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Abstract

:

Fire suppression and climate change have increased the frequency and severity of wildfires, but the responses of many organisms to wildfire are still largely unknown. In this study, we assessed the risk of habitat loss for amphibians, mammals, and reptiles caused by wildfires in central Mexico. We accomplished this by: (1) determining the likelihood of wildfire occurrence over a 12-year period using historical records and the Poisson probability mass function to pinpoint the most susceptible areas to wildfire; (2) evaluating species exposure by identifying natural land use that aligns with the potential distribution areas of biodiversity; (3) assessing species vulnerability based on the classifications established by the IUCN and CONABIO. Our findings have unveiled three regions exhibiting a concentration of high-risk values. Among these, two are positioned near major urban centers, while the third lies in the southeastern sector of the Nevado de Toluca protection area. Amphibians emerged as the taxonomic group most severely impacted, with a substantial number of species falling within the Critically Endangered and Endangered categories, closely followed by mammals and reptiles. Furthermore, we have identified a correlation between the location of risk zones and agricultural areas. This study revealed hotspots that can offer valuable guidance for strategic initiatives in fire-prone regions associated to the potential distribution of amphibians, mammals, and reptiles. Moreover, future studies should contemplate integrating field data to enhance our comprehension of the actual effects of wildfires on the spatial distribution of these animal groups.






Keywords:


fire-prone area; potential habitat degradation; biodiversity risk; fuzzy logic; natural vegetation fragmentation












1. Introduction


Fire has historically been and continues to be a significant component of the Earth’s system, having widespread impact on climate, biogeochemical cycles and human health. Wildfires are fires that are uncontrolled and unplanned, and can be ignited by various sources such as lightning, volcanic eruptions, or humans activities (campfires, cigarettes, burning of debris, electrical shocks, equipment breakdowns, fireworks, etc.) [1,2]. Depending on its severity, the impact of wildfires can be significant for the economy, society, and environment. Globally distributed across all flammable biomes, wildfires are strongly associated with extreme weather conditions [3]. They are essential for maintaining the savanna ecosystems, and in boreal forests create a mosaic of habitats [4] in the different stages of post-fire succession [5]. In fire-prone areas, natural systems have developed adaptation mechanisms that maintain ecosystem stability [6]. However, the wildfire resilience of those systems has been diminished by human activities, originated through the fragmentation of natural covers due to changes in land use, forest exploitation, alteration, the disposal of combustible materials, an increase in the number of intentional wildfires, the introduction of new species [7] and climate change [8,9]. Extreme drought events often lead to abnormally large and high-intensity wildfires too [10,11]. This means that fire regimes in many regions have departed from those regimes under which species evolved [12], reducing the intervals and persistence thresholds of species, thereby increasing the risk of ecosystem collapse in many regions [13].



The implications of wildfires vary in socio-economic and environmental terms. The Centre for Research on the Epidemiology of Disasters (CRED) has estimated that since 2000, wildfires worldwide have led to 2052 deceased, 14,454 injured and 119,911 homeless people [14]. Additionally, so-called “extreme” or “mega” fires [15] have been documented in USA [16,17], Australia [18], Portugal [19], Chile [20], Greece [21] and Brazil [22].



From an environmental point of view, they alter soil stability, favoring runoff [23], erosion and sediment deposition [24,25]. Moreover, depending on the temperature threshold and exposure time [26], soil nutrients can be volatilized and irreversibly damaged [27]. In addition, forests, scrublands, and savannahs—the habitat of an important part of global biodiversity—are the most wildfire-affected ecosystems worldwide [28,29,30]. However, the effects of ignition patterns on biodiversity are difficult to determine. Knowledge of them is insufficient or poorly understood [27,31,32,33,34,35] because they not only depend on the size, intensity, and homogeneity of fires [2,34,36], but also on the studied species, for whom there are not enough records documenting the number of individuals affected by events of this nature [37,38]. It is evident that the richness and abundance of species inhabiting these territories are affected in different ways, which in most cases is derived from direct and indirect impacts on their habitats [39,40,41,42] either for terrestrial or aquatic systems. For instance, in California, in 2020–2021, more than 19,000 km2 of forest vegetation burned, potentially affecting the habitat of 508 vertebrate species [43]. In Australia in 2019–2020, wildfires impacted over 30% of the available habitat of fauna, where more than 3 billion native vertebrates, 143 million mammals, 2.46 billion reptiles, 181 million birds, and 51 million frogs were burnt [2].



