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Abstract:

 Fires modify the structure of vegetation communities, the carbon and water cycles, the soil’s chemistry, and affect the climate system. Within this context, this work aimed to understand the distribution patterns of burned areas in Brazil, during the period of 2002 to 2010, taking into consideration each one of the six Brazilian biomes (Amazon, Caatinga, Cerrado, Atlantic Forest, Pampa and Pantanal) and the respective major land cover classes. Data from the MODIS MCD45A1 product (burned area), as well as thermal anomalies (MOD14 and MYD14) and precipitation (TRMM), were analyzed according to the 2002 Brazilian official land cover and land use map (PROBIO). The Brazilian savanna biome, known as Cerrado, presented the largest concentration of burned areas detected by MODIS (73%), followed by the Amazon (14%), Pantanal (6%), Atlantic Forest (4%), Caatinga (3%), and Pampa (0,06%) biomes. Indeed, in the years of 2007 and 2010, 90% and 92% of Brazil’s burned areas were concentrated in the Cerrado and Amazon biomes, respectively. TRMM data indicated that during these two years there was a significant influence of La Niña, causing low rainfall in the Amazon, Cerrado, Caatinga, and Atlantic Forest biomes. Regarding the land cover classes, approximately 81% of the burned areas occurred over remnant vegetation areas. Although no unequivocal correlation can be established between burned areas and new land conversions, the conspicuous concentration of fire scars, particularly in Amazon–Cerrado transition (i.e., the Arc of Deforestation) is certainly not a simple coincidence. Such patterns and trends corroborate the need of improved territorial governance, in addition to the implementation of systematic fire warning and preventive systems.
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1. Introduction

Fires, generally of anthropogenic origin, affect the distribution of global ecosystems by modifying the structure of vegetation communities and interfering with the reproduction and survival mechanisms of living species. Moreover, burns disturb the soil’s chemistry, the carbon and water cycles, as well as the climate system through the release of greenhouse gases [1,2]. According to van der Werf et al. [3] and Bowman et al. [4], during the period of 1997 to 2001, about two thirds of the emitted atmospheric CO2 and aerosols anomalies can be attributed to the increase in fire activity during the 1997 and 1998 El Nino years.

The rise of these gases, particularly CO2, can induce stomatal closure, decreasing the transpiration of the canopy and the latent heat flow of the landscape [5]. Also, the increase in the concentration of aerosols from fires reduces the amount of solar radiation that reaches the surface, in a process called solar-dimming, reducing pan evaporation [6]. Indeed, the release of black carbon aerosols from biomass burning is the second most important factor impacting the climate system, as the increase in black carbon aerosols disturbs the atmospheric vertical wind circulation and hinders the formation of clouds, subsequently decreasing rainfall [7,8]. In addition, fires, by inducing changes in the land cover and leaf area, cause both a reduction in the canopy evaporation and transpiration, as well as an increase in the soil evaporation, as a result of the greater incidence of sunlight.

The factors controlling the occurrence and spread of fire are high temperatures, which trigger a greater degree of evapotranspiration and, in turn, reduces the moisture content of vegetation, the duration of the dry season, which determines the amount of fuel to be used, as well as the burning perimeter, the frequency of lightning, and high winds that prompt abrupt shifts in fire direction and speed [1]. On the other hand, anthropogenic related variables, such as land tenure structure, land use and management, and road network density, while significantly contributing to fire incidence, also impose, via landscape fragmentation and grazing intensity, constraints to its spreading [9]. The integrated knowledge of these factors is of fundamental importance for the development of warning systems to prevent large fires from spreading to rural and urban areas, where biomass burning pose great health risks, such as the development of ophthalmic, dermatological, heart, and lung conditions [10–17].

Between 2001 and 2002, the total estimated global burned area was 3.7 million km2 [18]. South America responded to at least 172,000 km2 [18,19], i.e., 5% of the total burned area, from which, 63% were concentrated in Brazil [20]. The concentration of fires in South America, as well as in Africa and Australia (1.4 million km2 between 2001–2002), is associated with their vast savanna ecosystems [2], characterized by long dry seasons, high temperatures, and low precipitation. In contrast, the diversity and size of plant species found in tropical forests, as well as its shorter dry period, tend to reduce fire frequency and spread [21–23].

