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The Pantanal natural region in South America is the largest wetland worldwide. Due to floods and a diverse lithology, this wetland area exhibits high plant and animal biodiversity levels and encompasses more than 185,000 km2. In 2020, the Pantanal experienced the worst recorded fire episode in history. Hundreds of thousands of hectares burned, threatening habitats and corresponding ecosystem functions. The fire reached regions never burned before, including national conservation units. Although federal authorities have blamed climate change and cultural indigenous practices, environmentalists, scientists, and non-governmental organizations have questioned this foregone conclusion. To better understand this historical event, we examined the burn severity in conservation units most affected by fire and the association with human and climate factors (represented by the fire occurrence distance to roads/waterways/railways and drought severity, respectively) and analyzed fire spatial patterns and durations. Via a comparison of these two factors, we demonstrated that 60% of the fire outbreaks was concentrated at distances less than 5 km from roads, waterways, and railways and that 80% was concentrated at distances less than 10 km from areas with human activities. Since values of the SPEI (drought index) < −2.6 were critical to the spread of fire, a combination of more favorable climate conditions enabled the rapid and irreversible spread of fire. The observed association between fire occurrence and distance to roads makes the ongoing plans for road expansion of great concern, considering the 2020 fire episode, which greatly affected natural vegetation and conservation units across the Pantanal. The determination of trends in fire hot spot regions in the Pantanal can help environmental surveillance and fire control.
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INTRODUCTION
Wetlands are one of the most important ecosystems in the world. Inland wetlands cover at least 9.5 million km2 (i.e. about 6.5% of the Earth’s land surface), Their ecological services provide an annual monetary value estimated at $4,879 × 109, or ∼981 to 44,597$/ha/year, which includes food production (cattle farming, agriculture, and fishing), recreation (recreative fishing and contemplative ecotourism), climate regulation (storage and sequestration of carbon), water supply and purification, sediment and nutrient retention, and habitat/refugia for biodiversity (Costanza et al., 1997; Russi et al., 2013).
The Pantanal is the largest wetland globally. This wetland is located at the centre of South America in western Brazil’s upper Paraguay River basin (Figure 1). The ecological and economic importance of preserving the Pantanal is unquestionable. Ecological services and economic activities are linked, and both activities depend on ecosystem functioning. A modelling study demonstrated that a notable increase in native vegetation loss in the Pantanal could increase soil erosion and sediment production and affect soil nutrient cycling, resulting in substantial negative impacts on not only biodiversity but also several economic activities, including agriculture and livestock (Guerra et al., 2020a). Hence, preservation policies are necessary.
[image: Figure 1]FIGURE 1 | Map of the study area. (A) Location of the Brazilian Pantanal (blue rectangle) and 2020 fire distribution in South America. (B) Detailed map of the Brazilian Pantanal indicating the main conservation units affected by the 2020 wildfires.
In 1998, the Brazilian government ratified the Convention on Biological Diversity of the United Nations, which established the goal of protecting 10% of the Pantanal’s territory by 2010 by creating or expanding conservation units (Convention on Biological diversity, 2004). In 2000, the Pantanal was designated a World Heritage Site by the United Nations Education, Scientific, and Cultural Organization (UNESCO). However, currently, only 5.37% of the Pantanal’s territory is protected as conservation units (Chaves and Silva, 2018). Ranching and farming have spread across wetlands, resulting in deforestation and road expansion (Seidl et al., 2001). Furthermore, large infrastructure projects are currently under discussion or in the implementation phase in the Pantanal watershed, including 113 hydroelectric power plants (in the highlands of the upper Paraguay River basin), Paraguay River Waterway (Hydrovia), transoceanic roads, a railway and expansion of the Transpantaneira Highway (MT—060) (Tomas et al., 2019).