Wildfires primarily impact organisms that have adapted to specific habitat characteristics, especially those highly sensitive to alterations in the ecosystem’s attributes [42]. The severity of fires can create conditions to which native species are not adapted, increasing both favorable and unfavorable conditions for the establishment of native, invasive, or exotic species [44]. The vulnerability of a species to the direct and indirect effects of fires largely depends on how individuals exploit and perceive their environment, as well as the extent of habitat disturbance following a fire [45]. For mammals, the impact is variable [46]; for instance, loss of canopy cover can promote the growth of grasslands and shrubs, which benefits small mammals. Conversely, the removal of fuel biomass, a common practice for wildfire control, may even enhance mammal’s proliferation [47,48,49]. In contrast, biomass removal has adverse effects on amphibian populations because they rely on the moisture and nutrients provided by these materials. This elimination of biomass plays a crucial role for amphibian survival and their mobility by preventing the connection of different landscape strata [50,51]. The true impact of fires varies among species and ecosystems. Species inhabiting rain forests are generally less adapted to fire, compared to those inhabiting dry forests [52]. Disturbance is often associated with negative effects on amphibian conservation; however, some amphibians seem to be favored by disturbed habitats, as recent fires can provide better thermal opportunities [53]. Although fires negatively impact reptile abundance, their richness and composition remain unaffected after wildfires. This suggests that reptiles may be resilient to wildfires [54]. However, it has also been established that reptiles are affected by habitat gaps created by wildfires, because of their limited distribution and low dispersal capabilities. Nevertheless, their responsiveness largely depends on the recovery rate of the system [54]. For example, some lizards prefer specific burning regimes [55], due to changes in the vegetation structure and the formation of microhabitats after a wildfire. Knowledge of the responses of fauna to disturbances caused by wildfires has been extensively developed in fire-dependent ecosystems in North America and Australia. However, research in tropical zones and ecosystems sensitive to fire is still in its early stages, further compounded by the limited number of studies contributing to the understanding of fire history [44]. Without leaving aside the logistical difficulties and unpredictability of wildfires, many of the studies are opportunistic and take advantage of being performed in the right space at the right time [56].



Considering such context, the objective of this study was to evaluate the potential risks posed by wildfire occurrences to habitat loss for α-diversity (amphibians, mammals, and reptiles) in the State of Mexico. The selection of these taxonomic groups was based on available information within the study area, including IUCN potential distribution and CONABIO specimen records. We suggest that these criteria may act as a baseline for a comprehensive integration of the history of wildfires and the threat to species distribution, especially considering that the region consistently ranks first in the number of wildfires annually in the Mexican territory. Consequently, this study aims to inform the development of risk mitigation strategies within early warning systems for wildfires and contribute to management and conservation strategies in the State of Mexico.




2. Materials and Methods


2.1. Study Area


The State of Mexico is in central Mexico (Figure 1). Its total area is 22,351.8 km2, and houses the largest number of inhabitants (16,992,418) [57]. This region holds significant economic importance and ranks second in its contribution to the national GDP [58]. Changes in land use are constant and consistent; urban areas have increased while grassland and forest areas have decreased [59]. The predominant land uses related to human activities are agriculture, which reaches approximately 45%, and human-induced grasslands, which represent nearly 14% of the surface. Five climates are identified in the area: temperate subhumid, semi-cold, cold, semi-arid temperate, semi-warm, and warm. Precipitation varies between 539 to 1219 mm/year and altitudinal values range between 400 and 5380 masl. These conditions generate a high heterogeneity that has favored the evolution and persistence of an important biological diversity. It is represented by 125 native species of mammals, grouped in eight orders, comprising 26% of the terrestrial mammals in the country [60]. Amphibians are represented by the orders Caudata (salamanders and axolotls) and Salientia (frogs), with 17 and 34 species, respectively (12.4% and 14.3% of the national total), 5 of which are endemic and 25 are considered as threatened. For reptiles, there are three species of turtles (Testudinata) in the region, all threatened, representing 6.2% of the national total. Additionally, 90 species of Squamates (snakes and lizards) represent 22.9% of the total, of which 38 are threatened [61].



