel type in these cases.




2.4. Data Analysis


All statistical analyses were performed using R software 4.2.3 [97]. We analyzed the annual distribution of fire patches and burned areas. In addition to annual global values, we also evaluated their distribution in the fire season and non-fire season. We extracted the main descriptive statistics (e.g., mean, coefficient of variation) and tested the time series for temporal trends through the R package funtimes 9.1 [98]. We inspected the existence of linear and monotonic trends by enhanced versions of the t-test [99] and Mann–Kendall test [100] through sieve-bootstrap approaches for time series [101,102]. The Mann–Kendall tau and t-values were extracted, and respective significance, and also the coefficient p of the autoregressive model (AR(p)) obtained through the robust difference-based estimator proposed by Hall and van Keleigom [103].



Violin plots [104] built with the R software package ggplot2 3.4.2 [105] were used to compare the distribution of sizes of individual fires that occurred during and outside the fire season, and differences between the distributions were tested through the Mann–Whitney U test [106]. Raincloud plots [107] were also produced to analyze the distribution of burned area and number of fire patches by fire size classes considering all events, and also those that occur during and outside the fire season. To build the raincloud plots, the following R software packages were used: ggplot2 3.4.2 [105], tidyverse 2.0.0 [108], tidyquant 1.0.7 [109], ggdist 3.2.0 [110] and ggthemes 4.2.4 [111]. We fitted the Weibull distribution [112] using the mean intervals between successive fires from the recurrence maps (censored plus complete intervals), to assess fuel-age dependency [113,114], using the R software package fitdistrplus 1.1-10 [115]. We fitted the parameters b, representing the fire intervals that will not be exceeded 63.2% of the time, and c, which describes the change in burn probability through time.



Fire preference or avoidance was assessed through the Jacobs index [71], considering all burned areas, and also the areas affected by seasonal and unseasonal fires (total and excluding the overlapped patches between the burned areas during and outside the fire season). The spatial overlay of the fuel type maps (FC2000 and FC2018), and of these with the burned area layers (2001–2018) allowed identifying the incidence of the seasonal and unseasonal fires in the different fuel complexes and quantification of the contribution of these fires to the fuel-type changes observed in the Alto Minho landscapes. Sankey diagrams were suggested by Cuba [116] to compare categorical maps and to identify and represent the main flows between land cover classes. We have computed the Sankey diagrams to show changes across the study region, and also for the areas burned by seasonal and non-seasonal fires, through the R software packages raster 3.6-22 [117], networkD3 0.4 [118] and dplyr 1.1.1 [119,120]. Additionally, cross-tabulation matrices (provided in the Supplementary Materials) were built to improve the description of the observed changes. We also carried out a logistic regression [121] to determine the role of different fire (recurrence, fire size, seasonality) and landscape (composition of the patch in 2000, patch area) metrics to assess the effects of fire on fuel type changes. In this analysis we focused on the transitions involving the typical fuel types of forest stands with higher representativity in the study region (F-RAC, F-FOL, M-CAD, M-EUC, M-PIN, see Table 1 for a general description of each one). F-FOL fuel type was established as the reference category. The transitions from the fuel types mentioned were all considered and classified as 1 (n = 7267) and the stable areas as 0 (n = 7221), the latter being randomly distributed by burned and unburned areas, conditioning the distribution of two points in the same patch. In the group of independent variables, in addition to the tree species already mentioned, we considered patch size of pre-fire fuel types (FC2000PS), since smaller fragments may be more prone to change. Regarding fire metrics, we considered fire recurrence (FIRErec), fire seasonality (FIREfs for fire-season fires and FIREnfs for non-seasonal fires), and the size of the largest fire that affected each burned patch (FIREfslf). We used the R software package rcompanion [122] to compute the Efron, McFadden, Cox and Snell, and Nagelkerke/Cragg and Ubler pseudo-R2 measures [123,124,125] to assess model performance.





3. Results


3.1. Fire Regime in Alto Minho


The dataset of burned areas developed by Oliveira and Fernandes [85] contains 10,784 perimeters in the period between 2001 and 2018, representing a cumulative area of 211,942.44 ha.



However, only 23.5% of the identified polygons belong to fires that started in the fire season, but this represents 61.8% of the burned area. The mean annual burned area is 11,774.58 ha, and the mean annual number of fire patches is 599. The annual variability in both indicators (Figure 2) is high, with coefficients of variation of 54.39% and 78.64%, for the number of fire patches and burned area, respectively. The number of seasonal fire patches exceeded those of non-seasonal fires only in the exceptional years of 2003 and 2010 (Figure 2a). The area burned by non-seasonal fires is higher than the area burned by seasonal fires in 61.1% of the years, but only in those that have an annual area burned below the annual mean value (Figure 2b).



All the trend tests carried out allowed to eliminate the “no trend” null hypothesis (Table 2). However, the p-values of the tests are high and, therefore, the evidence is not robust enough to reject the hypothesis of no trend. The coefficients of the autoregressive model all had a null value, suggesting purely random processes, not capturing any type of trend in the annual distribution of our fire data (Table 2).



