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Wildfires are recognized as major contributors to forest loss and soil degradation on a global scale. Understanding the cumulative effects of fire regimes on forest ecosystems and soil dynamics necessitates a deeper exploration of wildfire-vegetation-soil interactions over the long term. This study delves into the wildfire-landscape dynamics within the “Baixa Limia Serra do Xurés” Natural Park, a region prone to fires in Galicia, Spain. By analyzing available statistical and remote sensing data, we identified significant shifts in fire regimes and landscape dynamics between the periods of 2000–2010 and 2010–2020. Our findings indicate a potential extension of the fire season, reflecting the impacts of climate change. Despite improvements in firefighting capabilities, the occurrence of large fires is on the rise in the Natural Park, underscoring the need for proactive management strategies in such areas. Notably, significant fire events in 2011, 2016, 2017, and 2020 extensively affected wooded areas, constituting the majority of the burned area. Shrubs and forests emerged as particularly vulnerable, with varying degrees of burn severity influencing post-fire vegetation recovery rates. While shrublands expanded their coverage between 2000 and 2010, rocky areas with sparse vegetation showed an increase over the subsequent decade (2010–2020), indicating soil degradation and potential desertification in areas affected by recurrent and severe fires, especially within zones designated for the highest levels of protection (with fire rotation periods of less than 1 year). In conclusion, this study provides valuable insights into the impacts of wildfires, changes in land cover, and post-fire soil-vegetation dynamics, which can inform management and conservation efforts in fire-prone mountainous regions. Leveraging advanced remote sensing techniques enables the monitoring of cumulative soil degradation resulting from repeated wildfires over extended periods.
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INTRODUCTION
Wildfires are known to be one of the main drivers of forest loss and soil degradation worldwide (Pausas and Fernández-Muñoz, 2012; Díaz-Raviña et al., 2021; Tyukavina et al., 2022). High-intensity and recurrence wildfires strongly impact vegetation cover, increasing soil erosion and loss (Chandler et al., 1983; Shakesby, 2011; Díaz-Raviña et al., 2012; Regos and Díaz-Raviña, 2023). In Europe, four Mediterranean countries—Italy, France, Portugal, and Spain—rank among the top six nations grappling with the highest numbers of wildfires (San-Miguel-Ayanz et al., 2021). Spain and Portugal, in particular, stand out as the countries most affected by both the frequency of fires and burned areas. Official European statistics underscore the persistence of severe fire seasons in the last years—three of the most catastrophic fire seasons on record occurred within the past 6 years. The 2022 fire season is the second worst for EU, speaking about fire burnt area (San-Miguel-Ayanz et al., 2023). Spain and Portugal, respectively showing 267,947 ha and 110,097 ha, and Romania presenting 1,599 as the percentage of average, were the most affected regions. Moreover, large wildfires (those larger than 500 hectares) began occurring as early as June–July, preceding the traditional fire season (Rodrigues et al., 2023). Longer fire seasons and increased burnt area in the autumn season have been also recorded over the past decade. These deviations from the norm were correlated with unprecedented levels of fuel dryness, atmospheric water demand, and pyrometeorological conditions. Large wildfires accounted for 82% of the total burnt area, 47% of which took place within protected areas (Rodrigues et al., 2023).
Since 2017, approximately 35% of the total burnt area, exceeding 11,600 km2, has occurred within the Natura 2000 network (San-Miguel-Ayanz et al., 2021), highlighting the vulnerability of these conservation zones. Socioeconomic factors, including the traditional use of fire for land management and the abandonment of traditional agricultural practices, together with more adverse fire-weather conditions due to climate warming have exacerbated wildfire hazards in many mountainous regions (Moreira et al., 2011). This escalating wildfire hazard underscores the pressing need to comprehend the spatial interactions among various factors driving wildfire-landscape dynamics in fire-prone regions, particularly in protected areas that serve as “living labs” for sustainability.
Forest ecosystems consist of two interconnected components: vegetation and soil. Wildfires impact both the aboveground vegetation and the belowground soil components, which are strongly interdependent (Zhang and Biswas, 2017; Pressler et al., 2019; Yuan et al., 2020; Dove et al., 2022). Forests play a crucial role in protecting soils from degradation and enhancing their functions, such as carbon sequestration, provision of food, fiber and fuel, water purification and soil contaminant reduction, climate regulation, nutrient cycling, habitat for organisms, flood regulation among others (Pereira et al., 2018). Additionally, forests provide a multitude of services that are directly or indirectly dependent on soil, including the provision of food products such as wild berries and mushrooms, timber and biomass for fuel, medicinal plants, support for pollination, and the regulation of oxygen and clean water (Pereira et al., 2018). Wildfires have the potential to induce a range of physical, chemical, and biological degradation processes in soil, leading to significant modifications in soil functions and the overall quality, quantity, and sustainability of burned forest areas. These alterations can have far-reaching implications for ecosystem health and resilience, as well as the climate change mitigation potential of affected landscapes (Neary et al., 1999; Certini, 2005; Martín et al., 2012; Lombao et al., 2015a; Zhang and Biswas, 2017). The alterations caused by fires to soil quality, microbial biodiversity, water availability, and post-fire erosion create a cycle of environmental degradation. This cycle jeopardizes the natural values that protected areas aim to preserve (Martín et al., 2009; Díaz-Raviña et al., 2012; Barreiro and Díaz-Raviña, 2021; Girona-García et al., 2021). Soil microorganisms, involved in over 95% of soil processes, play a crucial role for ecosystem recovery (Villar et al., 2004; Mataix-Solera et al., 2009; Barreiro and Díaz-Raviña, 2021; Certini et al., 2021). While these effects primarily impact the uppermost layers of the soil profile, high-frequency fires lead to the progressive thinning of soils. In extreme cases, this can result in complete soil destruction, leading to desertification and the formation of bare soils and rocky landscapes (Shakesby, 2011; Perez-Rey et al., 2023).