Natural vegetation occupies approximately 35% of the State’s territory [62], and it is the preferred habitat for biodiversity. A great proportion of the natural vegetation is concentrated in the southwest of the state, although dense and large forests are also identified in the Nevado de Toluca Volcano and the Sierra Nevada (Figure 1) in the west. These regions represent hotspots of temperate biodiversity. Despite this, deforestation in natural areas has intensified, altering biological corridors and impacting the connectivity of the landscape [63].



Historically, the State of Mexico has consistently reported the highest number of wildfires (Figure 2) in the country, accounting for over 19% of the national wildfires; however, a significant portion of the recorded wildfires did not cover large areas, representing only 2% of the total burnt area [64]. In Mexico, the years most impacted by wildfires have been 1998, 2011 and 2023, accounting for 849,623 ha, 956,408 ha, and 974,622 ha of burnt surface, respectively.



According to SEMARNAT [64], in the State of Mexico the years with the highest number of fires (exceeding 2000 records) were 2000, 2011 and 2013. Furthermore, it has been noted that since 2019, the burnt area progressively increased from 10,000 ha to over 20,000 ha in 2023.




2.2. Methodology to Determine Biodiversity at Risk


The risk of affectation of the α-diversity due to habitat degradation and/or loss was analyzed using the approach proposed by Crichton [65], where the risk is obtained via the following equation:


Risk = Hazard * Exposure * Vulnerability



(1)







A potential degradation is considered where the occurrence and the degree of degradation are an uncertainty determined by: (a) hazard, the frequency and severity of an event that can cause habitat loss; (b) exposure, the proximity of the studied species to the sources of danger; and (c) vulnerability, which measures the possible level of affectation for the species [66]. The methodological framework of this study is shown in Figure 3.



2.2.1. Hazard


To assess the hazard, we utilized the ignition database from PROBOSQUE; this is a database with records of all fires that occurred in the State of Mexico, together with their date of occurrence, geographic coordinates, affected area, type of stratum affected, duration, and causes of fire. For our analysis, we excluded records lacking coordinates or located outside the natural vegetation cover within our study area (see Figure 1). A data quality analysis was also conducted, excluding from the study those data points georeferencing outside the boundaries of the State of Mexico, and those with records corresponding to a different municipality than that indicated. We conducted an annual analysis of ignition points’ behavior for the period 2005–2016. Subsequently, we generated raster files illustrating ignition frequency per square kilometer to examine the spatial and temporal distribution in the study area. We determined the surface area susceptible to ignition using the Poisson probability mass function [67]. In this function, λ was defined based on the density of ignition points per pixel (1 km2) (see Figure 4). Monthly wildfire density data were transformed from probability values and reclassified to produce a hazard map specific to the dry season (December to June).




2.2.2. Exposure


We consider biodiversity exposure as the territory portion in which land use classification corresponds to some category of natural vegetation (Figure 1). The assumptions were that populations of mammals, reptiles and amphibians in these ecosystems are preferentially distributed, and that the occurrence of ignition points in such territories would have a greater impact on α-diversity. Vegetation types corresponding to deciduous forest, grassland, juniper, oak, oyamel, pine, and scrub were grouped to obtain a layer that represents the exposure of ecosystems to wildfires, considering land use and vegetation data from INEGI [62].