Approximately 45.6% of the study region burned at least once between 2001 and 2018. The difference between the cumulative value (211,942.4 ha) and the surface effectively burned (110,735.3 ha) shows the relevance of fire recurrence in certain locations (Figure 3a). Of the total burned area, 39.8% burned once, 29.7% burned twice, and 30.5% burned three or more times between 2001 and 2018. The fires that occurred in the fire season affected 35.7% of the study region, representing 78.3% of the total burned area. Approximately 16.0% of the area affected by fire-season fires burned three or more times, 27.7% twice, and 56.3% only once (Figure 3b). Fires spreading outside the fire season affected a smaller area, about 23.22% of the study region representing 50.9% of the total area burned between 2001 and 2018. Recurrence is also lower when compared to fire-season fires, considering that only 14.0% burned three or more times (23.4% burned twice, and 62.6% only once) (Figure 3c). There is still a relevant aspect to point out, since the areas burned by seasonal and unseasonal fires intersect in 29.2% (29,555.9 ha) of the total burned area, that potentially may lead to confounding effects of their individual impacts.



The Weibull distribution fit allowed estimation of the parameters b and c, which correspond to the scale and shape of the distribution, respectively. For the complete dataset of fires, the estimated value of the parameter b is 12.9 (σμ = 0.02), for unseasonal fires is 15.4 (σμ = 0.55) and for fire-season fires is 15.0 (σμ = 0.55). The dimensionless parameter c, which defines the shape of the distribution, is always higher than 1 and thus indicates that fire hazard increases over time and is fuel-age dependent: 2.20 for all fires (σμ = 0.01), 2.90 for non-seasonal fires (σμ = 0.26), and 2.83 for the fire-season events (σμ = 0.24).



The distribution of individual fire sizes during and outside the fire season (Figure 4) shows relevant differences; in particular, the smallest size of unseasonal fires and the higher flattening of the base of its violin plot highlights a lower probability of large fires, and the smaller size of the outliers (larger fires). The Mann–Whitney U Test performed indicates that the distributions are statistically different (U = 9,101,548, p-value < 2.2 × 10−16).



According to the distribution of fire patches and area burned by fire size class (Figure 5a) the fire patches smaller than 10 ha represent ~75% of the total fire patches, but account for less than ~15% of the burned area. Larger fire patches (>100 ha) are less than 5% of the total, but their contribution to burned area is high variable, and may exceed 75%. However, doing the same analysis on seasonally disaggregated data shows differences between the two distributions, mainly in the fire patches larger than 10 ha and in their contribution to area burned. While the number of fire patches decreases with increasing fire size in both distributions, their contribution to burned area is completely different: during the fire season it increases with fire size (Figure 5b) and outside the fire season it decreases with fire size (Figure 5c).




3.2. Changes in Fuel Types between 2000 and 2018


The fuel-type maps (Figure 6a,b) allow fuel-type dynamics to be compared between 2000 and 2018 in the Alto Minho region (Table 1). In 2000, the three dominant fuel types covered 65.4% of the study region: tall shrublands (V-MAa; 28.4%), fuel complexes including litter and woody understory in forest stands of medium-long needle pines (M-PIN; 19.4%), and short grasslands or pastures (V-Hb; 17.6%). Between 2000 and 2018 there was a considerable reduction (−20.9%) in the area covered by the M-PIN type, which is essentially dominated by maritime pine. V-MAa and V-Hb fuel types also lost area, showing smaller percentage decreases than M-PIN, but still −7.1% and −5.4%, respectively. In the opposite direction, we observed considerable increases in 2018 referring to fuel types typical of eucalypts (M-EUC) and broadleaved (F-FOL) forest stands, with percentage increases of 55.6% and 21.1%, respectively.



We detected fuel type changes in 25,695.02 ha of the study region (11.58% of the total area) between 2000 and 2018 (Figure 6c). The Sankey diagram (Figure 7) shows the main flows between fuel types, in which the thickness of the lines is shown proportionally to the flow quantity.



An analysis of the diagram clearly highlights the increase in typical fuels of eucalypt forest (M-EUC) because of the loss of fuel types related to maritime pine stands (M-PIN), with 7644.7 ha flow from M-PIN to M-EUC (see cross-tabulation matrices in Supplementary Materials), corresponding to 17.8% of M-PIN area in 2000. The fuel type M-PIN still lost considerable areas that flowed to shrubland fuel types (V-MAa), and to fuels of broadleaved forest (F-FOL), increasing these fuel types by 1374.6 ha and 1100.0 ha, respectively. Of the most representative fuel types in the study region, V-MAa also presents some dynamics with flows of 2524.2 ha (4.0%) to M-PIN, 1833.2 ha to M-EUC (2.9%), and 1039.9 ha to F-FOL (1.7%).



The sharp increase in broadleaved forests (F-FOL) fuel types should also be noted, which, in addition to the area transferred by the aforementioned M-PIN and V-MAa fuel types, also gained area (963.9 ha) from V-Hb (short grassland communities).