Among the six Brazilian biomes (Cerrado, Amazon, Atlantic Forest, Pantanal, Caatinga, and the Pampas), the Cerrado, a humid savanna with an average annual rainfall ranging from 800 to 2000 mm [24,25], is the most adapted to fires. In fact, germination and flourishing of many endemic species, and soil nutrients recycling, depend on the occurrence of natural fires [26,27]. However, the continued slash-and-burn practices, through high temperature fires in order to open new areas for agriculture and pasture, also leads to the loss of nutrients, soil compaction and erosion, and loss of flora and fauna [28,29].

In this study, based on moderate resolution satellite data encompassing the 2002–2010 period, we investigated, as a preliminary and exploratory approach, the overall temporal and spatial distribution patterns of burned areas in the entire Brazilian territory, according to its major land cover types.



2. Experimental Design

This study, at the biome scale, and in agreement with the limits proposed by the Brazilian Institute of Geography and Statistics (IBGE) and the Ministry of the Environment (MMA), mainly relies on the map of natural vegetation coverage and land usage (PROBIO) (Conservation and Sustainable Use of Brazilian Biological Diversity Project—shapefiles and Landsat images freely available at: http://mapas.mma.gov.br/mapas/aplic/probio/datadownload.htm), based on the classification and visual interpretation of 450 Landsat—ETM scenes from 2002 [30], and on burned area data obtained from the MODIS MCD45A1 product (collection 5), which is freely available through REVERB ( http://reverb.echo.nasa.gov/reverb), with a spatial resolution of 500 m and temporal resolution of 30 days [18,31,32]. Using the MRT tool (MODIS Reprojection Tools) [33], all the images acquired for Brazil between 2002 and 2010 were converted to GeoTIFF format, re-projected to geographic coordinates, and mosaicked.

Among the eight MCD45A1 sub-products, in our analysis, we specifically selected the Burn Date images, screened on a pixel basis according to the burned area quality assurance flags, so that only highly reliable observations were considered. Regarding the MCD45A1 validation, Boschetti et al. [34] confirmed it to be highly accurate relative to the data generated under the EFFIS (The European Forest Fires Information Service), as both products mapped a common area of 2,429 km2, which represents 83% and 89% of the total burned area, respectively (i.e., MCD45A1 2,927 km2 and EFFIS 2,722 km2). In another study [35], the MCD451A presented a more accurate mapping of smaller fragments of burn scars compared to the L3JRC products (Developed in collaboration between the University of Leicester, UK, Université Catholique de Louvain, Belgium, the Institute of Tropical Research, Portugal, and the Joint Research Centre of the European Commission, Italy) and GlobCarbon (Burned area product developed by the European Space Agency-ESA), due to factors such as more precise calibration and geolocation, improved atmospheric correction and cloud masking, and a higher spatial resolution.

Based on the intersection of the MCD45A1 burn scars with the limits of each biome (Amazon, Caatinga, Cerrado, Atlantic Forest, Pampa, and Pantanal), it was possible to quantify the proportion of burned area between 2002 and 2010, in relation to the respective land cover and land use classes (Figure 1).

Figure 1. Spatial distribution of the total burned area (2002–2010) within the six Brazilian biomes, relative to the major land cover and land use classes (PROBIO) (Arc of deforestation limits provided by the Brazilian Environmental Agency (IBAMA)).
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At each biome, the PROBIO natural vegetation physiognomies were grouped into a single class, designated remnant vegetation (Figure 1). Concerning the converted areas, three classes were considered: agriculture, pasture, and others (urban perimeter, reforestation, mining areas, and water)(Arc of deforestation limits provided by the Brazilian Environmental Agency (IBAMA)).