2.2.3. Vulnerability


The potential distribution of amphibians, mammals and reptiles in the State of Mexico was extracted from information published by the International Union for Conservation of Nature (IUCN) (https://www.iucnredlist.org/resources/spatial-data-download) (accessed on 20 February 2024). In addition, the base of the National Biodiversity Information System (SNIM-CONABIO) [68] was integrated. This georeferenced base integrates the record of specimens, taxonomy, year of collection, type of vegetation, risk and conservation (CITES, IUCN and NOM-059-SEMARNAT-2010). Then, α-diversity (species richness per spatial unit) was determined based on the number of species and their potential territorial distribution. Subsequently, species of each Class (Amphibia, Reptilia and Mammalia) were weighted by weight factors [69,70,71] according to their vulnerability or degree of risk, as established by the IUCN [71]: Critically Endangered (CR), Endangered (EN), Vulnerable (VU), Near Threatened (NT), and Least Concern (LC). A weight (p) was assigned to each category with an exponential decay function, resulting in values of 1.0, 0.5, 0.25, 0.125 and 0.0, respectively. The potential distribution of CR, EN, and VU species within the State was corroborated by reviewing local scientific publications and records from the past 30 years on gbif.org (accessed on 10 March 2020).



Maximum and minimum values were defined nationally by Class; the values were used to normalize information throughout a fuzzy linear membership function in ranges from 0 to 1. The next step was to cut out the cartography obtained within the State limits, and finally, to obtain the total vulnerability by adding up the vulnerability layers of the three taxonomic groups multiplied by 1/3, so that the range of values remained between 0 and 1.




2.2.4. α-Diversity at Risk due to Wildfires Habitat Loss


Finally, we multiplied the hazard, exposure, and vulnerability layers to generate a raster map with values ranging from 0 to 1. Lower values indicate areas with a lower risk of α-diversity habitat degradation caused by forest wildfires, while higher values represent areas at greater risk due to these events for the period 2005–2016. Furthermore, we compared the distribution of areas with risk probability to the bioclimatic corridors generated by CONABIO [72] to assess their potential impact on regions promoting connectivity between ecosystems. To achieve this, we calculated two landscape metrics: patch numbers (using the eight-neighbor rule) and core areas, employing the Landscape Ecology Statistics extension [73] within QGIS 3.14 [74].






3. Results


3.1. Exposure Zones and Hazard Analysis


To assess habitat degradation, we considered seven categories of natural vegetation: deciduous forest, grassland, juniper (Juniperus), oak (Quercus), oyamel (Abies), pine (Pinus), and scrubs, along with their respective vegetation associations (see Figure 1). In these natural vegetation areas, we documented 9833 wildfires during 2005–2016, accounting for 65.4% of the total. These were distributed as follows: 2298 occurred in areas with oak, 115 in scrublands, 688 in oyamel, 1228 in grasslands, 5352 in pine forests, 52 in deciduous forests, and 100 in juniper. During the analysis period, an annual average of 580 fires were documented in natural vegetation cover. The highest incidence of fires and largest burned areas were recorded between 2011 and 2013, surpassing 9000 ha per year, encompassing agricultural zones. A significant number of these fires resulted from the extreme drought across the country, starting in March, escalating to severe and extreme levels by June. Therefore, it was plausible that the frequency and scale of wildfires escalated, reflecting the heightened recurrence and severity of drought events [10,11] as well as climate variability in the region [75].



The ignition frequency per km2 (Figure 4) allowed us to identify the most affected areas. Maximum accumulated values of 27 ignition points per km2 (M = 2.5, SD = 2.60) were reached in the period. The distribution of the number of ignition points was mainly biased towards low values, since pixels having a frequency of one ignition point comprised 47% of the total (2772 km2), and pixels with two ignition points corresponded to 20% of the cases (1174 km2), representing a total of 67%. Figure 4 shows a hazard map that represents parts of the territory with the probability of wildfire occurrence, with values ranging from 0 to 0.95, (M = 0.20, SD = 0.15), covering a total area of 5821 km2.