3.3. Fires and Fuels in Alto Minho: Identifying “Winners” and “Losers”


Between 2001 and 2018, more than half of the burned area (52.8%) in Alto Minho resulted from fires that spread on tall shrublands and post-fire pine regeneration (V-MAa), followed by maritime pine (M-PIN; 20.0%) and eucalypt forest (M-EUC; 11.7%). The Jacobs index D shows that fuel types V-Hb and V-MMb are strongly avoided by fire (D = −0.9 and D = −0.7, respectively), and fuel types F-FOL and M-CAD are only moderately avoided (D = −0.3 and D = −0.1, respectively), while fuel types M-EUC and V-MH are moderately preferred by fire (D = 0.2), and V-MAa is strongly fire-selected (D = 0.5) (Table 3). Although M-PIN burned in proportion to its availability in the landscape (D-value near 0), its vulnerability to fire is high. About 32.5% of the burned M-PIN changed to another fuel type, representing more than half of all observed changes in fire-affected landscapes (see Table S2 in Supplementary Materials). M-PIN present the most significant negative balance in the burned area (−4934.2 ha), having lost area to M-EUC (−4462.7 ha) and to V-MAa (−1285.9 ha). V-MAa is, in turn, another of the most significant losers in fire-affected areas, showing a negative balance of −2646.6 ha. The typical fuel types of eucalypts (M-EUC) and broadleaved (F-FOL) forest gained the most area in the fire-affected landscapes, with positive balances of 6035.3 ha and 1160.1 ha, respectively. In addition to the area gained from the M-PIN fuel type, M-EUC also received 1522.1 ha from V-MAa. In turn, the F-FOL type gained area from V-MAa (712.0 ha) and M-PIN (440.5 ha) fuel types (see cross-tabulation matrices in Supplementary Materials). In general, the balance between gains and losses that determine the “winners” and “losers” is similar to what was described in the previous section.



We found differences both in the affected area and in the flow between fuel types when we separated the fires according to the period in which they occurred (Figure 8 and Figure 9, and Tables S3 and S4 in Supplementary Materials). The distribution of the fire-season burned area by fuel types is similar to that determined through the analysis conducted on the global burned areas. Around 51.3% of the fire-season burned area was occupied by V-MAa, 21.1% by M-PIN and 13.9% by M-EUC. However, in this case the V-MH type is not preferred by fire, as mentioned above, being proportionally affected in relation to its availability in the study region (D-value near 0), such as M-PIN. Regarding the fuel types affected by unseasonal fires, about 65.2% of their area was covered by shrublands in 2000, represented by the V-MAa fuel type, while the percentage of area of fuel types M-PIN and M-EUC was lower (14.3% and 6.7%, respectively), than observed for the fires that occurred during the fire season. Regarding the Jacobs index, the major differences, when compared with the results obtained for the area affected by fires during the fire season, are in fuel types M-PIN and M-EUC, which are moderately avoided by these fires (D = −0.2 and D = −0.1), and in the V-MH fuel type which is moderately selected by fire (D = 0.3) (Table 3).



By removing the effect of the area that was cumulatively affected by seasonal and unseasonal fires (29.2% of the total burned area), the ranking of fuel types affected by seasonal fires did not change substantially, but the percentages between the three types of most affected fuel became more balanced. In this way, and considering the area affected by fire-season fires only, about 40.0% was covered by V-MAa, 25.8% by M-PIN, and 16.8% by M-EUC. Larger differences were found in areas affected by unseasonal fires only, with dominance of areas occupied by V-MAa (58.4%), followed by M-PIN (15.9%), V-MH (8.1%), and M-CAD (6.7%). According to the Jacobs index, while M-EUC and M-PIN are moderately selected by fire during the fire season (D = 0.4 and D = 0.2, respectively), they are moderately avoided outside this period (D = −0.4 and D = −0.1, respectively). M-CAD burns proportionally to its availability during the fire season (D-value near 0), while it is moderately selected by unseasonal fires. In turn, V-MH is moderately selected by fire-season fires, and strongly selected by unseasonal fires (D = 0.6) (Table 3).



Regarding the total area burned during the fire season, about 24.3% (4066.1 ha) of the M-PIN affected by these fires changed to M-EUC (Figure 8), which in turn also gained 3.5% (1412.2 ha) of the V-MAa burned area. M-EUC is the main “winner” from out-of-season fires, with an increase of 5697.0 ha (overall balance of 5523.5 ha). The 933.8 ha balance of F-FOL is also significant, gaining 571.8 ha of V-MAa and 376.6 ha of M-PIN. V-MAa also gained 1235.2 ha of M-PIN, but lost 1412.2 ha to M-EUC, with an overall negative balance of −1723.3 ha. However, the main “loser” during the fire season is M-PIN, with a negative balance of −4998.4 ha (58.8% of the overall losses in the fuel types affected by fire-season fires).