Numerous studies have demonstrated that the impact of wildfires on soils and the subsequent recovery of burned areas depend on various factors, including soil type, vegetation, topography, meteorological conditions during and after the fire, and the characteristics of the fire regime (such as severity, duration, and recurrence) (Pausas and Fernández-Muñoz, 2012; Lombao et al., 2015b; Francos et al., 2018; Dove et al., 2020; Lombao et al., 2020; Agbeshie et al., 2022). The impact of fire regimes on forest ecosystems is site-specific, meaning that conclusions drawn from studies conducted in one area may not necessarily apply to other locations with different conditions. Many studies focusing on the effects of wildfires on soils primarily examine short- or medium-term impacts following the most recent fire event. However, these studies often do not monitor the long-term evolution of post-fire properties or record the severity of the fires to which ecosystems are exposed, which are critical aspects for understanding and predicting ecosystem recovery. Thus, due to the limitations of time, data availability, logistics and investment, research concerning the long-term impact of fire regime on forest ecosystems is scarce (see, e.g., Francos et al., 2018). It is necessary to better understand the long-term effects of wildfires on soil properties, especially in fire-prone ecosystems, in order to develop greater insights into their resilience and capacity to respond to such repeated perturbations. These studies are especially relevant considering the climate change impacts on global fire activity (Moritz et al., 2012).
To better understand the long-term impact of fire regimes on forest ecosystems, particularly regarding soil and vegetation dynamics, it is essential to characterize the historic fire regime. Integrating this historical context with updated information gathered through remote sensing technologies holds significant promise for elucidating the long-term consequences of wildfire disturbances on soil degradation. This study focuses on assessing the cumulative impact of wildfires on soil-vegetation dynamics within the Natural Park “Baixa Limia–Serra do Xurés,” a region known for its high susceptibility to fires in Galicia (Northwest Spain). Our approach considers the interactions and changes between soil properties and vegetation over time within an ecosystem (i.e., soil-vegetation dynamics). This concept encompasses the various processes and feedback mechanisms that occur between the soil and plant communities, directly affected by wildfires. To achieve this, we integrated statistical data with remotely sensed analyses on burn severity and land-cover changes to identify: 1) the vegetation types predominantly impacted by fires, 2) the primary land-cover transitions occurring in recently burned areas, and 3) the spatial distribution of fires occurring between 2010 and 2020, considering the administrative and protective designations of the natural park. We particularly focus on areas designated as having a high level of protection, characterized by heathlands and grasslands that are highly susceptible to frequent wildfires and potential soil erosion.
MATERIAL AND METHODS
Study Area
The Natural Park “Baixa Limia-Serra do Xurés” (hereafter referred to as BL-SXNP) stands as the largest Natural Park in Galicia, covering nearly 30,000 hectares spread across six municipalities: Bande, Calvos de Randín, Entrimo, Lobeira, Lobios, and Muíños (see Figure 1).
[image: Figure 1]FIGURE 1 | Map illustrating the zoning of the different protection levels within the “Baixa Limia–Serra do Xurés” Natural Park, spanning six municipalities: Bande, Calvos de Randin, Entrimo, Lobeira, Lobios, and Muíños. Green colors depicts the level of protection according to the natural resources management plan of the Natural Park.
Designated under DECREE 64/2009 on February 19, this Natural Park boasts a multifaceted conservation status. It forms an integral part of the Natura 2000 Network, earning recognition as a special conservation area (ZEC ES1130001 “Baixa Limia”) and a special protection area for birds (ZEPA ES0000376 “Baixa Limia – Serra do Xurés”). Notably, UNESCO declared it a Transboundary Biosphere Reserve, together with the “Peneda–Gerês” National Park on 27 May 2009 (Macedo et al., 2009). This designation underscores the area’s commitment to fostering a sustainable relationship between its inhabitants and the natural environment, aiming to balance the conservation of biological and cultural diversity with economic and social development.