Approximately 40% (1221 km2) of the State surface presents a probability between 0 and 0.25 of being affected by at least one wildfire within a year. Around 47% (1438 km2) has an ignition point event probability from 0.25 to 0.5; 12% (363 km2) between 0.5 and 0.75; and approximately 0.02% (62 km2) presents a probability ranging from 0.75 to 1 for the occurrence of ignition point events. Areas with the highest risk of wildfires are located in the western, north-central and eastern portions. The most high-risk areas are located in: La Marquesa, Cumbres Sierra Nevada National Park, Aculco, Iztaccíhuatl-Popocatépetl National Park, Ocuilan, and Temascaltepec. These regions are often characterized by agrosilvopastoral systems, which are frequently the primary cause of fires in these areas. In 2013, the protection status of the Nevado de Toluca Volcano was changed from National Park to a less restrictive category, and forest cover loss increased after the change. The pressure for forestry exploitation also represents another impact coupled with wildfires [63].




3.2. Vulnerability of Amphibians, Mammals and Reptiles


α-diversity values in the study area show that the richest group is mammals, with potential distribution values of up to 99 spp. per km2. Species are mainly concentrated in the limits of Mexico City and in the eastern part of the State. Reptiles have areas with up to 32 spp. per km2, and amphibians record up to 20 spp. per km2. The minimum values for amphibians, mammals and reptiles are 8, 72 and 12, respectively (Figure 5a–c). We acknowledge that potential distribution figures tend to overestimate the presence of species in certain regions; however, we consider it convenient to conserve these values for the protection and conservation of natural spaces and corridors, instead of information sources that underestimate species distribution. Additionally, the records of CONABIO specimens reinforce the resulting map, because for some species, not only do the distribution areas coincide, but we were also able to identify that some categories are listed in both the IUCN Red List and in the Mexican Standard NOM-059-SEMARNAT-2010, which can be considered equivalent [76].



The total vulnerability values (Figure 5d) range from 0.24 to 0.43; the highest are distributed in the limits of Mexico City, the eastern area, and the west of the State. The most vulnerable areas are Sierra Nevada, Sierra de las Cruces and Nevado de Toluca. It is widely recognized that herpetofauna has exhibited adaptability in peri-urban areas [77], and the region under study is no exception. Nonetheless, rapid local environmental changes and the vulnerability of species may hinder their ability to adapt promptly. Hence, it is imperative to incorporate such studies into fire management practices and their implications for fauna conservation.



Table 1 shows the species in the risk categories of the IUCN, except those in the LC category. Amphibians have the highest number of species at the highest risk levels (CR, EN and VU), with five, eight and two, respectively. The most affected species are Ambystoma leorae and Pseudoeurycea robertsi (CR); Pseudoeurycea tlilicxitl, Ambystoma altamirani, and Ambystoma ordinarium (EN); and Chiropterotriton orculus (VU). Mammals have two species listed as CR, two as EN, and three as VU. The most affected species are Habromys delicatulus in the CR category, Romerolagus diazi in EN and Microtus quasiater in NT.



Finally, reptiles do not have species in the CR category. However, there are four species in the EN category and two listed as VU. The most affected species are Barisia rudicollis (EN), Thamnophis scaliger (VU) and Agkistrodon bilineatus (NT).




3.3. α-Diversity at Risk due to Wildfires Habitat Degradation


Figure 6 shows the α-diversity potential risk affection due to habitat degradation and the layer of bioclimatic corridors generated by CONABIO [72]. The risk values range from 0 to 0.36. The highest values represent areas in which α-diversity in CR, EN and VU categories is more likely to be affected by wildfires occurring in natural vegetation areas. Regions that contain the highest number of high-risk pixels are the Sierra Nevada (SN), the Sierra de las Cruces (SC), and a corridor from the west of the State to the southern slope of the Nevado de Toluca, altering biological corridors and impacting the connectivity of the landscape. The SN within the limits of the State of Mexico covers an approximate area of 672 km2 of natural soil; the overall core area of this surface is 335.3 km2. With the pixel resolution defined in this investigation (1 km2), five patches were identified, one of which is predominant, containing 95% of the pixels. There, 9.6% of the wildfires in the State during 2005–2016 were registered. As for SC, it agglomerates approximately 738 km2 of natural land use grouped into eight patches, and the overall core area of the surface is 203.6 km2; the patch with the largest area contains 59% of the pixels for which 16.4% of the wildfires in the period were registered. Regarding NT, the highest coverage of natural land use was approximately 1540 km2, which was fragmented into 11 patches. One patch predominated 96% of the area, and despite its size, it contained several gaps because the neighborhoods connecting a high number of pixels were present across its vertices, resulting in an overall core area of 451 km2. The highest wildfire percentage was accumulated in this area (30.5%).