The pattern is similar for all the area affected by unseasonal fires (Figure 9), highlighting the same “winners” and “losers”, but exhibiting much less pronounced balances between gains and losses: M-EUC, +1622.3 ha; F-FOL, +409.2 ha; M-PIN, −1094.4 ha; and V-MAa, −1101.2 ha). However, differences between them are highlighted when removing the areas that represent the cumulative effect of fires that occurred in both periods (see Table S5 in Supplementary Materials). While M-PIN losses represent 59.0% of all losses in fuel types mapped in 2000 in the areas burned during the fire season, the unseasonal fires exert more expressive successional dynamics in the fuel type V-MAa, which represents 57.7% of all losses in this period. The “winners” and “losers” remain the same in the areas burned during the fire season, highlighting positive balances in fuel types M-EUC (+4412.9 ha) and F-FOL (+750.9 ha), and negative balances in fuel types M-PIN (−3839.8 ha) and V-MAa (−1545.4 ha) (see Table S6 in Supplementary Materials). However, in the areas burned by unseasonal fires, the only relevant “loser” is V-MAa (−923.3 ha), and balances are positive for M-EUC (+511.7 ha), F-FOL (226.3 ha), and also M-PIN (+64.2 ha) (see Table S7 in Supplementary Materials). The cumulative effect between areas burned by seasonal and by unseasonal events is relevant. Contrary to most fuel type transitions, part of the M-PIN losses in these areas burned by unseasonal fires overlaps areas burned during the fire season, and thus only 416.4 ha are exclusive of the non-seasonal fires, which were compensated by gains of 636.5 ha.



Figure 10 shows the percentage of the area covered by each fuel type that changed in burned areas (total, seasonal and unseasonal) as a function of their overall losses (transitions to other fuel types) in the study region.



Approximately 64.8%, 55.4%, and 5.3% of the areas that changed in the three fuel types with the highest losses in absolute terms (V-MAa, M-PIN, and V-Hb, respectively) were affected by fires between 2001 and 2018. While most of the V-MAa transitions seem to be driven by fire, any changes from communities typical of early stages of ecological succession, such as V-Hb (short grasslands), to other fuel types result from the prolonged absence of disturbance factors. In the case of M-PIN, the contribution of fire to the distribution of areas that changed to other fuel types is very relevant, but it reveals the existence of other factors explaining its overall loss in the study region. Figure 10 also highlights that the contribution of unseasonal fires to fuel type transitions is much lower than that observed in areas burned during the fire season, except for the V-MH fuel type, which represents mosaics of herbaceous and scattered low shrubs, characteristic of recently burned areas.



The logistic regression results (Table 4) help clarify the effect of different fires on fuel-type changes. Pseudo-R2 values are not too high because we only wanted to assess the effects of fire and pre-fire fuel types on fuel type transitions, excluding the effects of other drivers that boost changes in vegetation structure and composition. Of all variables, only FIREnfs was not statistically significant (z-value < 2; p-value = 0.35), evidencing its small contribution to transitions between fuel types affected by fire. Fires that spread in the fire season (FIREfs) and higher fire recurrence (FIRErec) are critical in explaining the transitions observed in the study region. FIREfs and FIRErec multiply by 1.75 and 1.62 (odds ratios), respectively, the probability of observing fuel-type transitions when compared to other areas. Despite the statistical significance, the contribution of fire size (FIREfslf) to the distribution of transitions is low. Considering the effect of the fuel types affected by fires, it is relevant to highlight the weaker level of statistical significance of M-CAD when compared to those obtained for the remaining variables. Considering that these are moderately selected by unseasonal fires, and moderately avoided by fire-season fires, it is expected that the transition probability or its contribution to the distribution of transitions will not be very effective. The results highlight the higher probability of post-fire transition in fuel types that are characteristic of forest stands dominated by conifers (M-PIN and F-RAC). These values substantially reinforce the “loser” character of M-PIN highlighted in the previous analyses and its higher vulnerability to fires. In contrast, the transition probability is reduced by 41.1% when the fuel type affected by fire is M-EUC, the most prominent “winner” among the forest stands in the previous analyses; the same can be applied to the F-FOL type, which was established as reference category in the logistic regression. We did not find a relevant effect of the patch size of forest stands on the probability of transitioning to other fuel types after fire.





4. Discussion


4.1. Fire Regime


Alto Minho is one of the European regions with the highest number and recurrence of rural fires [84,114,126,127]. However, our results show high annual variability both in burned area and fire patches number. Fire weather is the main factor in explaining the annual variability of burned area in mainland Portugal [128] and the determining fire driver in fire-prone areas with high primary productivity, such as our study region, and drought-driven fire regimes [40,129]. Both the number of unseasonal fires and their burned area exceed, in most years, those of seasonal fires. However, this only happens when the annual burned area is lower than the annual average for the study period. This observation was used by Barreiro and Rodrigues [130] to state that the empowerment of traditional communities allowing them to use fire for landscape management must be eradicated to avoid the costs of wildfires. However, the authors disconnected the percentage distribution from the absolute variation in a wider universe of years, which resulted in a mistaken conclusion, one that could motivate policy options that will make the fire regime more severe by contributing to fuel accumulation and increasing the probability of large and/or extreme fires. The fire return period is between 13 and 15 years and is similar to those obtained by other authors [113,114,131] using different timeframes and fire data. The Weibull parameter estimation also pointed out that fire hazard increases over time and is fuel-age dependent [113,114]. Fire size increases with high fuel connectivity and low pyrodiversity [46] and excluding unseasonal fires from the landscape will contribute to fuel buildup and increase spatial homogeneity of wildland fuels, as observed elsewhere [132,133,134]. Less heterogeneous cultural landscapes due to the disruption of cultural burning leads to the encroachment of more flammable fuels [13,135,136], mainly where fire-supported cultural practices have been banned. The distinctive character of the vegetation mosaics of the cultural landscapes of the Alto Minho region is gradually changing, with the exception of the mountain areas where ancestral agro-silvopastoral practices are still maintained. This is indicative of the importance that fire as a management tool still has in the region [131], and these unseasonal fires have lower damage potential when compared with fires spreading during the fire season, which is supported by the positive relation between fire size and high fire severity established by Fernández-Guisuraga et al. [137].