The climate in the BL-SXN is temperate oceanic sub-Mediterranean, with a mean annual temperature of 8°C–12°C and a mean annual precipitation of 1,200–1,600 mm, which involves a significant water shortage in summer. According to the Köpen-Geiger classification system, it corresponds to the “Csb” class. The soil, developed over granitic rocks, had a sandy texture and the range values of all physical and chemical properties are associated with poor soils (acid pH and low nutrient availability and organic matter content) (Rodríguez-Lado et al., 2018). The study area encompasses climatic conditions characteristic of both the Mediterranean and Atlantic regions, boasting a diverse array of 26 distinct habitat types, six of which are designated as priority habitats. Of particular significance are the shrub habitats, notably EU priority habitat 4020 “Atlantic wet heaths of Erica ciliaris and Erica tetralix,” which are particularly vulnerable to wildfires and are therefore prioritized for conservation efforts. The preservation of shrubs and rocky formations from an ecological standpoint carries considerable weight, establishing this area as one of Galicia’s most compelling regions of interest (Decree 401/2009 of October 22) (Macedo et al., 2009).
Wildfires pose a significant threat across all municipalities within the park. To mitigate the impact of fires throughout Galicia, zoning based on spatial fire risk has been implemented since 18 April 2007. This zoning classifies territories into areas of low, medium, and high fire risk, with heightened measures in high-risk zones. Additionally, Law 3/2007 of 9 April defines high fire risk areas and parishes of high incendiary activity, where extraordinary measures are warranted to prevent fires and protect forests from their impacts. In alignment with the Prevention and Defense Plan against Forest Fires of 2023 (de Galicia, 2023), 40 parishes of high incendiary activity have been identified, including four within the natural park and one in close proximity.
For effective management of activities within the Natural Park, the territory is delineated into various zones with differing levels of protection, operationalized through zoning. These zones, categorized based on the significance of natural values, serve as a pivotal management tool, regulating permissible and prohibited uses:
• Zone I. Priority Conservation Interest (Reserve): These are areas that require a high degree of protection due to harboring the highest natural, scientific, and landscape values, as well as the uniqueness of their habitats, species, and communities.
• Zone II. Limited Use: It consists of areas that have a high degree of naturalness and can support a certain level of public use, oriented towards research, education, environmental interpretation, and controlled nature viewing. The conservation of its resources and values is guaranteed while allowing certain primary uses.
• Zone III. Moderate Use: This category includes lands where natural formations, generally of medium quality and uniqueness, have undergone a higher degree of humanization, or have good capacity to support more intense public use. In these areas, agricultural and livestock uses, and traditional exploitation is allowed.
• Zone IV. General Use: These are areas that have lower quality within the protected natural space. They may be used for locating facilities for public use.
Fire Regime Characterization
The available fire perimeter dataset (collected on the ground via GPS) for the entire Autonomous Community of Galicia starts from the year 2010. The numerical datasets utilized in this study, spanning from years 1983–2020, are sourced from two distinct origins. Data spanning from 1983 to 2010 are derived from the official statistics of the Ministry for the Ecological Transition and Demographic Challenge at the municipal level (MITECO, 2023). Fire data statistics for the period 2010–2020 are gathered from the Department of Rural Environment of the Xunta de Galicia (hereafter, the DGDM database).
The dataset from the DGDM comprises annual records of fire incidents for each municipality. Each entry includes information such as the onset date, duration, parish where the fire originated, burned forest area, and total affected area, all expressed in hectares, for each year between 2010 and 2020. The DGDM database encompasses fire events affecting areas larger than 0.01 hectares. However, incidents where the burned area is less than 1 hectare are not categorized as fires unless they affect more than 0.5 hectares of wooded terrain.
In our study, we classified the fire events based on their size, considering the fire-weather conditions prevailing during ignition and development:
1) Fire events smaller than 1 hectare typically denote burning of agricultural or forestry debris that did not get out of control.
2) Fires spanning 1–10 hectares often indicate incidents that momentarily escaped control but were swiftly contained due to favorable environmental conditions.
3) Incidents ranging from 10 to 100 hectares typically signify fires that unfolded under challenging meteorological conditions and prolonged previous drought, presenting very difficult-to-control fire-weather situations.
4) Fires surpassing 100 hectares, and up to 500 hectares, are characterized by adverse environmental conditions and several secondary fire outbreaks. Large Forest Fires, exceeding 500 hectares, manifest under exceptionally unfavorable meteorological conditions, often taxing firefighting resources due to their potential threat to inhabited areas.
To characterize the fire regime, we computed several statistics for the forest and shrubland land cover types, number of fires and burnt areas throughout the specified period across municipalities, and different protection levels. We also estimated fire recurrence, defined as the number of times an area is burned, and fire rotation, which is the time required to burn the equivalent of a specified area. Fire rotation was calculated as follows (Bond and Keeley, 2005; Agee, 2016):
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In addition, we used burn severity⁠ maps derived from García-Redondo et al. (2023). In particular, Landsat 5 imagery was used for 2010 and 2011, while Landsat 7 was used for 2012 due to cloud cover rendering Landsat 5 imagery unusable. From 2013 onwards, Landsat 8 and later Sentinel 2 data were employed. All images were processed to correct for geometric distortions and atmospheric effects using the “Dark Object Subtraction” methodology. This correction enhanced the reliability of the data by converting top-of-atmosphere reflectance to surface reflectance.