For comparative purposes, concurrently with the MCD45A1 data analysis, we also evaluated, relative to the biome limits and for the 2002–2010 period, the (collection 5) MOD14 and MYD14 fire hotspots, based on the Terra (10:30 and 22:30 overpasses) and Aqua (13:30 and 01:30 overpasses) MODIS data (Data available for download through the CPTEC-INPE (Center of Weather Forecast and Climatic Studies): http://www.dpi.inpe.br/proarco/bdqueimadas/). The daily active fire product (i.e., MOD14 and MYD14 hotspots), at 1 km spatial resolution, is based on the brightness temperatures derived from bands 21 (centered at 3.9 μm) and 22 (centered at 11 μm), which saturate at approximately 500 K and 331 K, respectively [36]. False fire detections are screened with the use of the optical red (centered at 0.65 μm) and near infrared (centered at 0.86 μm) MODIS bands, resampled to 1 km [31,36].

As the amount of precipitation during the year, which determines the humidity deficit of the fuel material, especially during the dry season, plays a key role in understanding the intensity and extension of burned areas, TRMM (Tropical Rainfall Measurement Mission) monthly precipitation, with spatial resolution of 25 km (0.25°), was also included in the analysis [37,38].

Precipitation anomaly curves, according to the Armenteras-Pascual et al. [39] parameters, were derived as follow:
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(1)




where positive anomaly values indicate years with above average rainfall for the period, while negative anomaly values indicate years with rainfall below the average for the period.
All the methodological procedures involved in this study, including data acquisition, processing, sampling, and analysis are detailed in the flowchart shown in Figure 2.

Figure 2. Schematic flowchart depicting the main steps and approaches followed in this study.
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3. Results and Discussion

The total burned area, by period and for each biome, is shown in Table 1 and Figure 3. For all the years considered, it is interesting to observe the concentration of burned areas in the Cerrado biome, was nearly 73%, followed by the Amazon biome (14%), and Pantanal (6%). In relation to the Pampa and Altantic Forest biomes, the incidence of fires is significantly less, considering the greater precipitation regime throughout the year and the predominance of wet grasslands and arboreal canopies.

Figure 3. Distribution of the burned areas in the Brazilian biomes, between 2002 and 2010.
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Table 1. Annual extension of the total burned area (in 1,000 km2) in the Brazilian territory (biomes) for the 2002–2010 period.


	Biomes
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	Total





	Amazon
	10
	8
	11
	13
	6
	25
	6
	2
	27
	108



	Caatinga
	1
	1
	1
	2
	0.6
	5
	1
	0.4
	4
	17



	Cerrado
	60
	32
	47
	47
	28
	129
	46
	11
	147
	545



	Atlantic Forest
	3
	5
	3
	2
	2
	4
	2
	1
	5
	27



	Pampa
	0.3
	0.7
	0.4
	0.2
	0.2
	0.5
	0.2
	0.3
	0.4
	3



	Pantanal
	8
	1
	6
	14
	1
	8
	2
	2
	6
	48



	Total
	82
	48
	69
	78
	38
	170
	57
	17
	189
	748








Similarly, in the Caatinga, burnings are less pronounced (∼3%), considering the rather irregular extensive dry period, and the litter material being less susceptible to complete combustion in fires of less intensity [23,40].

It is worth noting (Table 1 and Figure 3) the increase in burned area, particularly in the Cerrado and Amazon, in the years of 2007 and 2010. In fact, in these two years, characterized by strong La Niña events [41], these biomes concentrated 90% and 92% of the total burned area in Brazil, respectively, as well as 87% of the total burned area in Brazil during the whole period considered in our analysis. Another relevant point that draws attention in Table 1 is the comparatively much lower figures, across biomes, in 2009, which demands further investigation concerning both sensor overall performance and specific MCD45A1 related issues, as well as local circumstances and peculiarities.

