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Abstract

:

The Brazilian savannah-like Cerrado is classified as a fire-dependent biome. Human activities have altered the fire regimes in the region, and as a result, not all fires have ecological benefits. The indigenous lands (ILs) of the Brazilian Cerrado have registered the recurrence of forest fires. Thus, the diagnosis of these events is fundamental to understanding the burning regimes and their consequences. The main objective of this paper is to evaluate the fire regimes in Cerrado’s indigenous lands from 2008 to 2017. We used the Landsat time series, at 30 m spatial resolution, available in the Google Earth Engine platform to delineate the burned areas. We used precipitation data from a meteorological station to define the rainy season (RS), early dry season (EDS), middle dry season (MDS), and late dry season (LDS) periods. During 2008–2017, our results show that the total burned area in the indigenous lands and surrounding area was 2,289,562 hectares, distributed in 14,653 scars. Most fires took place between June and November, and the annual burned area was quite different in the years studied. It was also possible to identify areas with high fire recurrence. The fire regime patterns described here are the first step towards understanding the fire regimes in the region and establishing directions to improve management strategies and guide public policies.
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1. Introduction


Fire is among the central disturbance and stress agents in the scope of different biomes. In addition, fire is a potential modifier of species’ diversity, distribution, and composition [1,2]. Even though fires occur instinctively in many environments, human-induced burnings have been increasingly frequent around the world. Anthropogenic fires in areas destined for agricultural and livestock activities potentially change regimes’ natural intensity and frequency and significantly alter the biological communities where fire occurs naturally. In addition, other factors—such as climate—can influence fire regimes, which can interact synergistically with human activities and cause or worsen fires [3,4,5,6].



Quantifying and assessing these damages and establishing proper protective policies against wildfires are necessary actions to preserve biodiversity, ensure local and regional atmospheric quality, and reduce the emission of CO2 and equivalent gases [7,8,9]. In addition to registering the number, spatio-temporal distribution, and burned area, it is essential to define the seasonal periods with the highest occurrence of fires and their relations to the local climatic dynamics [10,11,12].



Identifying the probable causes of wildfires also represents an essential factor when planning prevention actions. Wildfires are defined as uncontrolled fires that affect vegetation derived from human actions or natural sources. In turn, burning events are examples of fires resulting from farming and forest practices controlled and acting as a production factor [5,13,14].



The Brazilian savannah-like Cerrado is classified as a fire-dependent biome with dynamics strongly influenced by the climate varying according to the local phytophysiognomy [15]. However, the current livestock practices and agrarian conflicts have altered the fire regime in the region. In this context, fires are not always ecologically beneficial but can, in some circumstances, worsen environmental degradation [16,17,18].



Livestock activities have led to a fast and sharp reduction of the natural Cerrado area, in addition to other human pressures, such as changes in fire regimes, permanently threatening the remaining areas [4]. These pressures have been increasingly intensive and frequent, primarily due to the expansion of the agricultural frontier. As a result, although the productivity per hectare has increased considerably over the last decades, the substitution rate of natural vegetation with cultivated areas in the Cerrado remains with the highest values among the Brazilian biomes [19,20,21,22]. A good example is the region named Matopiba, concerning its localization among the Brazilian states of Maranhão (MA), Tocantins (TO), Piauí (PI), and Bahia (BA) [23,24,25].



In this regard, the Matopiba region has been the focus of studies on different topics of scientific knowledge, such as research discussing the incorporation of former territories of natural reserve into capitalist modes of globalized production, forming a new regionalization in the ‘North–Northeast Cerrado’ of Brazil. In addition, these researchers are often addressing the conflicts involving rural and indigenous communities due to the dispute process of lands traditionally occupied or used by farmers and local livestock breeders, aggregating new dynamics and identities to the territorial domains in this part of the country [26,27,28,29].



Wildfires have been recorded in the indigenous lands (ILs) of the Cerrado. Naturally, these events’ diagnosis is utterly fundamental to understanding the relations between the burning regimes in these areas and their consequences. In this context, our general goal is to analyze the fire regimes in the indigenous lands of the Brazilian Cerrado during 2008–2017 by investigating the spatial and temporal patterns resulting from the relation between rainfall and fires. The study area reaches approximately 1.2 million hectares. Then, our strategy was to use remote sensing data to obtain a historical and comprehensive analysis. The analyses involved the temporal series of the Landsat images at 30 m spatial resolution and precipitation data from the National Institute of Meteorology (INMET—acronym in Portuguese) available for the study area.