The NBR is a widely used index derived from satellite imagery that measures the difference in reflectance between pre- and post-fire conditions, specifically capturing changes in vegetation and soil characteristics. In our study, burn severity maps were produced using the NBR calculated from pre- and post-fire satellite images. The NBR effectively highlights areas of high burn severity where vegetation and organic matter have been significantly altered, thus providing insights into the impact on both soil and canopy levels. High NBR values indicate areas with severe canopy damage and soil exposure, while lower values correspond to less affected regions. Normalized Burn Ratio (NBR) was calculated for each year, which measures the ratio between near-infrared (NIR) and short-wave infrared (SWIR) radiation. NBR helps identify burned areas as NIR and SWIR bands of satellite sensors respond differently to burned vegetation (Eq. 1):
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The NBR captures changes in vegetation and soil characteristics, indicating the degree of ecological change caused by fire. High NBR values correspond to areas with significant canopy damage and soil exposure, while lower values indicate less affected areas (all details in García-Redondo et al., 2023). The fire recurrence (defined as the number of fire events per spatial unit), was estimated by overlapping the annual burnt area maps. Thus, for each grid cell, we counted the number of times a fire event has occurred within the defined time frame.
Land-Cover Change Analysis
To analyze landscape changes, we used the Land Use and Land Cover (LC) maps derived from Cánibe et al. (2022). These maps were obtained from satellite images captured by Landsat 5 TM, Landsat 7 ETM+ and Landsat 8 OLI/TIRS sensors. These images were sourced from the USGS (United States Geological Survey) Earth Explorer database. Landsat Collection 1 Level-1 imagery was chosen since they are already geometrically corrected, ensuring consistent geo-registration with image-to-image tolerances of ≤12 m radial root mean square error (RMSE). All images were then calibrated and radiometrically corrected by using the “Dark Object Subtraction” methodology (see Cánibe et al., 2022).
Supervised classification methods were applied to generate LC maps. Training and validation areas were established for six LC classes, including 1) water bodies, 2) deciduous forests, 3) evergreen forests, 4) shrublands, 5) croplands and grasslands, and 6) bare soil with sparsely vegetated areas. Training and validation areas for each habitat class were established by on-screen digitizing in QGIS software, and consisted of a set of pixels identified over well-known homogeneous areas in each Landsat image, thus providing a reference spectral signature for each class. Two images per year were utilized to enhance spectral separability among LC classes, especially for deciduous forests. Four different classification algorithms were employed: Random Forest, Least Squared Support Vector Machines with Radial Basis Function Kernel, Monotone Multi-Layer Perceptron Neural Network, and Adaptative Boosting. Accuracy assessment was conducted using confusion matrices to calculate sensitivity and positive predictive power.
We analyzed the changes in the extent of each LC class for the period 2000–2010, and for the period 2010–2020, both inside and outside the burnt areas, to infer land cover conversions from one LC class to another caused by wildfires that took place in last 10 years. In particular, we quantified the spatial extent (in ha) of each LC class per year (2000, 2010, and 2020) from the different LC maps obtained from each classification algorithm. Boxplots were constructed using the R package “ggplot2” (Wickham, 2009). The contribution of each LC class to the change (i.e., conversion from one LC class to another) was shown through a transition matrix obtained by cross-tabulation of an ensemble LCC map (i.e., “majority vote” rule across the methods used for the supervised classification). Transition matrices were computed with the R package “lulcc” v.1.0.2 (Moulds, 2017). Statistical analyses and graphical representations were conducted using RStudio. Additionally, maps were generated utilizing both the RStudio software application and the QGIS application.
RESULTS
Fire Regime Characterization
The analysis of fire occurrences spanning from the 1980s to the 2020s reveals distinct trends (Figure 2). Initially, there were few fires in the 1980s, but this number increased exponentially in the 1990s, reaching up to 700 fires in 1997, before decreasing throughout the 2000s, 2010s, and 2020s, eventually returning to levels comparable to or even lower than those seen in the 1980s (Figure 2). This fire regime shift is attributed to the implementation of the Prevention and Defense Plan against Forest Fires by Xunta de Galicia in 1999. Interestingly, the number of fires does not correlate with the burnt area, with many years showing relatively low burnt areas despite varying fire frequencies, mainly due to the prevalence of small fires (<100 hectares) that are effectively contained. Surveillance and management strategies are crucial in combating fires. The implementation of the Prevention and Defense Plan against Forest Fires, which encompasses both aspects, has been the primary factor in reducing the number of fires and the area burned. This reduction has been consistently maintained over time.
[image: Figure 2]FIGURE 2 | Fire frequency (number of fires) and burnt area (hectares) in the municipalities within the Natural Park from 1983 to 2020. The burnt area is represented by fire sizes. Additionally, a dotted black line indicates the fire regime observed in the last decade, which was subjected to more detailed analysis.
Exceptions to this pattern occurred in 1985, 1989, 1998, 2005, 2011, 2015, 2016, and 2020, with 1998 showing the most significant deviation, where over 8,000 hectares were burned (Figure 2). Over the period from 1983 to 2020, there was an overall increase in fire size, with small and medium fires dominating during the 1980s and 1990s, aside from 1998, which showed a large fire. However, the contribution of medium-sized fires increased during the 2000s, and by the 2010s, medium and large fires became more prevalent, leading to larger burnt areas, particularly evident in 2011, 2015, 2016, and 2020.