4. Discussion


Studying the effects and responses of individuals and communities to wildfires poses significant challenges. Comparing pre- and post-fire conditions relies on fires occurring coincidentally during the study period [56]. Long-term projects, like continuous sampling over multiple years, are constrained in Mexico and other developing countries due to the considerable investments needed in time, materials, and safety measures for the research team. Within this framework, existing databases, such as those offered by the IUCN and CONABIO, represent valuable assets for comprehensive studies aiming to serve as reference points regarding the impacts of wildfires on regional biodiversity.



We found that for the State of Mexico in Central Mexico, the Nevado de Toluca is the region with the highest probability of increased fragmentation and reduction in the extension of core areas due to wildfires. The second region is Sierra de las Cruces, followed by the Sierra Nevada.



The regions studied are, partially belong to, or are contiguous with protected natural areas, and coincide with the bioclimatic corridors defined by CONABIO. In addition, most of the hazard zones are adjacent to agricultural areas, and in the so-called wildland–urban interface (WUI) [78]. WUI is linked to the large urban regions of the Toluca Valley and Mexico Valley Metropolitan Areas, whose periphery has expanded three times since 1990 [79]. All of this shows the need to review and strengthen protection and conservation measures for these regions so as to prevent this dynamic from expanding to other areas.



The way in which wildfires, as habitat alteration processes, affect α-diversity is different for each species. It is known that even within the same taxonomic group, species can respond differently to similar events worldwide [80,81,82,83,84,85,86]. Hence, it is important to carry out local studies to identify habitats and species susceptible to habitat alteration. Here, amphibians have the highest proportion of threatened species within the study area. Amphibians are a diverse group with complex life cycles and are sensitive to humidity; therefore, they can be particularly vulnerable to disturbances caused by wildfires [87]. Although many organisms can move in the event of a wildfire, amphibians face a greater risk due to desiccation and predation, and this vulnerability is enhanced by their relatively restricted geographic and ecological distribution [88]. Some studies in the USA indicate that after a fire burned the forest surrounding wetlands, there were no changes in the occupancy of breeding sites by salamanders (Ambystoma macrodactylum Baird) [45]. In the case of Plethodon neomexicanus, after a wildfire, it is possible to exceed the critical thermal maximum, and in the case of Ambystoma talpoideum, canopy removal may increase desiccation and mortality. However, some microhabits after a fire can also confer an unexpected benefit, such as greater resistance to chytridiomycosis and other diseases [53]. The effects of wildfires on amphibians depend on the extent, severity, isolation and characteristics of the ecosystem [89]. This is a very important point, since the region is impacted by changes in land use due to the high ignition frequency and constant expansion of urban centers [90], including Mexico City.



It is important to emphasize that the response of a species to the impact generated by wildfires may differ and depend on ecological traits, including its degree of specialization to a particular habitat, food resources, life history traits, ecological requirements, ecological plasticity or past events that affect the current population size. Such is the case of the mammal Habromys schmidly, an endemic species to central Mexico, that inhabits mountain forests but is cataloged as CR [91]; however, the most recent record for the species is from 2006, and there are no new records. Additionally, Romerolagus diazi is an EN species, whose distribution is limited to central Mexico [92]. Observations of this species in natural areas have considerably reduced since 1987, and it has not been found in the Nevado de Toluca [93] in recent years. Specifically, wildfires have been considered as one of the main causes of habitat fragmentation for this mammal, limiting its distribution area [60,94]. R. diazi (volcano rabbit) habitat has been gradually destroyed by changes in land use and wildfires, but the main problem is that it is a habitat specialist whose survival depends on the presence of grasslands; therefore, moving to different habitat type [95] is not possible for the species. For reptiles, some species in the study area are sensitive to wildfires, such as A. deppii, an arboreal species whose main threats are changes in land use as well as wildfires [80,84]. Additionally, various studies have found that wildfires cause garter snakes (Thamnophis spp.) to disappear from burned areas due to a reduction in their preys and/or because they increase their own risk of predation [81,85]. The impact of fire varies among amphibian species, and varies from absence to presence depending on the habitat associations of specific traits. Some amphibians present morphological and behavioral traits to survive fires, which may differ even in the same community [52], highlighting the need and importance of local studies.