The distribution of fire patches and area burned by fire size class follows a typical pattern already observed and discussed in other geographical contexts [138,139,140]. Most of the fire-affected area (in some years exceeding 75%) results from the contribution of less than 5% of the total number of fires (fires >100 ha). However, unseasonal fires had a different pattern, since their contribution to annual burned area decreases with fire size. This difference reflects the number of events, but also the lower suppression capacity in the summer months when fire-weather conditions exceed the typical thresholds that allow fast wildfire growth in this geographic context [141], reinforcing the need to maintain a landscape with sufficient structural heterogeneity to guarantee a set of potential opportunities that can be used effectively by firefighting resources.




4.2. Effects of Fire Seasonality on Fuel Types Preferred by Fire


The assessment of fire selectivity by land cover types has already been addressed in different geographic contexts and scales (e.g., [58,59,142,143,144,145,146,147,148,149]). However, there are not many studies addressing the effect of fire seasonality on fire preferences. Bajocco et al. [69] analyzed seasonal patterns of fire occurrence in Sardinia (Italy) to identify land cover types where wildfires occur earlier or later than expected in a random model, and concluded that agricultural fires occur earlier, while ignitions in forests, shrublands and pastures occur later than expected. V-MAa fuel type (tall shrublands) is preferred by fire regardless of the period in which fires occur. This fire selection of shrublands is highlighted by different studies carried out in Europe at different scales and using different methodological approaches (e.g., [58,59,142,146,147]). According to Bergonse et al. [150], the area covered by shrublands controls the extent of burned area. The representative fuel types of herbaceous communities (V-Ha and V-Hb), where agricultural areas are included, are clearly avoided by fire, also corroborating other studies [58,59,147]. Still, Oliveira et al. [142], in a comparative study among southern European countries, found that grasslands are among the most preferred types of fuel. Our results reveal an interesting difference in the shrubland fuel types, since the V-MMb fuel type (short shrublands) burned less than expected, regardless of the period in which the fires occur, and contrary to the observed for the V-MAa fuel type. This difference may result from the easier fire suppression in fuel complexes with less fuel load, thus limiting the burned area in that fuel complex (1-h fuel load of 9.5 t.ha−1 for V-MAa and 4.0 t.ha−1 for V-MMb [91]). The V-MH fuel type, which represents heterogeneous mosaics of herbaceous and shrub species and is typical of recently burned or affected by other disturbance factors [91], burns proportionally to its availability in the landscape during the fire season, but is strongly selected by unseasonal fires. The results of Bajocco et al. [68] show that, in Central Italy, a proportion of the vegetation communities is affected by fires during the winter-spring rainy season and that this bimodal fire regime is strongly determined by human fire use for landscape management. On the global scale, Benali et al. [67] pointed out that in regions showing bimodal fire regimes the fraction of fires occurring in crops and pastures is closely related with the use of fire as a land management tool. These cultural fires are started by humans to clear land and renew pastures, and to obtain fresh and nutritious herbaceous vegetation for livestock [25,151]. The difference in fire selectivity highlighted in V-MH between seasonal and unseasonal fires is indicative of the importance that fire as a management tool still has in the region [131]. According to Oliveira and Fernandes [131] pastoral fires: accounted for 20% of the total area burned between 2000 and 2020 in our study region, are more frequent and mostly prevail over seasonal fires in parishes with a higher livestock density and occur mainly between December and April, the rainiest months, which guarantee the conditions for the renewal of pastures and the self-extinction of fire. The concentration of area burned by non-seasonal fires in V-MAa is not surprising, as most of these fires are intended to increase the availability of livestock forage through shrubland burning [25,26,131,152,153].



Concerning the fuel types typical of forest stands, we found relevant differences resulting from fire seasonality and also contrasting with findings from other studies. Our results show that the F-FOL fuel type (typical of broadleaved forests) is moderately avoided by fire, being independent of fire seasonality. The results obtained by Moreira et al. [147] for the study region are coincident with ours—F-FOL fuel types also burned less than expected—while Silva et al. [145] showed the opposite since, in their findings, unspecified broadleaved forests were among the forest types most preferred by fire. These differences may be due to the fact that this heterogeneous group of forest stands has a high diversity of vegetation communities, from less fire-prone riparian galleries to areas covered by invasive species such as Acacia spp. [62] highly susceptible to fire. Barros and Pereira [59] highlight the greater land cover proneness of the maritime pine, similar to what we obtained for M-PIN for the fires that spread during the fire season. However, our findings indicate that the M-PIN fuel type is avoided by unseasonal fires. The same pattern was observed for type M-EUC (typical of eucalyptus forest stands).