In terms of fire seasonality, the number of fires remained relatively stable, with spring consistently recording the highest values, followed by autumn and summer (see Figure 3). However, statistics indicate a concerning trend: an increase in the burnt area during the autumn season over the past decade. This observation suggests an extension of the fire season (Figure 3).
[image: Figure 3]FIGURE 3 | Fire frequency (number of fires) and burnt area (hectares) in the municipalities within the Natural Park from 1983 to 2020, categorized by each season.
Additionally, fire occurrence also varied across municipalities, with “Muíños” experiencing the highest number of fires following by “Entrimo,” “Lobeira,” and “Lobios” with the largest burnt areas due to large fires (see Supplementary Figures S1, S2 for fire prevalence at the municipal and parish level, respectively). Although the proportion of fires remains relatively consistent across seasons, the burnt area is significantly larger during the high-risk season, typically from July to October. During the period from 2010 to 2020, the burnt area in the high-risk season is nearly five times greater than the area burned throughout the rest of the year, despite a similar total number of fires (Table 1). The most notable difference is observed in fire-size group G5, with the number of fires in G4 close to doubling (Table 1).
TABLE 1 | Number of fires produced according to the size of the fire surface, and total surface area affected by each group, in the six municipalities in the period 2010–2020 during the months of maximum risk (July–October) and the rest of the year (November–June).
[image: Table 1]Fire Impacts on Vegetation
Official fire statistics indicate that wildfires have primarily affected shrubland covers within the six municipalities of the Natural Park (Figure 4). Exceptions to this trend were observed only in the years 2016 and 2017, during which the extent of forested areas affected by wildfires exceeded 1,500 hectares (Figure 4).
[image: Figure 4]FIGURE 4 | Area burnt (in hectares) over the period 1983–2020 in forests and shrublands in the six municipalities included in the Natural Park “Baixa Limia Serra do Xurés.”
In the last 10 years (2010–2020), wildfires in the Natural Park affected over 14,642 hectares dominated by shrublands (representing 71.63% of the municipality) and 5,798 hectares of forested areas (approximately 28.37%, see Table 2).
TABLE 2 | Number of fires by fire-size group and total area, wooded and open, affected by group, in the six municipalities during the years 2010–2020.
[image: Table 2]In the past 5 years, wooded areas have shown increased vulnerability within the Natural Park. Of particular significance are the years 2016 and 2017, during which burnt wooded areas experienced the most significant degradation compared to shrubland areas during that period (Figure 4). Regarding fire recurrence, a large proportion of the Natural Park has burned at least once, with some areas burning up to five times in the last 10 years (approximately every 2 years) (Figure 7).
Land-Cover Changes in Burnt Areas
The analysis of land cover change reveals significant shifts between the periods 2000–2010 and 2010–2020 (see Figure 5). During the latter period, there was a notable increase in shrubland coverage, accompanied by a decrease in shallow soils with sparse vegetation (hereafter: “rocky areas”). However, this trend reversed over the subsequent decade, with a decrease in shrublands in favor of rocky areas. Similar patterns were observed in evergreen forest cover, albeit to a lesser extent than shrubland. The observed pattern was consistent within the areas affected by wildfire between 2010 and 2020 compared to the rest of the Natural Park.
[image: Figure 5]FIGURE 5 | Extent (in hectares) of each land cover class per year. The boxplots display the median, the 50th percentile (box), and 95th percentile (whiskers) confidence intervals. The intra-plot variability arises from the different estimations obtained from each classification algorithm.
The intra-box plot variability illustrates that the land cover type most affected by the algorithm used for classifying satellite images was “shrubland.” Despite this uncertainty, the period from 2000 to 2020 showed a predominant transition from rocky areas (i.e., shallow soils with sparse vegetation) to shrublands (see Figure 6). However, the subsequent decade a reversal in this trend was found, marked by a conversion from shrubland to rocky areas, and to a lesser extent, from evergreen forest (predominantly pine plantations) to shrubland. Notably, a significant portion of rocky areas in 2000 and 2010 remained unchanged after 10 years, despite natural successional processes that would typically favor vegetation encroachment in those areas.
[image: Figure 6]FIGURE 6 | Land cover maps derived from the ensemble of all supervised classifications for each year. Circular plots illustrating the changes in land cover between 2000 and 2010 and between 2010 and 2020 within the areas burnt between 2010 and 2020. The width of the lines is proportional to the contribution of each land cover type to the change. Different colors represent different types of land cover, and arrows indicate the direction of the change.
The primary land cover transitions are spatially linked with areas previously affected by varying degrees of burn severity. There is a heterogeneous distribution of burn severity, which determines an uneven impact on vegetation, as reflected in the land cover composition of the year 2020 (see Figure 7). In fact, some of these areas have experienced multiple fire events, although the high rates of post-fire vegetation recovery might partially mask the spatial patterns of vegetation.
[image: Figure 7]FIGURE 7 | Land cover maps for year 2000 and 2010. Circular plots illustrate rocky areas previously affected by wildfires. Burn severity: maps derived from the dNBR, for years 2016 and 2017. FireR, Fire Recurrence map; TSF, Time Since last Fire, from year 2020 (year 10) to 2010 (year 0).