2. Materials and Methods


2.1. Study Area


The study area is located in the central part of the Maranhão Brazilian state (Figure 1), in the Brazilian Cerrado biome. The area assembles nine indigenous lands (ILs) (Figure 1 and Table 1) and a buffer of 5 km from the outer limit of the territories, encompassing a total area of approximately 1.2 million hectares.



The indigenous lands in the study area are under distinct legal situations and classified as the following phases (Table 1): (i) delimited: lands that had the assessment published in the Official Gazette of the Federal Government and are under analysis by the Ministry of Justice for the issuance of a Declaratory Ordinance of the Indigenous Traditional Possession; (ii) declared: lands that obtained the expedition of the Declaratory Ordinance by the Minister of Justice and are authorized to be physically demarcated, with the materialization of the landmarks; (iii) regularized: lands that were registered at a notary public in the name of the Union and at the Federal Patrimony Secretariat.



As shown in Table 1, most ILs are at the ‘regularized phase’. However, few ILs are still undergoing the regularization process. The Kanela Memortumré IL represents a proposal of territory expansion for the Memortumré people, currently at the ‘delimited phase’. At the same time, the Porquinhos dos Canela-Apanyekrá IL is an expansion of the Apanyekrá territory, also at the ‘delimited phase’. In turn, the Bacurizinho IL has an 82 thousand hectares at the ‘regularized phase’ and a 52 thousand hectares at the ‘declared phase’. Some of these processes languish for decades and generate intense legal dispute, which favors these traditionally occupied territories’ invasion and illegal occupation.



These indigenous territories have been demarked and regularized since the early 1980s [30,31], and are formed majorly by sandy soils covered with Cerrado vegetation and gallery forests following the streams [32,33]. The Corda River crosses the Porquinhos IL, which shelters more significant forest resources than Kanela IL. The areas surrounding the current indigenous lands of Kanela and Porquinhos are formed mainly by lands of the Mirador State Park Conservation Unit [34,35]. We emphasize that the study area is part of a set of frontiers in the state territories that constitute the Matopiba. In the particular case of Maranhão, the fragment is a late addition to the agricultural modernization patches of this new frontier [23].




2.2. Determination of Seasons


We worked with daily precipitation data from the ‘OMM 82571’ INMET meteorological station, located in the city of Barra do Corda, Maranhão (MA) (latitude: −5.50°; longitude: −45.23°; Figure 1). The station is located approximately 50km from the center of the study area. We manually checked all data from 1983 to 2018 and organized them in climatological years beginning on July 1 (driest month) of each year and ending on June 30 of the following year. We excluded climatological years 1988–1989 and 1989–1990 because they presented missing data that would have compromised the subsequent analysis (more than 30 days of unavailable data). Therefore, we worked with data from 33 years, which is longer than the 30-year period used in climatology to define normal.



The onset and end of the rainy season for each climatological year was established following the methodology of Liebmann, et al. [36] (Equation (1)). If R(j) is the daily precipitation on day j for our study area and   R ¯   is its annual average, we define a quantity called anomalous accumulation, A(j), in the following way:


  A  ( j )  =   ∑   i = 1  j   [  R  ( i )  −  R ¯   ]   



(1)




where Day 1 is taken to be July 1 (in the dry period).



Thus, the onset of the rainy season of a given climatological year will be the day after that, for which A(j) reaches its minimum value. Similarly, the end of the rainy season corresponds to the day in which A(j) reaches its maximum value.



Then, we calculated the rainy season length, the rain rate and identified the dry season periods. The rainy season length is calculated as the difference (in days) between the onset and the end. The rain rate is the average of the daily precipitation within the dates corresponding to the rainy season. The dry seasons are the periods between those of the rainy seasons. Thus, it is possible to identify the beginning and end of each dry season from the dates corresponding to the previous and posterior rainy seasons.



We report averages and standard deviations because we are interested in the quantities’ central tendencies and interannual variability. Trends were evaluated performing linear regressions, and results were considered significant for p < 0.05.



Furthermore, we identified three possible stages within each dry season following Alves and Pérez-Cabello [37]. First, we identified the middle dry season (MDS) each year by searching for the longest consecutive days with daily precipitation lower than 5 mm. The MDS is usually preceded by a transition period from the previous rainy season with an intermediate level of precipitation, which we call early dry season (EDS), and followed by another transition period towards the next rainy season (RS), that we call late dry season (LDS). As a result of this analysis, we classify every date of each year on one of four different seasonal periods: RS, EDS, MDS, or LDS.




2.3. Delimitation of Fire Scars


This stage involved the selection of the temporal series of Landsat-5, Landsat-7, and Landsat-8 images (Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Terra Imager (OLI) sensors, respectively), from the 2008–2017 period, with 30 m spatial resolution, 221/64 path-row, and Level 2 (surface reflectance) (Table 2), freely available on the catalogs of the Google Earth Engine (GEE) [38], and the Earth Explore United States Geological Survey (USGS) platforms [39].