Although the Cerrado biome, between 2002 and 2010, presented, at every year, the largest burned area (Figure 3), the Amazon showed the highest record of hotspots in its domain, followed by the Cerrado (Figure 4). Interestingly, while in the Cerrado the distribution pattern of these hotspots tends to closely follow that observed for the burned areas, in the Amazon, the amount of hotspots and burned areas describe opposite trends (Figures 3 and 4), i.e., in 2009, the year with the smallest burned area (1,931 km2), the recorded hotspots were 30% larger than those observed in 2010, the year with the largest burned area (27,251 km2).

Figure 4. Distribution of thermal anomalies (fire hotspots) in the Brazilian biomes, between 2002 and 2010.
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In part, these differences in behavior reflect a lower accuracy of the MCD45A1 in dense vegetation areas, like in the Amazon region [42], where omission errors are more likely to occur due to the interference of clouds and plumes (optical depth), accidental fires with low chance of propagation, obscuration of fires by the overstory vegetation, and the average size of burns, usually smaller than the spatial resolution of the sensor (500 m) [18]. Likewise, the MOD14, though very effective in the discrimination of fires with different intensities, is also subject to omission errors, as in the case of fires not coincident with the satellite overpass or too small to be detectable, and limited regarding area determination [43,44]. Nevertheless, in the Arc of Deforestation, marked by severe fire activity, thermal anomalies detections are twofold higher than anywhere in the world [43]. This accentuated fire intensity, along the Amazon–Cerrado transition, is clearly seen in both the MCD45A1 and MOD14/MYD14 products (Figure 5).

Figure 5. (A) Total burned area (MCD45A1); and (B) fire hotspots (MOD14 and MYD14), between 2002 and 2010, according to the Brazilian municipalities.
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According to the World Meteorological Organization (WMO) data, the 2001–2010 decade was the hottest, globally, since 1850 (beginning of the temperature records), and the year 2010, with temperatures much above the average in the north region of South America, was the second hottest year since 1998. Likewise, for the years of 2007 and 2010, the effects of La Niña were stronger than those presented by El Niño, mainly in August [41]. Data from CPTEC–INPE also shows that the 2004–2005 and 2006–2007 periods had the weakest El Niño events, not significantly contributing to the occurrence of severe droughts, which are one of the drivers of fire. Nevertheless, August 2007 marked the beginning of a strong La Niña event, during the 2007–2008 period (Figure 6).

Figure 6. Distribution of El Niño and La Niña events between 2002 and 2010 (ENSO = El Niño Southern Oscillation). Source: NOAA [45]
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In relation to the precipitation for the 2003, 2007, and 2010 years, the Amazon, Cerrado, Caatinga, and Atlantic Forest biomes presented a lower annual mean relative to both the previous year and to the total period. For the Cerrado, the year of 2007 was, on average, 32 mm drier than 2006, and had the strongest negative anomaly (−1.13 mm) (Figure 7), while 2010 showed a mean annual precipitation 29 mm less than 2009, and had the second strongest negative anomaly (−0.51 mm). In this same year, the Amazon had a negative anomaly of −0.41 mm.

Figure 7. Annual mean precipitation anomalies (2002 to 2010) in the Brazilian biomes.
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According to [46], negative anomalies of monthly precipitation during a La Niña event are observed mostly in the Southeastern, Central-Western, and in the Northeastern (Southern portion) regions of the country, particularly in the months of January and February. Though the effects of the El Niño and La Niña phenomenon tend to be less pronounced in the Cerrado biome, the precipitation increase in the months of January and February 2010, related to an El Niño, followed by a La Nina event started in March, caused both a substantial increment in biomass, as well as a prolonged and more intensive than usual dry season. These conditions, favoring abundant fuel and propagation, induced burns of great proportions in 2010.

Regarding the concentration of burned areas in the year 2005 in the Amazon biome, this was the result of high SST (sea surface temperatures) in the North Atlantic, in both 2005 and 2010, which reduced the moist air masses in the Amazon [47–49]. As a matter of fact, the drought of 2010 in the Amazon was spatially more extensive, and more severe, than in 2005, with two epicenters, one in the southwestern region of the Amazon, and the other in the state of Mato Grosso, in its Central-Western portion [49].