Fire Impacts in Protected Areas
The analysis of the spatial overlap between the areas burned during the period 2010–2020 and the zoning with different levels of protection revealed considerable variability in the burned area across different municipalities. Remarkably, wildfires impacted the areas with the highest levels of protection in the municipality of “Lobios” (approximately 3,423 and 3,097 hectares in priority and limited use zones, respectively; Figure 8). These areas, characterized by the highest levels of protection and restricted use, were also heavily affected by wildfires in the municipality of “Muíños” (burning approximately 646 and 2,213 hectares in priority and limited use zones, respectively; Figure 8). In “Entrimo,” the priority areas experienced significant burning, totaling around 520 hectares, while those with limited use burned approximately 1,200 hectares (Figure 8). All these areas exhibited a fire rotation of less than 1 year, indicating that their entire extent burns annually (Figure 8). Conversely, Bande was the municipality least affected by fire, particularly in areas with the lowest protection levels, with fire rotations exceeding 200 years (Figure 8).
[image: Figure 8]FIGURE 8 | Fire rotation, total burned area, the percentage of the area burnt in each zone of the natural resources managing plan of the Baixa Limia Serra do Xurés Natural Park by municipality.
DISCUSSION
Overall, our findings underscore the complex interplay between wildfire occurrences, burn severity, land cover transitions, soil degradation and post-fire vegetation recovery rates within the Natural Park “Baixa Limia Serra do Xurés.” Understanding these dynamics is crucial for effective wildfire management and conservation efforts in the Natural Park.
During the 2010–2020 period, six large wildfires (i.e., larger than 500 ha) occurred in 2011, 2016, 2017 and 2020. The largest among the six large wildfires occurred during 2017 and affected 3,485.70 hectares, of which 2,100.00 were wooded areas and 1,385.50 were open areas. The results show us that the majority of the burned area (60.08%, Table 1) is caused by these large fire events. These results are in line with the proportion of 75%–80% of the burned areas that can be attribute to large fires in the Mediterranean area (San-Miguel-Ayanz and Camia, 2009). Our data showed that over the 1983–2000 period, the size and the extent of wildfires have been increasing in the Natural Park, and thereafter, during the 2001–2020 period, the trend shows a progressive reduction in fires and area burned (see Figure 1). Despite this reduction, the risk of having large and intense fires in the Natural Park increased notably, which is consistent with wildfire patterns observed in Europe (Fernandez-Anez et al., 2021) and United States (Iglesias et al., 2022a).
These large wildfires are often characterized by being developed under in high wind and dry vegetation conditions, related to the increase in available fuel and climate change (Bowman et al., 2011). They are considered to be increasingly frequent and virulent, being very difficult to control and affecting large areas (Hinojosa et al., 2016). This behavior is observed in the Natural Park, in some areas and certain years: although they cannot be considered as “mega-fires” due to their extension, they can be considered as extreme events due to its behavior (Tedim et al., 2013; (Linley et al., 2022). At the level of extinction, a fire can affect large areas since, when the flame front advances in a fire, not only does the length of the front that needs control increase, but it also increases the possibility of threat to population centers and the generation of secondary outbreaks. This requires an increase in fire-fighting resources to address these new situations, so the efforts of the resources that are fighting fire in the forests must abandon their defense to be used in the defense of the built structures. Our findings revealed that the areas designated with the highest levels of protection (reserve and limited use) experienced the most significant extent of burning (see Figure 8). This trend can be attributed to firefighting priorities, which are often hindered by challenging topography and limited accessibility in these regions. Steep slopes and difficult access can impede effective fire suppression efforts. Besides, the areas with the highest levels of protection are more vulnerable to wildfires because they are zones with minimal intervention. This approach aims to minimize disturbances to endangered habitat and species. Consequently, these protected areas often have denser vegetation and higher fuel loads, increasing their susceptibility to wildfires.
The spatial distribution of wildfires within the park demonstrates a pronounced impact on shrubland covers, with exceptions noted in the years 2016 and 2017 where forested areas experienced significant degradation, exceeding 1,500 hectares (see Figure 4). This underscores the vulnerability of both shrublands and forests to wildfire events within the park. These results are in line with other regions in NW Iberia. In north of Portugal, shrublands are also the land cover type most affected by wildfires, following by forest types (Calheiros et al., 2022). Furthermore, the examination of land cover transitions highlights a clear association between areas previously affected by wildfires and subsequent changes in land cover composition (see Figures 6, 7). The observed heterogeneity in burn severity across these areas plays a crucial role in shaping the post-fire vegetation recovery rates, which has been previously found across different fire-prone ecosystems (Chu et al., 2017; Viana-Soto et al., 2017; Guz et al., 2022). While some regions have undergone multiple fires, the rapid recovery of vegetation following wildfires suggests a resilient ecosystem within the park (Torres et al., 2018). However, it is worth noting that the high rates of post-fire vegetation recovery may partially mask the spatial patterns of vegetation, potentially complicating efforts to accurately assess the long-term impacts of wildfires on soils. Previous studies suggested that an indicator-based approach based on satellite time-series of vegetation indices can effectively cover various facets of post-fire recovery (Torres et al., 2018). Therefore, the application of these new advances in remote sensing could improve the monitoring and prediction of post-fire recovery dynamics, with valuable applications in fire hazard management and post-fire ecosystem restoration and soil monitoring in the natural park.