We mapped the fire scars by adapting the algorithm developed by Bastarrika, et al. [40] in the GEE platform. The Burned Area (BA) algorithm is based on the Automatic Burned Area Mapping Software (ABAMs), developed by Bastarrika, et al. [41]. Firstly, ten multitemporal composites were built by aggregating all available Landsat images for the same year, according to Table 2. Then, for each annual composite, a cloud mask was applied, and three spectral indices were calculated: Normalized Burning Index (NBR), Normalized Burning Index 2 (NBR2), and Normalized Difference Vegetation Index (NDVI), as shown in Equations (2)–(4).


  N B R =    (  SWIR 2 − NIR  )     (  SWIR 2 + NIR  )     



(2)






  N B R 2 =    (  SWIR − SWIR 2  )     (  SWIR + SWIR 2  )     



(3)






  N D V I =    (  NIR − RED  )     (  NIR − RED  )     



(4)




where RED = red; NIR = near-infrared, SWIR = short-wave infrared, and SWIR2 = short-wave infrared 2.



The preliminary identification of the burned areas, SWIR2, NIR, and red false-color composites was visualized. The algorithm employs a two-phase strategy. In the first phase, the user defines the selection of some pixels in the burned area. In the second phase, the algorithm analyzes the pixels next to those initially selected according to restrictive criteria: assessing the maximum NDVI values of the pre-fire images and the maximum NBR2 values of the post-fire images. Finally, polygons corresponding to the burned areas were generated using the original image’s date as an attribute [40,41].



We also generated false-color images using SWIR, NIR, and green bands to validate burned areas. Thus, the fire scars were visualized in magenta tones. The NIR and SWIR bands are generally applied when studying the behavior of the fire—such as the severity of the burned area—since the NIR has a natural positive reaction to leaf area and productivity. At the same time, the SWIR reacts positively to drought and non-vegetated surfaces [42,43]. Therefore, the combination of high-reflectance NIR and low-reflectance SWIR allows distinguishing burned and non-burned vegetation [44].



We defined the temporal sampling of these false-color composites (SWIR, NIR, and green) based on the seasonality analysis and availability of high-quality images [45]. Preferably for the same year, we considered images from the most humid month in the rainy season and the driest month in the dry season. These annual false-color composites were used to validate the burned areas manually and visually, including the scan line corrector failure of the ETM+ sensor. Subsequently, the images and the burned areas polygons were analyzed and converted into maps to constitute a geographical database [46].




2.4. Spatio-Temporal Dynamics of Fire


According to the seasonal classification from 2008 to 2017, we used the database generated at the previous stages (Section 2.2 and Section 2.3) to establish the seasonal patterns of fire occurrence. Firstly, we generated ten annual synthetic maps containing the delimited scars and subsequently attributed each scar to a corresponding sub-season according to its occurrence date and based on Alves and Pérez-Cabello [37]. Next, we categorized the scars according to the total area, year, season of the year, and month, which enabled us to diagnose the periods with the most occurrences of fires, the periods with the most areas affected by fire, the ILs that were most affected by fire, and other related information. The analyses were performed in QGIS version 3.12 [47].





3. Results


3.1. Local Climate Aspects and Seasonal Classification


We identified significant variability in the year-to-year precipitation-associated quantities calculated considering a 33-year dataset to reflect the local climate scenario in the region. We found annual precipitation of 1146 ± 323 mm, with the months from June to October being the driest ones. The rainiest months occurred between December and April, with a peak in monthly rainfall during March. The average start date of the rainy season was found to be December 7 with a variability of 27 days, while the average end date of the rainy season occurred on April 28, with a variability of 28 days.



The earliest start date of the rainy season was October 18 (corresponding to the climatological year 1997–1998), and the latest start date was January 22 (2002–2003). For the end of the rainy season, the earliest date was March 19 (2006–2007), and the latest date was May 25 (found on both 2012–2013 and 2013–2014). Thus, the 58-day long interval between January 22 and March 19 is the longest period that always belongs to the rainy season (considering the 33 years of study).



The average length of the rainy season is 143 days. The climatological year 2014–2015 had the shortest rainy season (85 days). In contrast, the climatological year with the longest rainy season was 2013–2014 (209 days). The average rainfall rate (average daily rainfall in the rainy period) is 7mm/day. The total annual rainfall occurring within the rainy season dates has been used to measure seasonality [36]. For our study area, it reaches an average of 85%, indicating an intense seasonality.