4.3. The Role of Fire in Changing Fuel Types


According to our results, the “loser” that stands out in our study region is the M-PIN fuel type. In a logistic regression, fire metrics emerge that can explain this greater vulnerability of M-PIN to fire. The effect of fire recurrence is very high, since Pinus pinaster generically needs fire intervals higher than 14 years to guarantee the sexual maturity of the individuals [154], whose effect was observed in other pine species, such as Pinus attenuata which is also an obligatory post-fire seeder with serotinous cones [155]. The logistic regression also highlighted the effect of seasonal fires on the transitions from M-PIN. Post-fire regeneration of maritime pine is also extremely affected by fire severity [156,157,158,159]. Considering the positive relationship established by Fernández-Guisuraga et al. [137] between fire size and the proportion of high fire severity, it is expected that larger seasonal fires have a negative impact on the survival of individuals, as observed in other land systems [63]. Moreover, large-scale disturbances are associated with high uncertainty in the succession pathways, which increases with the destruction of biological legacies required for post-fire response and the need of colonization from unburned edges [160]. Maritime pine, like other conifers (e.g., [158,161,162,163,164]), has regeneration mechanisms allowing its survival and regeneration after surface fires of low to moderate severity. Although unseasonal fires did not have significant effects on the probability of change, it is relevant to note that the only positive balance between losses and gains (Table S7 in Supplementary Materials) in M-PIN was registered in areas affected by unseasonal fires only (excluding the overlapped areas with seasonal fires). Moreover, the lower Pseudo-R2 values indicate that there are other factors driving the observed changes in fuel types. In the case of the M-PIN fuel type, ~55% of its overall gains and losses occurred in fire-affected areas. Outside the burned area, gains may result from colonization and growth in areas burned before 2001, while losses may be related to the development of pine wilt disease that has spread across the country in recent decades [165].



Another relevant “loser” in the study region was V-MAa fuel type, which lost area to M-PIN and M-EUC. Despite the negative balance verified in this time period, the V-MAa fuel type is the one whose dynamics are most determined by fire, since 73.8% of its global gains and 64.7% of its global losses occurred in areas affected by fires. The V-MAa to M-PIN transition may correspond to pine development in previously burned areas, since V-MAa also includes dense natural pine regeneration up to a certain growth stage. M-EUC, which was the main “winner” between 2000 and 2018, gained area from M-PIN and V-MAa. Despite the low mortality rate and the natural establishment of eucalypts in burned areas [166,167], this increase in M-EUC (62.1% of global gains occurred in the burned areas) seems to be due to changes promoted by land owners or managers as a result of opportunities provided by fire. This replacement of forest species, allowing eucalypt (mainly Eucalyptus globulus) expansion, had already been highlighted by Moreira et al. [57]. F-FOL fuel type, characteristic of broadleaved forest stands, also showed positive balance between gains and losses in the burned areas. However, it should be noted that the broadleaved land cover classes re-classified as fuel types also include alien invaders such as Acacia spp. [62], whose expansion essentially results from the effect of ecological and management-induced disturbances, including wildfires [168]. However, only 35.5% of the global gains were observed in burned areas. The overall increase in the F-FOL fuel type may also be related to colonization processes by natural vegetation, including trees, after abandonment of agricultural activity, in particular where the observed transitions arise from the V-Hb fuel type associated with herbaceous plant communities. Agriculture abandonment and decreased grazing intensity had also been emphasized by Moreira et al. [57] as drivers of change in fire regimes, since they cause shrub encroachment and/or tree expansion (e.g., [169,170,171,172]), and consequently in fuel accumulation and fuel structure homogenization.