Moreover, the analysis of fire seasonality reveals a notable increase in the area burnt during the autumn season over the last decade (see Figure 3), which suggests a potential lengthening of the fire season within the park. This observation aligns with the widely recognized transformation of the fire regime due to climate change, impacting not only the size and intensity of fires but also the duration of the fire season (Flannigan et al., 2013; Marlon et al., 2013; Moreno et al., 2019; Keeley and Pausas, 2022). Traditionally, the fire season was confined to the summer months. However, the extended duration of the fire season, attributed to climate change, has prompted revisions in fire management strategies in Galicia. This is evidenced by Law 3/2007, enacted on 9 April, which focuses on the prevention and defense against forest fires in Galicia. Notably, the fire season was extended from late June, July, August, and September to include early October (de Galicia, 2018). These regulatory changes reflect the need to adapt to fire regime shifts and highlight the importance of proactive measures to mitigate wildfire risks in fire-prone regions like the Natural Park “Baixa Limia Serra do Xurés.” In addition, and despite the increase in budgets and technology for extinction, the area burnt by large fires is increasing in the natural park (Figure 2), as reported in other areas of the Mediterranean climate (Seijo, 2005). Many authors place the drastic change in fire regime in Spain around the 1970s due to the land abandonment produced by the rural exodus (Salis et al., 2013; Moreno et al., 2014; Pausas and Fernández-Muñoz, 2012). In the Natural Park, we found a steep decrease in the number of fires from 2000 onward, but an increase in the area burnt by large fire especially in the last decade (see Figure 2).
Considering the ratio of the total burned area in each season divided by the total number of fires in that season, we observed a ratio of 6.40 for July to October and 30.42 for November to June. In other words, interpreting this figure as the average surface area per fire during these periods, the maximum risk area would be approximately 4.75 times greater. However, if we discount the total surface area affected by fires from groups G4 and G5 during these periods, considering that firefighting resources were diverted to protecting populations rather than combating fires as usual, and then add the average suppressed area (those with a burned area greater than 100 hectares), we find a different perspective. These results reveal that firefighting resources operate with great effectiveness under normal conditions, as evidenced by similar ratios during low and high-risk times (when fire-size groups G4 and G5 are excluded). Even when faced with harsh conditions to contain fires, their effectiveness remains high, with a ratio of 3.07, close to the baseline ratio of 3.01 (see Table 1). The significant drop in the ratio during high-fire-risk situations (from 30.42 to 3.07) is attributed to the distribution of the available firefighting resources, both personnel and materials. It is only when these resources are diverted to attend to more urgent needs that the forest suffers the consequences, resulting in a higher ratio of 30.42. This underscores the crucial importance of managing fuel quantity and continuity as key strategies for addressing the heightened wildfire risk resulting from climate change and rural abandonment (Moreno et al., 2014).
Throughout the period from 2010 to 2020, a significant portion of the 29,379.4 hectares within the Natural Park has endured multiple fire incidents, evident from the cumulative area burned, totaling 13,261.46 hectares. This extensive area represents almost half of the size of the Natural Park itself. While this calculation suggests that, theoretically, the entirety of study area could burn enterally over the next decade, it is essential to acknowledge that fires do not spread uniformly across the landscape. As depicted in Figure 8, certain areas have been subjected to repeated burns, exacerbating the impact on soils. The majority of the affected area within the six municipalities studied, except for the year 2016 y 2017, predominantly comprises herbaceous and shrubland areas (as illustrated in Figure 4). Within the shrublands, the area affected by fires approximates 14,642 hectares, contrasting with approximately 5,798 hectares forest areas burned within the municipalities. When firefighting efforts are deployed in open fields, priority is often given to safeguarding wooded areas, not only due to their intrinsic ecological value but also recognizing the challenge in preventing these regions from becoming engulfed in flames, particularly given the practice of using controlled burns to clear brush. The vegetation composition reflects the adaptation to the region’s fire history, predominantly composed of pyrophytic shrubs (Buján, 2010). However, these species, while resilient to fire, neither impede fire spread nor facilitate the movement of ground-based firefighting resources.
The analysis of land cover change provides valuable insights into the dynamics of vegetation within the study area. The observed shifts between the periods 2000–2010 and 2010–2020 indicate significant alterations in land cover composition, with implications for ecosystem resilience and fire susceptibility. During the first period, there was a noteworthy increase in shrubland coverage, accompanied by a reduction in rocky areas (Figures 5, 6). This trend suggests a potential encroachment of vegetation into previously bare soil or sparsely vegetated areas, likely influenced by factors such as post-fire conditions promoting plant growth (increased nutrient availability, favorable moisture and temperature conditions, etc.) (Chungu et al., 2020; Fernández-García et al., 2021; Blanco-Rodríguez et al., 2023). However, the subsequent decade showed a reversal of this trend, with a decrease in shrublands and a corresponding increase in rocky areas (Figure 6). In fact, some rocky areas were not able to evolve to shrubland, which might be suggesting a long-term loss of soil. Similar patterns were observed in evergreen forest cover, albeit to a lesser extent than shrubland. This indicates that forested areas within the study region are also undergoing dynamic changes, albeit at a slower pace compared to shrublands. The observed patterns were consistent within areas affected by wildfire between 2010 and 2020, suggesting that fire events may play a role in shaping land cover dynamics over time.