The annual precipitation for the region presented a significant decreasing tendency of −12 ± 5 mm/year (p = 0.0358, R2 = 0.1345). Interestingly, no significant tendency was found in the temporal attributes of the rainy season: start date (p = 0.7777), end date (p = 0.9933), and length (p = 0.7870). However, the rainfall rate presented a decreasing tendency of −0.07 ± 0.03 (mm/day)/year (p = 0.0374, R2 = 0.1324). Altogether this means that the decreasing tendency in annual precipitation could not be associated with temporal changes in the precipitation regime, such as later arrival of rainfall or earlier withdrawal, but to the fact that the amount of rainfall during the rainfall period is decreasing, which is reflected on the decreasing tendency observed for the rainfall rate.



The dry season, as a whole, was found to have a length of 221 ± 35 days, with 49 ± 34 days corresponding to EDS; 93 ± 41, to MDS; and 78 ± 51 days, to LDS. Table 3 presents the start and end dates of the dry seasons for the ten years relevant to the fire categorization (period from 2008 to 2017).




3.2. Annual Patterns of Burned Area


From 2008 to 2017, the total burned area in the ILs and surrounding area reached 2,289,562 ha (Table 4), distributed in 14,653 scars. The entire dry season (DS) concentrated 2,258,250 ha (98.63%) of this total, of which the middle dry season (MDS) consisted of 1,937,430 ha, corresponding to 84.62% of the total accumulated along the ten studied years.



The EDS corresponded to 47,572 ha (2.08%), while the LDS represented 273,248 ha (11.93%) burned. During the rainy season (RS), 31,312 ha (1.37%) were burned (Table 4 and Figure 2). Although the rainy seasons were identified considering the climatological years, the burned areas in the rainy seasons were assigned to the previous corresponding calendar year.



Still, here the rates were accumulated, as in 2012, 2014, and 2015, which presented large extent of the burned area during the DS (ignition season) despite its low production in the RS (growth season). The 2014–2015 RS had the lowest rainfall rate throughout the studied period (549 mm), with a prolonged drought that occurred between 2012 and 2016. Incidentally, the most significant extent of burned areas (2010, 2012, 2016, 2017) occurred in years of prolonged drought (Figure 3).



The annual burned area was quite different over the ten years studied. The years of 2012 and 2017 had the most significant extent of burned areas, with 311,400 and 540,386 ha, respectively, while the years with fewer burned areas were 2008 and 2013, with 131,428 and 115,621 ha, respectively. Table 4 and Figure 2 and Figure 3 illustrate the detailed results. The years with the most significant extent of the burned area occurred with a short return interval between one and two years, a typical pattern in the Cerrado.




3.3. Spatial and Seasonal Distribution of Fire Scars


Our results demonstrate that the central region was not affected by major burning events and remained intact, which can be associated with their more excellent protection from external ignition agents, a context in which the borders are more susceptible to the occurrence of fires—a pattern found by Alvarado, et al. [48]. Despite the higher recurrence closer to the borders, many scars appeared fully within the ILs limits, suggesting the existence of activities that perform ignitions internally. Burnings for the preparation of coivara (slash-and-burn technique) plantations can be a reasonable explanation for representing one of the most common practices in the region [49] and a potential source of ignition [50].



Figure 4 illustrates the annual maps of the spatial distribution of burnings classified according to the season, which allows visual analysis of the scars’ size, spatial distribution throughout the area, and especially the seasonal occurrence patterns. The maps reveal that the most extensive scars always occur during the MDS, such as the one with a significant extent in 2012 in Bacurizinho IL, and in 2017, with an event that started in the Cana Brava IL and extended to the Bacurizinho IL. These were the most extensive scars in the period, corresponding to 50,795 and 67,977 hectares, respectively.



The most considerable amount of burned area occurred during the MDS for each year (~1000 fires). The only exception is the year of 2016, when the largest burned area occurred during the LDS (104,379 ha), while the MDS reached 95,709 ha, which much likely resulted from the short duration of MDS in 2016 (97 days). In turn, the LDS was one long season (92 days). Even though its quantity of burned area remained relatively similar, demonstrating that the MDS is the most critical period in the year.



Separately, the MDS presented 84.62% of the total burned area, which was expected since the driest period in the year favors the occurrence of ignitions, a pattern commonly recorded for the Cerrado [37] and likely to have resulted from the low humidity content in the accumulated biomass. The MDS had a longer duration (average of 93 days) than the other sub-seasons. Even though, no relation between the MDS duration and the annual burned area (simple linear regression: p = 0.595, R² = 0.030) was found. Additionally, the year with the longest MDS (2008) presented few burned areas (110,001 ha).