5. Conclusions


Our results showed, at the landscape scale, relevant dynamics in the distribution of the fuel types most representative in Alto Minho between 2000 and 2018, due to the high burned area in the same period. The fuel types representing maritime pine stands are being replaced by fuel complexes related to eucalypt plantations. This change is the result of the loss of income in burned pine forest stands and rural landowners’ recognition of an opportunity for change. Another significant change that occurs in parallel with the gain of eucalypt fuel types at the expense of pine fuel types stems from the expansion of broadleaved-tree fuel types, which partially result from the post-fire expansion of invasive species; this process has not yet been addressed on a spatial scale allowing accurate assessment of the global effects of fire on the current expansion of alien species. However, these processes occur mainly in areas that were affected by fire-season fires. Unseasonal fires are more selective, are smaller, and induce less perceptible changes at this scale of analysis. Furthermore, the spatial distribution of seasonal and unseasonal fires is substantially different, despite the spatial overlap in ~29% of the global burned area that cannot be neglected. This overlap may be due to the increased marginalization of cultural fires that starts to have unintended consequences; on the one hand related to unattended ignitions occurring closer to the fire season, and on the other hand with the increased fuel load resulting from the de-intensification of land use. In the past, fire was used in northwest Iberia as an instrument for clearing land for farming, for soil fertilization, for pasture restoration, and for burning agricultural and forest residues. Currently, such use of fire, which emerges from ancestral traditional practices of land use, is also one of the main causes of rural fires, as a result of fire suppression policies. However, the simple fact that they constitute one of the main causes of ignition does not directly imply that the damage caused by these fires is high. To avoid large fires, with the potential to induce changes in the landscape and threaten people and property, fire management policies will have to meet shepherds’ needs, making them allies in the pursuit of landscape management objectives.
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Figure 1. Geographical context of the study area, Alto Minho: (a) Location of the study region in western Europe; (b) Administrative regions of mainland Portugal (NUTS II); (c) Municipalities in the study region. Source: Official Administrative Map of Portugal, Direção-Geral do Território—DGT 2020. 
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Figure 2. Annual distribution of the fire patches (a) and the burned area (b). The yellow dots represent the percentage of the fire patches and the burned area by non-seasonal fires. NP-BA: total number of fire patches; FS-NP: number of patches of seasonal fires; NFS-NP: number of patches of non-seasonal fires; T-BA: burned area by all fires; FS-BA: burned area by seasonal fires; NFS-BA: burned area by non-seasonal fires. 
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Figure 3. Spatial distribution of fire recurrence between 2001 and 2018 considering all fires (a), and the areas burned during the fire season (b) and outside the fire season (c). 
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Figure 4. Violin plots with the distribution of fire size by individual fires between 2001 and 2018 during the fire season (FS) and outside the fire season (NFS) (burned area by individual fires is represented in log scale on the y-axis). 
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Figure 5. Raincloud plots showing the distribution of fire patches and burned area by fire size classes considering the total number of events (a), the fire-season fires (b) and the non-seasonal fires (c). 
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Figure 6. Spatial distribution of fuel types in 2000 (a) and in 2018 (b), and changes between 2000 and 2018 (c). 
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Figure 7. Sankey diagram showing the main flows between 2000 and 2018 in the fuel types in the study region (see Table 1 for a brief description of the fuel types). 
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Figure 8. Sankey diagram displaying the main flows between 2000 and 2018 in the fuel types affected by fires during the fire season (see Table 1 for a brief description of the fuel types). 
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Figure 9. Sankey diagram displaying the main flows between 2000 and 2018 in the fuel types affected by non-seasonal fires (see Table 1 for a brief description of the fuel types). 
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Figure 10. Contribution of the seasonal and non-seasonal fires to changes in fuel types in the burned areas between 2000 and 2018 in Alto Minho. 
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Table 1. Fuel types identified in the study region according to the classification of Fernandes et al. [91], respective distribution in 2000 and 2018 (%), and percentage change (%C).
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	Fuel Types
	Short Description of the Fuel Types
	% Area in 2000
	% Area in 2018
	%C





	F-RAC
	Short-needle conifers (Pseudotsuga, Cedrus, Cupressus, Pinus sylvestris, P. nigra) (litter)
	0.75
	0.62
	−17.84



	F-PIN
	Medium-long needle pines (P. pinaster, P. pinea, P. halepensis, P. radiata) (litter)
	0.01
	0.01
	12.34



	F-FOL
	Broadleaved forest stands (litter)
	6.64
	8.05
	21.21



	M-PIN
	Medium-long needle pines (litter + understory vegetation)
	19.36
	15.33
	−20.85



	M-EUC
	Eucalyptus stands (litter + understory vegetation)
	7.71
	12.01
	55.60



	M-CAD
	Broadleaved forest stands, including marcescent and deciduous oaks and Castanea sativa (litter + understory vegetation)
	6.14
	6.38
	3.87



	M-ESC
	Sclerophyllous hardwood stands (cork oak, holm oak, strawberry tree) (litter + understory vegetation)
	≤0.01
	≤0.01
	−50.05



	V-MAa
	Tall shrublands (>1 m) (heather, gorse)
	28.36
	26.38
	−7.05



	V-MMb
	Short shrublands (<1 m) (cistus, broom)
	2.29
	2.08
	−9.49



	V-Hb
	Short herbs, including agricultural areas
	17.63
	16.70
	−5.35



	V-Ha
	Tall herbs
	0.36
	≤ 0.01
	−98.61



	V-MH
	Mosaics of young shrublands and herbs
	2.38
	2.38
	−0.10







Areas without vegetation covered 8.38% and 10.07% of the area of the study region in 2000 and 2018, respectively.
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Table 2. Statistics obtained through the Mann–Kendall test and Student’s t-test enhanced by sieve-bootstrap procedures for monotonic and linear trends, respectively.
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Sieve-Bootstrap Mann–Kendall Test

	
Sieve-Bootstrap Student’s t-Test




	