Fires in the Brazilian territory show a period of greater intensification, particularly in the Cerrado, during the months of July, August, and September. The period between May and September in the Cerrado records the lowest values of relative air humidity due to a drastic drop in rainfall, elevation of the relative air temperature, and the increase in the amount of incident solar radiation throughout the day. These favorable environmental conditions, in conjunction with a larger amount of thin combustible material (grasses and leaves, alive or dead, and thin branches, with diameter around 6 mm) available in the environment, both from the herbaceous layer and from exotic species (e.g., Brachiaria Decumbens), promotes the occurrence of fires (Figure 8) [50].

Figure 8. Distribution of monthly mean precipitation (2002 to 2010) in the Brazilian biomes (TRMM data).
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As depicted in Figure 8, a clear similarity in the distribution of mean monthly precipitation (mm) throughout the year is observed between the Cerrado and Pantanal biomes, with the largest occurrences of precipitation concentrated in the November to March period, due to the increased activity of the Continental Equatorial (cE) air mass, which is composed of moist air masses with high temperatures that cause abundant rainfall in the summer. However, in the winter, the cE air mass retreats to the northern region of the Amazon, along with the Intertropical Convergence Zone (ITCZ), resulting in the drop of both temperature and moisture content [51,52].


3.1. Burned Areas & Land Cover Classes

As suggested in Figure 9, during the nine years investigated, and according to the PROBIO data, the remnant vegetation cover was the most affected by burns (∼81%), while only 19% of the burned areas were directly associated with land already in use, especially in the Cerrado and Amazon regions, with the purpose of agriculture management, reclaiming of abandoned land, or the consolidation of occupation frontiers [16,53–60].

Figure 9. Distribution and proportion of burned areas in the Brazilian territory, between 2002 and 2010, according to the remnant vegetation and major land use classes.
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Although no unequivocal relationship can be established between burned areas and new land conversions, the conspicuous concentration of burns in the Arc of Deforestation and in the Cerrado northeastern portion should not be taken as a simple coincidence (Figures 1 and 5). In these two most prominent agricultural frontiers, in addition to recurrent and naturally occurring fires, human induced burning, strengthened by peculiar climatic circumstances, certainly plays a major role and accounts, directly or indirectly, for most of the fire-affected area.

Specifically, approximately 80% of the total annual burned area in the Cerrado, Caatinga, and Pantanal occurs in landscapes dominated by remnant vegetation. In the case of the Caatinga (Figure 10(B)), the low incidence of fires in anthropic areas is mainly due to the intermittent and scattered character of its cattle ranching activity. In the Pantanal (Figure 10(D)), though cattle ranching is prominent, the dominance of moist and green grasslands, coupled with management practices less dependent on fire, help to explain the concentration of burns over remnant vegetation areas, especially among the savanna physiognomies undergoing conversion.

Figure 10. Distribution of burned areas (%), according to the major land cover classes, in the six Brazilian biomes (2002 to 2010): (A) Pampa; (B) Caatinga; (C) Atlantic Forest; (D) Pantanal; (E) Amazon, and (F) Cerrado.
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In the Cerrado, the main agricultural frontier of the country, the prevalence of fires over remnant vegetation is associated with the still very active and significant clearings [61–64], although the intensity and spreading of fires, over both natural and converted areas, are also dependent on the severity of the climatic events, as previously discussed. In fact, the occurrence of fires in the Cerrado is highly seasonal. During October to April (wet season), there is a substantial increase in the amount of biomass, while in the dry season (May to September), the biomass becomes highly flammable and susceptible to a rapid spread of fire over great extensions of natural vegetation. Nevertheless, it is important to emphasize that 2010, the year with the largest detection of fire scars in the Cerrado, had 19,121 km2 of burned areas over pastures and 11,315 km2 over agriculture, corresponding to 10% and 6% of the total burned areas in the country in that year, respectively (Figure 10(F)).

Significant areas of pastures (>20%) are also annually burned in the Amazon, Pampa, and Atlantic Forest (Figure 10). In the Pampa (Figure 10(A)), which is characterized by extensive grazing over natural and cultivated pastures, from 2005 on, the total burned area over both pastures and remnant vegetation tended to become closer, with the exception of 2010, which had the largest burned area over pastures (45.6%).