Both the EDS and LDS had similar durations, which were regular and relatively close to the MDS. Only two years did not present all dry seasons: 2014 did not have an EDS, while LDS was absent in 2017, differing from a Caatinga-Cerrado ecotone in the adjacent Piauí state, which had less stable EDS and LDS, as presented by Argibay, Sparacino and Espindola [6].



Most fires took place between June and ends in November, reaching a maximum peak in August. Most fires occurred between July and October, a pattern already found in the Cerrado formations of Maranhão state [51]. Nearly no burned areas occurred from December to May, except for January 2016 (11,063 ha), likely due to the drought that occurred during those years [5], with short RSs and low rainfall. Figure 5 illustrates the monthly variation of accumulated burned area and mean precipitation.



August, September, and October correspond to 86.44% of the burned area throughout the studied years, with 1,072,901, 731,080, and 175,017 ha, respectively. The highest percentage of the burned area (38%) in August can be explained because it is following the driest month of the year, July, which suggests that the produced biomass needs little time to dry out and become a fuel susceptible for ignition. Although the highest percentage of the burned area occurred in August, the most significant number of scars was found in September, whose burned area is lower than in the former month, according to the illustrations in Figure 5 and Figure 6.




3.4. Map of Fire Recurrence


Figure 7 illustrates the map of fire recurrence with colors representing the number of fires throughout the ten years of study, following a pattern in which the darker the color, the higher the recurrence. Approximately 864,986 ha burned at least once, representing 68.52% of the study area.



The recurrence parameter varied between one and ten, implying those fire events occurred in the most burned areas approximately every year, and 69.28% of the total burned area had some level of recurrence (599,261 ha). Similar results were found in the National Park of Serra do Tombador [52] and other protected areas, characterizing that it is common for the Cerrado to present a high recurrence of fires [53] with short return intervals.



Approximately 13.34% of the area (115,408 ha) burned five times or more, which is expected considering that the burned area in a year generally does not burn in the following year. The areas that burned five times or more were proportionally much fewer than those that burned four times or less. A preliminary understanding of these results suggests that an area that burned once is likely to burn again over the years.





4. Discussion


Our results show that the years with the largest extent of the burned area were followed by years presenting smaller extent, which can imply that the burned area in a year controls the next year’s rate. This pattern occurs because the biomass accumulated is burned and consequently is not enough to act as fuel able to cause major fires, which had been observed in a study by Alves and Pérez-Cabello [37]. Such tendency emerges when comparing the three years with the highest rates of burning events (2017 not included) and the subsequent corresponding year (2010–2011, 2012–2013, 2015–2016).



The years with the largest extent of the burned area occurred between an interval of one or two years, a behavior common in Cerrado environments also observed in national parks and other indigenous lands [37,48]. This short return interval can be related to the intrinsic high recovery of grasslands during the rainy season, a physiognomies that predominates the Cerrado formations, which implies a great accumulation of biomass susceptible to fire [54,55].



Biomass is produced during the RS and increases with higher rainfall rates, especially after the DS [56]. We assume that the biomass produced throughout the RS that was not consumed by fire in the immediate DS is accumulated along with the new biomass generated in the following RS, thus becoming a fuel much likely to burn. This can be demonstrated by analyzing the years before those with large extent of burned areas. The years 2010, 2012, and 2017 were preceded by years with a rate of the burned area close to or below the average found for the studied period—2009, 2011, and 2016, respectively.



The year 2017 had the highest percentage of the burned area (540,386 ha) considering the entire study period. A possible explanation is that the previous years (2013, 2014, 2015, 2016) presented few burned areas, leading the accumulated fuel to result in major fires in the following year. Rainfall can control fire activity indirectly through the production and availability of fuel [57]. We found a relation between the RS rainfall and the subsequent annual burned area so that the years with the lowest rainfall rates had larger extent of burned areas.



This demonstrates that the quantity of biomass produced (proportional to the rainfall amount) does not represent a satisfactory parameter to define the quantity of burned area during the immediate DS. Therefore, the RS was related to the extent of burned area in the immediate DS not due to productivity, but likely because of the fuel humidity, which also modulates the extent of fires since the driest years favor the loss of fuel humidity, leaving it more susceptible to ignition [4].



When years with rain deficit in respect to the historical average occur, the tendency is that the extent of burned areas increases—a pattern found in the Cerrado portion of Maranhão as a whole [51], and in other regions of Brazil, as reported by Darbyshire, et al. [58] and Dionizio, et al. [59]. Such tendency is quite important since our analyses found that the period in the study tended to have lower rainfall rates in the region, which was also observed by Argibay, Sparacino and Espindola [6].