Despite the variety of the impacts on biodiversity, this study does not intend to simplify the relationship between the studied species and the burned areas; rather, it focuses on identifying regions with the greatest potential impact on vulnerable species, highlighting those that have been exposed to multiple wildfires. Thus, this can represent a starting point to determining the species that may be more susceptible to being affected by these drastic changes in ecosystems. Additionally, our results emphasize the importance of identifying regions in which wildfires frequently occur, so as to design and implement monitoring measures that not only record wildfire occurrences, but also include the intensity and dimension of wildfires, in order to determine negative impacts on natural lands and therefore on the habitats of vulnerable species.




5. Conclusions


Records of wildfire occurrences in the State of Mexico for 2005–2016 were processed to generate a cartography of wildfire density per km2. Afterwards, we calculated wildfire occurrence probability by using the Poisson probability mass function model, identifying areas with the highest hazard of being affected.



We identified the α-diversity of amphibians, mammals and reptiles, and their potential distribution in the study area, by only considering those zones with natural vegetation, which were defined as exposure zones and assigned a weight based on the degree of vulnerability defined by the IUCN for each species.



The risk of affecting diversity due to habitat degradation was determined by map algebra, which highlighted a concentration of high values in the Sierra Nevada and Sierra de las Cruces, as well as a region with scattered pixels due to natural soil use fragmentation in the south of the Nevado de Toluca and the limits of Mexico City.



The occurrence of wildfires affects natural spaces in different ways; the degradation of habitat and a lack of connectivity due to fragmentation are among the most debated issues in the literature [96]; as observed here, these effects can be determine the occurrence and severity of wildfires.



Three regions were found in which the effects are manifested with greater intensity: SN, SC, and NT. Natural land use in these regions is divided into 5, 8 and 11 patches, respectively; in the three cases, there is a predominant patch that groups most of the surface (95% in SN, 59% in SC and 96% in NT). These large patches house the core areas for each region. The highest percentage of core areas is found in SN, with 49.9% of the total use being for natural land, followed by NT with 29.3% and SC with 27.6%.



It is expected that the risk of affecting α-diversity in the region will constitute an important decision-making criterion in current wildfire combat protocols, as well as in the formulation of an early warning system against them. In this study, hotspots are identified to guide strategic efforts in fire-prone areas linked to the potential distribution of amphibians, mammals, and reptiles with an IUCN risk category in the State of Mexico. Furthermore, in future studies it is advisable to carry out long-term studies to evaluate the effects before and after wildfires, based on the endemism and the vulnerability of the species due to anthropization and climate change.
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Figure 1. Distribution of land use categories in the State of Mexico, Central Mexico. 
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Figure 2. Temporal dynamics of fires in Mexico, boxplot indicates the occurrence of fires by State and the line represents the area burned. The State of Mexico has the highest number of fires, although the burnt area is small (Database: SEMARNAT-SNIARN, 2023). 
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Figure 3. Methodological framework to determine biodiversity at risk due to habitat degradation caused by wildfires in the State of Mexico. Hazard: calculated from the Poisson probability mass function. Exposure: areas with natural vegetation (assumed to be the natural habitat of amphibians, mammals and reptiles). Vulnerability: calculated from the weighted and normalized α-diversity for each taxonomic group. 
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Figure 4. Wildfire hazard map in the State of Mexico, showing 1 km2 pixels, where values closer to 1 have a higher probability of wildfire occurrence. 
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Figure 5. α-diversity of amphibians (a), mammals (b) and reptiles (c). Total vulnerability values (d) of species studied in the State of Mexico in natural vegetation zones, normalized by a fuzzy linear membership function and defined from minimum and maximum values of Mexican Republic. 
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Figure 6. Potential map of biodiversity at risk by habitat degradation due to wildfire. Bioclimatic corridors generated by CONABIO (2019) are shown, where values closest to −1 represent the optimal routes within the corridors, and values close to 200 are located towards the edges, representing the most exposed areas. 
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Table 1. Species and their risk from the Red List, present in the natural areas affected by the occurrence of wildfires for the period 2005–2016 (species records were taken from the Gbif database https://www.gbif.org/ (accessed on 10 March 2020).
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Category