Fires effects on vegetation cover are coupled with changes belowground systems, in other words, soils. Soil quality and depth is essential for supporting a forest with herbaceous, shrub and tree vegetation. Besides destruction of vegetation cover, wildfires provoke physical, chemical and biological soil degradation as well as soil, C and nutrient losses by lixiviation and post-fire erosion (Dove et al., 2020; Agbeshie et al., 2022). Under unfavorable conditions (high severity fire, area highly susceptible to post-fire erosion due to high slope and abundant precipitations), wildfire can cause the loss of 2–2.5 cm of soil and repeated fire can lead to progressive thinning of soil and even to an irreversible total soil loss (Díaz-Raviña et al., 2012). These accumulative soil degradation processes provoked by altered fire regime could partially explain the observed land cover changes. During the 2000–2010 period, an increase in the bare soils with sparse vegetation was observed in the burnt areas, potentially reducing soil quality. In addition, during the 2010–2020 period, the intensification of fire severity and frequency has exposed the soil to progressive thinning and degradation. Consequently, the landscape can be modified by the increase of rockfalls associated with the occurrence of wildfires (Cristóbal et al., 2024). This issue is of particular concern in areas with the highest levels of protection, which are often exposed to large wildfires, and frequented by tourists, over the fire season.
The analysis also emphasized the impact of burn severity on land cover transitions. Regions experiencing higher burn severity exhibited a greater propensity for vegetation loss, resulting in shifts in land cover composition (see Figure 7). Nevertheless, the substantial rates of post-fire vegetation recovery observed in certain areas underscored the resilience of natural ecosystems to fire disturbances. Conversely, in other areas, the presence of shallow soil and sparse vegetation indicated severe soil degradation and even desertification attributed to the altered fire regime of the last decades.
CONCLUSION
Overall, our findings highlight the intricate relationships among wildfires and post-fire soil-vegetation dynamics within the Natural Park “Baixa Limia Serra do Xurés.” These dynamics are critical for effective wildfire management and conservation efforts, particularly in fire-prone regions.
Large fire events, particularly notable in 2011, 2016, 2017, and 2020, significantly impacted the landscape within the Natural Park, with the largest fire occurring in 2017 and affecting predominantly wooded areas. Large fires accounted for the majority of the burned area, emphasizing their significance in shaping landscape dynamics and posing challenges for fire suppression efforts. Spatial analysis revealed a substantial impact on shrubland covers, with exceptions noted in 2016 and 2017 where forested areas were significantly affected, highlighting the vulnerability of both shrublands and forests to wildfire events. Land cover transitions showed a clear association between areas previously affected by wildfires and subsequent changes in land cover composition, with burn severity influencing post-fire vegetation recovery rates. The surface area of rocky areas with sparse vegetation tends to increase, and the cover of shrublands and forests tends to decrease over time in areas affected by recurrent fires. This pattern suggests that erosion and soil degradation are key factor influencing post-fire vegetation composition. Advanced remote sensing techniques hold promise for improving the monitoring and prediction of post-fire recovery dynamics, aiding in fire hazard management and ecosystem restoration efforts. Analysis of fire seasonality suggests a potential lengthening of the fire season within the park, reflecting broader shifts in fire regimes attributed to climate change. Despite increased budgets and technology for fire suppression, the areas burnt by large fires are increasing in the natural park, underscoring the need for effective fire management strategies and landscape control to mitigate wildfire risks.
Our study provides a strong long-term and comprehensive analysis of the effects of fires on soil-vegetation dynamics, and their significance for protected areas. Such insights could prove invaluable for policymakers and stakeholders, guiding the development of more effective management strategies in fire-prone regions like the Natural Park “Baixa Limia Serra do Xurés.”
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Municipality No of fires Burnt forest area Burnt shrub area G1 G2 G3 G4 G5

Bande 108 189.25 577.8 7 31 5 1 0
Calvos 246 210.26 1,199.31 146 81 15 4 0
Entrimo 91 1,4143 1,990.09 50 32 7 1 1
Lobeira 115 124.34 1,210.08 77 19 14 5 0
Lobios 298 3,514.58 7,284.72 207 64 18 5 4
Muifios 249 345.49 2,380.18 166 62 17 3 1
Total 1,107 5,798.22 14,642.18 7 289 76 19 6

G1: affected area <1 ha; G2: affected area 1-9.99 ha; G3: affected area 10-99.99 ha; G4: affected area 100~499.99 ha; G5: Large forest fires >500 ha. Bold values highiight the.
total values
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Remaining year

High-fire-risk season

Num
G1 (events < 1 ha) 331
G2 (Fires 1-9.9 ha) 178
G3 (Fires 10-99.9 ha) 35
G4 (Fires 100-499.9 ha) 7
G5 (Large Fires, >500 ha) 0
Total 551

Bald values highlight the folal values.
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