This scenario demonstrates the sensitivity of the Cerrado to fire occurrence in the driest years, a phenomenon that occurs mainly due to the more intense water deficit in the vegetation. Even though low annual rainfall has been found to influence the extent of burned area, we emphasize that such relation is not determinant, since other aspects should be considered, such as sources of ignition, wind, and temperature [53,60].



It is possible to observe a pattern that could explain the large dimensions of the burned areas in some years. Firstly, all rainy seasons with rainfall rates above or close to the average were followed by a dry season with few burned areas. However, when another RS with low rainfall rate followed the RS, the immediate DS presented large extent of burned area, which may have occurred in 2017, when the burned fuel was likely generated in the RS of 2015–2016, with a rainfall rate of 830 mm—below the annual average (~1146 mm).



Some factors may have contributed to the large extent presented in 2017. In addition to the absence of large extent of the burned area between 2013 and 2016, the RSs of 2012–2013, 2013–2014, and 2015–2016 had satisfactory rainfall rates, favoring biomass accumulation. The 2016–2017 RS was particularly dry and had low biomass production. However, accumulation had occurred during the previous years. Associated with a long DS, a low rainfall rate led the accumulated fuel to dry out, becoming more susceptible to burning, as found by de L. Dantas, et al. [61].



A similar pattern appeared between 2013 and 2015. Even though 2012–2016 is considered a drought period when analyzed as a set, the rainy season of 2013–2014 had a rainfall rate close to the average value (1179 mm). Thus, the biomass produced was supposedly dried out during the 2014–2015 RS, which was the shortest in the study period, with only 85 days—below the annual average (143 days).



A tendency to a more considerable extent of the burned area has appeared over the last years: magnitude was much more prominent in the second half of the study period, which may have resulted from the prolonged drought between 2012 and 2016 in Maranhão state, regarded as highly severe. Some authors explain its relation to events of La Niña (2011–2012) and El Niño (2015) [62,63], also described to have triggered fire events in the Cerrado and the Amazon [64,65,66].



Drought events can lead to changes in the patterns of fire occurrence, and studies have demonstrated their effects on the dynamics of fire in the Cerrado of Maranhão state [51]. This is a complex natural phenomenon that causes severe environmental, social, and economic consequences [67], affecting water availability, death of trees, which leads to lower absorption of carbon in the ecosystems [68], and mainly greater vulnerability of the vegetation to the occurrence of burnings [48,69,70].



Regarding the spatial and seasonal distributions of fire scars, we demonstrated that almost no fire scars appeared during the EDS. The total accumulated for the season is 47,572 ha, around 2.08% of the burned area in the period. Despite short duration, the lower rainfall levels seem to be enough to maintain the biomass humidity or indicate that there is no reasonable time frame for the biomass to dry out and become susceptible to burning, as recorded by Hoffmann, et al. [71] in the scope of forest areas. The absence of ignition events associated with the slash-and-burn practice can also represent a determinant factor since it occurs at the stage in which the green vegetation is cut to dry out during the remaining DS.



After the MDS, the LDS presented the most significant burning events (273,248 ha). The RS presented mostly small scars; in addition, a great extent corresponding to this season occurred in 2017 (17,514 ha), when no LDS occurred. Thus, the RS was only slightly less susceptible to fire than the EDS. We highlight that most of the fires detected in the RS occurred at the beginning of this season, during the months of November and December, when the vegetation would be relatively dry (similarly to LDS). Furthermore, from January to May (RS) almost no new fire scars were detected and only those from the previous years remained visible.



Considering the fire recurrence patterns, our results reinforce the marked characteristics of the Cerrado, experiencing burning cycles interspersed in one, two, or three years. However, the burned areas are usually the same, generally associated with the savannah and grassland physiognomies [4,72].



The combined mapping of all scars allows describing the general patterns of occurrence/recurrence of fire and their association with different spatial parameters, regarded as a satisfactory method to identify risky areas [73]. For example, it is possible to identify high recurrence regions in the center of Bacurizinho IL—where some of the fires gained significant media repercussion—which is an area that presented the most fire outbreaks in Brazil in 2018, as previously mentioned.



There seems to be a relation between the recurrence of burning and the region of Cana Brava IL cut by the BR 222 highway. Studies by Alvarado, Fornazari, Cóstola, Morellato and Silva [48], Argibay, Sparacino and Espindola [6], and Fonseca, et al. [74] also found such relation of high-flow highways and burning recurrence. The areas of northeastern borders of Kanela IL and southeast of Porquinhos dos Canela-Apanyekrá IL also present considerable recurrence rates. A possible explanation is that the borders of indigenous territories and environmental parks are more susceptible to ignition events because of their facilitated access to frontiers with private lands.