In addition to the expansion of human activities, the Pantanal ecosystem is threatened by climate change. Current predictive climate models indicate a progressive increase in the frequency of extreme events (e.g., extreme rainfall and extended droughts) (Marengo et al., 2015). By the end of the 21st century, annual mean warming ranging from 5 to 7 °C and a 30% reduction in precipitation are expected (Marengo et al., 2015). These climate changes can affect Pantanal ecosystem functioning, thereby amplifying and worsening the impact of human activities, including the spread of fire. In general, natural wildfires are part of ecosystem functioning and exert positive impacts on vegetation regeneration and nutrient cycling (Coutinho, 1990). However, human-induced fires occur in regions not adapted to fire and during periods of the year that fires would not naturally occur, leading to rapid fire spread and negative impacts (e.g., high emissions of greenhouse gases, damage to soil fertility, destruction of habitats and reduction in biodiversity).
Considering the timeline of human occupation within the region, data obtained at the Pontes e Lacerda site in the State of Mato Grosso, back to 7.5 kyr BP (Gouveia et al., 2002), reveal that small amounts of microcharcoal records considerably occurred, mostly indicating a near-zero flux, with a maximum value of 9.3–11.3 g of charcoal/10 kg of soil from approximately 2–3 kyr BP. This suggests that few fires occurred in the Pantanal in the past. Modern human activity in the region has altered local fire culture. The few well-dated regional sediment records north of the Pantanal region in the Mato Grosso State at the Alta Floresta site demonstrate that microcharcoal fluxes increased just after modern human colonization, i.e., after the mid-1970s (Cordeiro et al., 2014).
In 2020, the worst wildfire crisis occurred in the history of the Pantanal. This fire burned preserved habitats, including important conservation units. It is estimated that at least ∼17 million vertebrates were killed immediately by the fires in the Pantanal, as a consequence of the impact of such an event in the wetland (Tomas et al., 2021). From January 1 to December 27, the Brazilian National Institute for Space Research (INPE) (INPE - Instituto Nacional de Pesquisas Espaciais, 2021) detected 22,099 fire outbreaks across the Pantanal, 120% more than during the same period in 2019 and 270% more than the historical average from 2000–2019. These observations motivated a large debate in social, political and scientific layers concerning the unusual dry, hot weather conditions that had fueled the event, the role of lightining (Menezes et al., 2022) and the potential impact of human activities. Until now, it is not conclusive the effective role of recent heat waves that broke out during the 2020 climate extreme conditions (Libonati et al., 2022) and the human impact over the sensitivity of the Pantanal ecosystems to fire (Kumar et al., 2022). Although previous studies have well described the climate conditions prevalent during the 2020 severe drought period in the Pantanal (Marengo et al., 2021; Kumar et al., 2022; Libonati et al., 2022; Menezes et al., 2022), the cause of the 2020 fire event is not fully understood. In this work we explore the human activity component as a potential player to initiate/exacerbate the 2020 fire crisis in the Pantanal.
The objectives of this study are 1) to assess the expansion and severity of the 2020 wildfire in conservation units most affected by fire (northern/central-western part of the Pantanal), 2) to determine whether the wildfire crisis was caused by human activity or climate change and 3) to identify high-priority regions for fire management by analysing the spatial-temporal trend pattern.
MATERIALS AND METHODS
Spatial Distribution of the Fire Outbreaks
We employed the fire database of the Brazilian Institute for Space Research (INPE; source: https://queimadas.dgi.inpe.br/queimadas/bdqueimadas) (INPE - Instituto Nacional de Pesquisas Espaciais, 2021) (which uses the collection six MODIS active fire detection algorithm (Giglio et al., 2016)) to assess the spatial distribution of fire outbreaks during the 2020 fire season (August-September-October) and compared the distribution to historical mean fire outbreaks in the Pantanal (data from 2000–2019). The INPE and NASA fires counts are indicators of the occurrence of fire in vegetation and allow temporal and spatial comparisons. however, they should not be considered as an absolute measure of the occurrence of fire. Some conditions prevent or greatly impact the detection of fires (e.g., Fire fronts with less than 30 m; Fire only on the floor of a dense forest, without affecting the canopy of the trees; Clouds covering the region; and short duration fire, occurring between the time of available images). For MODIS active fire, validation works indicate that the average error is ∼400 m, about 80% of the active fires are within a radius of 0.1 km from the indicated coordinates (Schroeder et al., 2008). The use of active fires has the advantage of detecting the daily location of fire, which can also indicate the local where the fire started. We created a 5x5-kilometre grid for the whole Pantanal and counted the number of fire outbreaks detected by the reference satellite in each grid. Fire outbreak maps were constructed in ArcGIS 10.6 software.