	
MK tau

	
p-Value

	
H0: No Trend

	
AR p

	
t-Value

	
p-Value

	
H0: No Trend

	
AR p






	
T-NP

	
0.11

	
0.51

	
Rejected

	
0

	
1.05

	
0.32

	
Rejected

	
0




	
T-BA

	
0.03

	
1.00

	
Rejected

	
0

	
0.06

	
0.96

	
Rejected

	
0




	
FS-NP

	
−0.07

	
0.75

	
Rejected

	
0

	
−0.49

	
0.63

	
Rejected

	
0




	
FS-BA

	
−0.14

	
0.44

	
Rejected

	
0

	
−0.22

	
0.83

	
Rejected

	
0




	
NFS-NP

	
0.23

	
0.20

	
Rejected

	
0

	
1.41

	
0.18

	
Rejected

	
0




	
NFS-BA

	
0.12

	
0.51

	
Rejected

	
0

	
1.04

	
0.33

	
Rejected

	
0








T-NP: total number of fire patches; FS-NP: number of patches of seasonal fires; NFS-NP: number of patches of non-seasonal fires; T-BA: burned area by all fires; FS-BA: burned area by seasonal fires; NFS-BA: burned area by non-seasonal fires.
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Table 3. Fire selectivity for fuel types through the Jacobs index.
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Jacobs Index




	
Fuel Types

	
TBA

	
FStBA

	
NFStBA

	
FStBA∩NFStBA

	
FSo

	
NFSo






	
F-FOL

	
−0.25

	
−0.22

	
−0.40

	
−0.44

	
−0.12

	
−0.35




	
F-PIN

	
−0.43

	
−0.33

	
−1.00

	
−1.00

	
−0.11

	
−1.00




	
F-RAC

	
0.08

	
0.11

	
−0.06

	
−0.11

	
0.20

	
−0.01




	
M-CAD

	
−0.10

	
−0.15

	
−0.20

	
−0.46

	
−0.01

	
0.05




	
M-ESC

	
0.04

	
0.17

	
0.22

	
0.46

	
−0.24

	
−1.00




	
M-EUC

	
0.22

	
0.32

	
−0.07

	
0.09

	
0.41

	
−0.37




	
M-PIN

	
0.02

	
0.05

	
−0.18

	
−0.23

	
0.18

	
−0.12




	
V-MAa

	
0.48

	
0.45

	
0.65

	
0.71

	
0.25

	
0.56




	
V-MMb

	
−0.74

	
−0.75

	
−0.81

	
−0.89

	
−0.68

	
−0.72




	
V-MH

	
0.19

	
−0.04

	
0.29

	
−0.29

	
0.07

	
0.57




	
V-Ha

	
−0.61

	
−0.65

	
−0.62

	
−0.75

	
−0.59

	
−0.48




	
V-Hb

	
−0.89

	
−0.92

	
−0.89

	
−0.98

	
−0.88

	
−0.78




	
NF

	
−0.92

	
−0.92

	
−0.95

	
−0.96

	
−0.89

	
−0.94








TBA: Total burned area; FStBA: fire-season burned area; NFStBA: unseasonal burned area; FSo: fire-season burned area only (excluding the overlapped area between FStBA and NFStBA); NFSo: unseasonal burned area only (excluding the overlapped area between FStBA and NFStBA).
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Table 4. Results from the logistic regression to assess the factors explaining transitions between fuel types between 2000 and 2018.
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	Estimate
	Std. Error
	z-Value
	p-Value





	Intercept
	−2.25
	0.06
	−36.86
	<0.001



	FIRErec
	0.48
	0.04
	10.64
	<0.001



	FIREfs
	0.56
	0.08
	7.18
	<0.001



	FIREnfs
	0.06
	0.07
	0.92
	0.35



	FIREfslf
	0.00
	0.00
	−5.29
	<0.001



	FC2000F-RAC
	1.72
	0.12
	14.59
	<0.001



	FC2000M-CAD
	0.19
	0.08
	2.31
	0.02



	FC2000M-EUC
	−0.53
	0.08
	−6.39
	<0.001



	FC2000M-PIN
	2.70
	0.06
	41.66
	<0.001



	FC2000PS
	0.00
	0.00
	5.57
	<0.001



	Efron’s pseudo-R2
	0.42
	
	
	



	McFadden pseudo-R2
	0.34
	
	
	



	Cox and Snell pseudo-R2
	0.37
	
	
	



	Nagelkerke pseudo-R2
	0.50
	
	
	



	Null deviance
	20,084 (14,487 d.f.)
	
	
	



	Residual deviance
	13,314 (14,478 d.f.)
	
	
	



	AIC
	13,334
	
	
	







FIRErec: fire recurrence; FIREfs: fire-season fires; FIREnfs: unseasonal fires; FIREfslf: fire size of the largest fire that affected each burned patch; FC2000F-RAC: area covered by fuel type F-RAC in 2000; FC2000M-CAD: area covered by fuel type M-CAD in 2000; FC2000M-EUC: area covered by fuel type M-EUC in 2000; FC2000M-PIN: area covered by fuel type M-PIN in 2000; FC2000PS: patch size of pre-fire fuel types.
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