It is worth emphasizing that fire recurrence is a natural characteristic of the Cerrado found in different agricultural contours in the biome, such as indigenous lands [48], national parks [52], and private lands [71]. In the Cerrado of Maranhão state, the recurrence of grassland physiognomy has been demonstrated to be higher than forest areas [51].



Such recurrence is also related to the characteristics of the Cerrado vegetation, which has different levels of adaptation to fire. These areas shelter many plant species that are adapted to fire, in addition to reproduction purposes, such as seed dormancy break [4,16,72,75,76,77,78]. Natural ignitions occur especially between the end of the dry season and the start of the rainy season due to lightning strikes [76,77]. Our results suggest that most ignitions are human-induced since the burning events occurred majorly in the middle dry season—the driest period, without storms.



Another critical factor is that large-scale natural fires are sporadic in forest vegetation sensitive to fire and have no continuous grass layer [79]. These plants did not evolve with fire and had a high mortality rate when damaged by increasingly frequent human-induced fires.



Over the last 50 years, the fire regimes in the region have been particularly intensified: fires have become more frequent and concentrated at the end of the dry season (August to October) [4]. In addition, significant wildfires spread throughout the vegetation, both resistant and susceptible to fire, causing severe adverse ecological effects [5,80,81].




5. Conclusions


Our study introduced a database of burned area scars in the context of indigenous lands in the Cerrado of the Maranhão Brazilian state. The patterns identified allowed us to understand the fire regimes and the relation between fire occurrence dimensions and climate. We also presented annual and seasonal fire patterns and recurrence dynamics and discussed the different interactions among rainfall, productivity, biomass humidity, and proximity to roads, among others. Furthermore, we addressed a possible relation between fire and socio-environmental issues, especially regarding land regularization in ILs and risks to the native populations.



Our study explained the importance of monitoring fire regimes by integrating climatic variables and remote sensing techniques in the scope of the Cerrado. The integration of satellite images and meteorological data allowed us to address an essential area for biome conservation, with fine spatial resolution and landscape scale. Ecological studies on the interaction between fire and vegetation can aggregate the description of fire regimes and their consequences to biodiversity and ecosystem functioning.



We used the availability of Landsat temporal series to encompass a ten-year study with a resolution of 30 m that allowed us to identify small burned areas. The use of daily rainfall data from a local meteorological station proved a practical approach to describe year-to-year and seasonal climate heterogeneity. Studies associating fire and climatic data are of great interest, considering that climate is a major determinant of fire activity. Identifying regions with a high recurrence of fire in indigenous lands and surroundings can contribute to implementing preventive policies and management instruments to preserve local integrity and the health of residents.
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Figure 1. Location of the study area: (A) Cerrado biome in Brazil; (B) Maranhão (MA) Brazilian state; (C) indigenous lands (ILs) and the buffer area. 
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Figure 2. Yearly distribution of burned area categorized by season in the calendar year from 2008 to 2017. The rainy season’s fires occur primarily during the beginning of the rainy season after the dry season of the year labelled on the axis. 
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Figure 3. Yearly distribution of burned area from 2008 to 2017 and the linear tendency of increase. 
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Figure 4. Mapping of the yearly and seasonal distribution of fire scars inside the study area from 2008 to 2017. Areas not colored represent unburned areas during the respective year. 
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Figure 5. Burned area by month (red bars), together with mean monthly precipitation in the ILs and the surrounding areas (blue line). 
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Figure 6. Number of burn scars by month (red bars), together with mean monthly precipitation in the ILs and the surrounding areas (blue line). 
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Figure 7. Mapping of fire recurrence from 2008 to 2017 in the ILs and its surroundings. The palette of colors represents the number of times that the same area burned. White areas were never burned during this period. Landsat 5 TM, Landsat 7 ETM+ and Landsat 8 OLI images were used for the delimitation of burned areas. Spatial resolution is 30 m. 
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Table 1. Characterization of the indigenous lands (ILs) within the study area.






Table 1. Characterization of the indigenous lands (ILs) within the study area.





	
ILs Name

	
Ethnicity

	
Legal Situation

	
Modalities

	
Population

	
Area (ha)