	
Name

	
Last Record

	
Records in the Last 30 Years

	
Natural Inhabited Area (km2)

	
Natural Area Burned (km2)

	
% Natural Area Burned






	
Amphibians

	
CR

	
Ambystoma bombypellum

	
2016

	
3

	
131.24

	
0.69

	
0.52




	
Ambystoma granulosum

	
1997

	
73

	
74.30

	
3.04

	
4.09




	
Ambystoma leorae

	
2018

	
6

	
426.57

	
52.79

	
12.37




	
Lithobates tlaloci

	
--

	
--

	
45.70

	
1.84

	
4.02




	
Pseudoeurycea robertsi

	
2018

	
20

	
318.43

	
22.70

	
7.13




	
EN

	
Ambystoma altamirani

	
2019

	
57

	
565.18

	
42.69

	
7.55




	
Ambystoma lermaense

	
2011

	
64

	
8.97

	
0.00

	
0.00




	
Ambystoma ordinarium

	
--

	
--

	
863.92

	
63.12

	
7.31




	
Craugastor hobartsmithi

	
1997

	
7

	
94.84

	
3.33

	
3.51




	
Plectrohyla pentheter

	
--

	
--

	
1345.64

	
14.01

	
1.04




	
Pseudoeurycea longicauda

	
2014

	
47

	
110.57

	
3.80

	
3.44




	
Pseudoeurycea tlilicxitl

	
2015

	
2

	
742.45

	
65.41

	
8.81




	
VU

	
Chiropterotriton orculus

	
2019

	
21

	
1201.87

	
8.89

	
8.89




	
Isthmura bellii

	
2019

	
7

	
6782.87

	
343.60

	
5.07




	
NT

	
Aquiloeurycea cephalica

	
--

	
--

	
1221.26

	
95.33

	
7.81




	
Lithobates neovolcanicus

	
2018

	
7

	
257.67

	
9.96

	
3.87




	
Mammals

	
CR

	
Habromys schmidlyi

	
2006

	
2

	
4.02

	
0.0

	
0.0




	
EN

	
Leptonycteris nivalis

	
2000

	
18

	
10,238.87

	
395.51

	
3.86




	
Romerolagus diazi

	
2018

	
23

	
978.95

	
109.16

	
11.15




	
VU

	
Leptonycteris yerbabuenae

	
2019

	
28

	
10,238.87

	
395.51

	
3.86




	
Sigmodon alleni

	
--

	
--

	
220.18

	
0.45

	
0.20




	




	
NT

	
Choeronycteris mexicana

	
2019

	
1

	
10,238.87

	
395.51

	
3.86




	
Corynorhinus mexicanus

	
2009

	
11

	
9981.36

	
395.06

	
3.96




	
Leopardus wiedii

	
--

	
--

	
1435.27

	
10.55

	
0.74




	
Lepus callotis

	
--

	
--

	
10,237.84

	
395.51

	
3.86




	
Microtus quasiater

	
--

	
--

	
363.36

	
47.72

	
13.13




	
Reptiles

	
EN

	
Abronia deppii

	
2019

	
5

	
3093.42

	
174.57

	
5.64




	
Barisia herrerae

	
2016

	
1

	
105.17

	
3.14

	
2.99




	
Barisia rudicollis

	
2018

	
12

	
1437.02

	
98.24

	
6.84




	
Thamnophis melanogaster

	
2019

	
32

	
3473.83

	
191.94

	
5.53




	
VU

	
Thamnophis scaliger

	
2019

	
56

	
673.97

	
44.45

	
6.60




	
NT

	
Agkistrodon bilineatus

	
--

	
--

	
218.79

	
17.13

	
7.83
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