Remote Sensing of the Burn Severity in Conservation Units
We obtained Sentinel-2 Multispectral Instrument (MSI) images, with a spatial resolution of 10–20 m, to measure the extension and severity of fires in Pantanal conservation units the most damaged by fire, located in the northern/central-western part of the Pantanal. Sentinel two MSI images were retrieved from the European Space Agency (ESA) Copernicus Data Hub (https://scihub.copernicus.eu/dhus/#/home). Level 2 surface reflectance was considered, ensuring a correction of the atmospheric effect, terrain, view zenith angle, and solar angle. Pairs of acquisition dates were chosen to provide the best estimate of pre- and postfire conditions, minimizing differences in vegetation phenology and weather conditions. Cloud free images were used. Due to the extension of the area analysed and the need for cloud-free images, different acquisition dates were considered to build a mosaic (totalling four images) representing the pre- and postfire periods. All image processing was performed in Sentinel Application Program (SNAP) software. Table 1 lists the pairs of acquisition dates.
TABLE 1 | Sentinel 2 (MSI) images used in remote sensing estimation of the burn severity.
[image: Table 1]The burn severity was calculated based on the difference normalized burn ratio index (dNBR). The dNBR is a spectral index used for measuring and classifying the burn severity, achieving a high agreement with field measurements (Parks et al., 2014; Saulino et al., 2020). The dNBR is the difference between the normalized burn ratio index (NBR) for pre- and postfire images. The NBR can be calculated with Equation (1).
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where NIR is the near-infrared wavelength and SWIR2 is the shortwave infrared wavelength of the MSI, which corresponds to band 8 (0.76–0.90 µm) and band 12 (2.07–2.32 µm), respectively. The dNBR was calculated by subtracting the postfire NBR from the prefire NBR (Equation 2).
[image: image]
The classification of the burn severity level was based on the dNBR values according to the United States Geological Survey (USGS) Fire Effects Monitoring and Inventory Protocol (FireMON) programme (Lutes et al., 2006), as listed in Table 2.
TABLE 2 | Burn severity level classification, as proposed by the USGS (Bush et al., 2008).
[image: Table 2]2020 Climate Data
We used the standardized precipitation and evaporation index (SPEI) as a quantitative index to quantify the intensity of drought episodes in the Pantanal and compared the intensity of drought episodes to the interannual variability in fires. The SPEI is based on precipitation and temperature data, and this index yields the advantage of combining multiscalar characteristics with the capacity to include temperature variability effects in drought assessment. The procedure to calculate the index is detailed in Vincent-Serrano et al. (2010) (Vicente-Serrano et al., 2010) and involves a climatic water balance, the accumulation of a deficit/surplus at different time scales, and an adjustment into a log-logistic probability distribution. The SPEI combines the sensitivity of the well-known Palmer drought severity index (PDSI) to changes in the evapotranspiration demand (caused by temperature variability and trends) with the multitemporal nature of the standardized precipitation index (SPI). It has been pointed as more useful for climate change studies than PDSI and SPI (Lutes et al., 2006). Data were obtained from the SPEI global drought monitoring web page (https://spei.csic.es/map/maps.html#months=1#month=2#year=2021), and the data exhibited a 0.5°spatial resolution and a monthly time resolution. Interannual/monthly time series (spanning the period from January 1970 to December 2020) were extracted for the whole Pantanal Biome using ArcGIS version 10.6. We compared the SPEI time series to local hydrological and climatological parameters. Time series of the annual water discharge from the Ladário station (spanning 1945–2020) and Carcere station (spanning 1970–2018) in the southern and northern Pantanal (Paraguay River), respectively, were obtained from the Brazilian National Water Agency (ANA—Agência Nacional de Águas). Time series of the annual/monthly precipitation (spanning 2002–2020) was obtained as average data over nine precipitation stations in the Paraguay River basin. Data on water discharge and precipitation were obtained from the ANA web platform (http://www.snirh.gov.br/hidroweb/apresentacao).