	
Kanela

	
Canela Ramkokamekrá

	
Regularized

	
Traditionally Occupied

	
2103

	
125.577




	
Kanela Memortumré

	
Canela Ramkokamekrá

	
Delimited

	
Traditionally Occupied

	
1961

	
100.301




	
Porquinhos

	
Canela Apanyekrá

	
Regularized

	
Traditionally Occupied

	
677

	
79.410




	
Porquinhos dos Canela-Apanyekrá

	
Canela Apanyekrá

	
Declared

	
Traditionally Occupied

	
569

	
221.838




	
Bacurizinho

	
Guajajara

	
Regularized and Declared

	
Traditionally Occupied

	
3663

	
133.978




	
Urucu/Juruá

	
Guajajara

	
Regularized

	
Traditionally Occupied

	
835

	
12.751




	
Cana Brava

	
Guajajara

	
Regularized

	
Traditionally Occupied

	
4510

	
136.473




	
Lagoa Comprida

	
Guajajara

	
Regularized

	
Traditionally Occupied

	
805

	
13.245




	
Rodeador

	
Guajajara

	
Regularized

	
Dominial Land

	
126

	
2.324




	
ILs 5 km buffer

	
-

	
-

	
-

	
-

	
386.488




	
Total

	
Indigenous Population: 15.836




	
ILs area: 825.897 ha




	
Study area: 1.212.385 ha
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Table 2. Description and temporal coverage of spectral information of the different bands and sensors used.






Table 2. Description and temporal coverage of spectral information of the different bands and sensors used.





	Sensor/Satellite
	Spectral Bands

Blue, Green, Red, NIR, SWIR, and SWIR2
	Filtered Collection
	Spatial Resolution





	TM Landsat-5
	B1, B2, B3, B4, B5, and B7
	2008 to 2011
	30 m



	ETM+ Landsat-7
	B1, B2, B3, B4, B5, and B7
	2008 to 2017
	30 m



	OLI Landsat-8
	B2, B3, B4, B5, B6, and B7
	2013 to 2017
	30 m
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Table 3. Dates of beginning and end, and length of each dry season between July 2008 and June 2017. The precipitation accumulated in the rainy season is also shown.






Table 3. Dates of beginning and end, and length of each dry season between July 2008 and June 2017. The precipitation accumulated in the rainy season is also shown.





	
Dry Season




	
Year

	
Early Dry Season (EDS)

	
Middle Dry Season (MDS)

	
Late Dry Season (LDS)

	
Precipitation (Rainy Season—RS) (mm)




	
Start

	
End

	
Length (Days)

	
Start

	
End

	
Length (Days)

	
Start

	
End

	
Length (Days)






	
2008

	
12/05

	
25/05

	
14

	
26/05

	
18/10

	
146

	
19/10

	
12/12

	
55

	
1084




	
2009

	
21/05

	
12/06

	
23

	
13/06

	
22/08

	
71

	
23/08

	
08/12

	
108

	
1396




	
2010

	
20/04

	
15/07

	
87

	
16/07

	
23/10

	
100

	
24/10

	
12/12

	
50

	
829




	
2011

	
21/05

	
09/07

	
50

	
10/07

	
30/09

	
83

	
01/10

	
17/10

	
17

	
1239




	
2012

	
26/03

	
21/07

	
118

	
22/07

	
14/10

	
85

	
15/10

	
03/12

	
50

	
792




	
2013

	
26/05

	
20/07

	
56

	
21/07

	
06/10

	
78

	
07/10

	
28/10

	
22

	
728




	
2014

	
-

	
-

	
0

	
26/05

	
23/09

	
121

	
24/09

	
18/01

	
117

	
1179




	
2015

	
14/04

	
06/06

	
54

	
07/06

	
19/10

	
135

	
20/10

	
30/12

	
72

	
549




	
2016

	
17/05

	
11/06

	
26

	
12/06

	
16/09

	
97

	
17/09

	
17/12

	
92

	
611




	
2017

	
03/05

	
12/06

	
41

	
13/06

	
30/10

	
140

	
-

	
-

	
0

	
830
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Table 4. Area burned in hectares (ha) categorized by climatic season.






Table 4. Area burned in hectares (ha) categorized by climatic season.





	
Year

	
Dry Season

	
Rainy Season

	
Total (ha)




	
EDS

	
MDS

	
LDS






	
2008

	
8

	
110,001

	
19,423

	
1996

	
131,428




	
2009

	
18

	
84,435

	
72,742

	
3578

	
160,773




	
2010

	
37,631

	
232,146

	
16,915

	
145

	
286,837




	
2011

	
5037

	
135,980

	
0

	
274

	
141,291




	
2012

	
4248

	
298,826

	
8326

	
0

	
311,400




	
2013

	
620

	
108,770

	
1678

	
4553

	
115,621




	
2014

	
0

	
149,371

	
25,879

	
6

	
175,256




	
2015

	
0

	
199,320

	
23,906

	
7

	
223,233




	
2016

	
10

	
95,709

	
104,379

	
3239

	
203,337




	
2017

	
0

	
522,872

	
0

	
17,514

	
540,386




	
Burned Area (ha)

	
47,572

	
1,937,430

	
273,248

	
31,312

	
2,289,562
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