In the Amazon (Figure 10(E)), a large amount of fires serves the purpose of recovering old pastures taken by invading species and secondary growth [56,57,65,66]. Indeed, pasture management in Amazon is the main cause behind the spread of fire to primary and secondary forests, particularly near areas already converted for human activities, where reduced and discontinued vegetation canopy allow for more sunlight to reach the forest floor, consequently increasing the amount of dry biomass and the forest flammability [67]. In Figure 10e it is also interesting to note the symmetric and complementary pattern of burned areas over pasture and remnant vegetation, suggesting that years of intensive pasture use correspond to lower pressure over the natural vegetation. Such trends and patterns take place mostly at the transition zone with the Cerrado biome (i.e., the Arc of Deforestation), characterized by intense anthropic occupation [48,68–73].

In relation to the Atlantic Forest (Figure 9(c)), it is noteworthy the well distributed occurrence of burned areas over the remnant vegetation (35% or 9,617 km2), pastures (25% or 6,651 km2), and agricultural fields (39% or 10,553 km2), as the sugarcane plantations, mostly found in this biome, still use fire to assist in the harvest [17,74–76]. It should be emphasized, however, that these numbers do not reflect the real magnitude of the agricultural area subject to fires in the Atlantic Forest domains, as the spatial resolution of the MCD45A1 product is often too coarse to capture the mean patch size and fragmentation of the cultivated fields, and large omission errors are also likely to occur due to the prevalent cloudy conditions in April, when most of the harvest begins. Indeed, only in the State of São Paulo, around 20,000 km2 of sugarcane plantations are submitted to the straw burning practice every harvesting season [77,78]. Based on an agreement between the government of São Paulo and the Sugarcane Industry (UNICA), supported by the state legislation N° 11.241/2002, the expectation is that, as of 2017, all sugarcane harvesting will be mechanized, which should significantly contribute to reduce fires in the Atlantic Forest [76].




4. Concluding Remarks

In this study, based on the use of the MODIS MCD45A1 product, we investigated the spatial and temporal distribution patterns of burned areas in Brazil, according to its six main ecological regions. Overall, between 2002 and 2010, approximately 73% of the burned areas occurred in the Cerrado biome, followed by 15% in the Amazon region, 6% in the Pantanal, 4% in the Altantic Forest, 0.4% in the Pampa, and 2% in the Caatinga. Concerning the thermal anomalies (hotspots), 49% and 33% of them, for the total period considered, were detected in the Amazon and Cerrado, respectively. Despite the observed discrepancies between the MOD14/MYD14 and MCD45A1, regarding the relative concentration of fire scars and hotspots, both products were able to clearly depict the severe fire activity along the Amazon–Cerrado transition, an area of intensive land-use and land-cover change known as Arc of Deforestation.

Regarding the main land cover types (based on the 2002 PROBIO map), with the exception of the Atlantic Forest, which is, proportionally, the most converted biome in Brazil, fire scars, for the period investigated, occurred predominately over remnant vegetation (81%) and, to a less extent, over pastures (11%). Although caution is definitely required when attempting to interpret these figures, due to both data constraints and to the fact that no unequivocal correlation can be established between burned areas and new land conversions, they do suggest that fire, regardless of its serious environmental impact, is still an important instrument for the occupation of new areas, as well as for the management and clearing of pastures.

The evaluation, in a systematic and preventive manner, of the vulnerability of the distinct landscapes to the occurrence of fires is a critical issue in Brazil. To this end, the combined use of different remote sensing products is instrumental. While different studies show the ability of the MCD45A1 product for detecting burned areas at landscape scale, the use of other satellite data, such as precipitation (e.g., TRMM) and evapotranspiration (e.g., MOD16), associated with vegetation indices (e.g., MOD13), certainly can contribute in modeling susceptible areas based on biomass availability under favorable climatic conditions.
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