Spatial Analysis of the Fire Outbreaks
Average nearest neighbour (ANN) analysis (Clark and Evans, 1954), implemented in ArcGIS version 10.6, was performed to assess the spatial distribution of the fire outbreaks. Average nearest neighbour analysis measures the distance between each data location (in our case, the location of the fire outbreaks) and the nearest neighbour location. Then, all these nearest neighbour distances are averaged. The average nearest neighbour ratio is calculated as the observed average distance divided by the expected average distance (with the expected average distance based on a hypothetical random distribution with the same number of features covering the same total area). If the index (average nearest neighbour ratio) is lower than 1, the pattern exhibits clustering. If the index is higher than 1, the trend indicates dispersion. The Z test was applied to indicate whether the observed average nearest neighbour distance is significantly different from the mean random distance.
The Euclidian distance between each fire outbreak and roads/waterways/railways was calculated in ArcGIS version 10.6. We also matched the spatial location of each fire outbreak and the corresponding drought index (SPEI) value. Roads data are from the Brazilian Institute of Geography and Statistics (IBGE) (source: https://www.ibge.gov.br/geociencias/downloads-geociencias.html). Waterways and railways data are from the Brazilian national ministry of infrastructure database (source: https://www.gov.br/infraestrutura/pt-br/assuntos/dados-de-transportes/bit). We used data from official government sources due to its recognize quality.
In addition, we employed the whole annual fire database (from 2000 to 2020) to identify spatial-temporal patterns of fire outbreak locations. We integrated spatial and temporal analysis, creating a space-time cube with fire outbreak location data. Consequently, we applied the Emerging Hot Spot Analysis (EHA) tool implemented in ArcGIS Pro version 2.5. The EHA tool adopts the space-time cube as input and conducts hot spot analysis with the Getis-Ord Gi* statistic in each individual bin. The hot and cold spot trends detected by the Getis-Ord Gi* statistic were evaluated with the Mann-Kendall test to determine whether these trends are persistent, increasing, or decreasing over time. A detailed description of emerging hot spot analysis has been provided by the ESRI (2016) (ESRI, 2016) and Harris et al. (2017) (Harris et al., 2017). In summary, the Getis-Ord test used in the EHA tool first examines the data in each aggregated bin, as well as the surrounding bins, and compares the data to the global average over the time step. If the EHA tool finds that the bin and its neighbours are significantly different from the global mean, then it classifies the bin as a hot or cold spot with an associated p value and Z score. These Z scores are then compared over time using the Mann-Kendall test to examine the temporal trends in the data. The Mann-Kendall test extracts each spatial bin into its own time series of Z scores. This time series is examined for changes between years. A higher value than that in the previous step assigns the time series a value of +1, while a lower value than that in the previous step assigns a value of −1. Then, the Mann-Kendall test determines if the sum is significantly different from the expected sum. The significance values from each test are then considered to classify each bin into one trend category. The ESRI (2016) (ESRI, 2016) provided detailed descriptions of the categories and how they are calculated. Here, in our results, we found three categories of Pantanal fire outbreak trends: 1) new hot spot, i.e., a location that was a statistically significant hot spot in the final time step and had never been a statistically significant hot spot before, namely, a location that was significantly burned for the first time in 2020; 2) consecutive hot spot, i.e., a location that had never been a statistically significant hot spot prior to the final hot spot run and fewer than 90% of all bins were statistically significant hot spots, namely, a location with few fire outbreaks over time but with the two last years, 2019 and 2020, exhibiting a significantly high increases in fire outbreaks; and 3) sporadic hot spot, i.e., a location with a high incidence of fire outbreaks over time, with certain years exhibiting a higher incidence and other years exhibiting a lower incidence of fires.
Land Use and Burned Area Data
Mapping of the land use and fire scars in the Pantanal, as well as in all Brazilian territories, was carried out based on the MapBiomas programme (https://mapbiomas.org/). The programme is a collaborative network formed by NGOs, universities, and technology companies composed of scientists and experts in Brazilian biomes, remote sensing, geographical information systems, and computer science.
Annual land use maps were produced with the random forest algorithm applied to the Landsat archive on the Google Earth Engine (Souza et al., 2020). Fire scar mapping was also based on Landsat image mosaics, with a spatial resolution of 30 m. The classification process was carried out on the Google Earth Engine and the Google Cloud Storage platform using a deep neural network algorithm (Arruda et al., 2021). The algorithm was trained using field data based on burned and unburned training samples. The following spectral bands were employed as remote sensing input data for the classification model: red (0.65 µm), near-infrared (0.86 µm), and shortwave infrared (SWIR 1–1.6 µm and SWIR 2–2.2 µm). In addition, the Landsat normalized difference vegetation index (NDVI) and dNBR were considered (Lutes et al., 2006). Reference maps of burned areas from the MODIS product (MCD64A1 - https://lpdaac.usgs.gov/products/mcd64a1v006/) with a 500-m spatial resolution and fire outbreak data from the INPE (https://queimadas.dgi.inpe.br/queimadas/bdqueimadas) were obtained for validation. The detailed method can be found in the Algorithm Theoretical Basis Document (ATBD) (https://mapbiomas-br-site.s3.amazonaws.com/Metodologia/FOGO/ATBD_-_MapBiomas_Fogo_-_Cole%C3%A7%C3%A3o_1_1.pdf).
An overview of the methodology considering the database used, analysis, results and relevant issues addressed throughout the work are presented in the Supplementary Figure S1.
RESULTS AND DISCUSSION
Spatial Distribution of the 2020 Fire Outbreaks
First, we analysed the spatial distribution of the fire outbreaks in the Brazilian Pantanal during the 2020 fire season (August-September-October) and compared this to historical mean data from 2000–2019 to evaluate the actual dimensions. The historical mean (from 2000–2019) of the number of fire outbreaks ranged from 1 to 10 in a 5-km grid, and the outbreaks were concentrated in the southern, eastern, and northeastern parts of the Pantanal (Figure 2A). The spatial distribution of the wildfire outbreaks indicated that although most conservation units were surrounded by fire, they had never burned before 2000–2019 (Figure 2A). This result highlights the importance of establishing conservation units to protect the environment and ensure firefighting effectiveness. In 2020 (Figure 2B,C), the number of fire outbreaks ranged from 1 to 50 in a 5-km grid. In contrast to previous years, wildfires were more concentrated in the untouched northern/central-western part of the Pantanal along the Paraguay River margin. Different types of conservation units were affected, including the National Natural Park Pantanal Matogrossense (NNPPM), State Natural Park Encontro das Águas (SNPEA), Ecologic Station Taiamã (EST), Private Natural Heritage Reserve SESC Pantanal (SESCP), and Guatô indigenous territory (GIT). Fire also occurred in the southern Pantanal, although its spread was less wide-ranging.
[image: Figure 2]FIGURE 2 | Fire outbreak maps. (A) Historical mean fire outbreaks from 2000 to 2019; (B) fire outbreaks in 2020; and (C) 2020 fire outbreak anomaly based on the 2000–2019 mean.
Quantitative Measurements of the Burn Severity in Conservation Units
The quantitative estimations of the burn severity in conservation units are depicted in Figure 3. Among the conservation units, the EST was the least affected by fire. At the EST, most of the western region was preserved. However, the eastern region was greatly affected. According to the burn severity levels defined in Table 1, approximately 56% of the EST area remained unburned, 14% exhibited a low burn severity level, 12% exhibited a moderate-low burn severity level, 16% exhibited a moderate-high burn severity level, and 2% exhibited a high burn severity level. Most of the fires in the NNPPM occurred in the northern/central areas, with 23% of the NNPPM area preserved (unburned), 14% of the area exhibited a low burn severity level, 17% exhibited a moderate-low burn severity level, 42% exhibited a moderate-high burn severity level, and 4% exhibited a high burn severity level. The border region of the GIT was heavily impacted, with few fires in the interior. Fifteen percent of the GIT remained unburned, 28% of the area exhibited a low burn severity level, 26% exhibited a moderate-low burn severity level, 28% exhibited a moderate-high burn severity level, and 3% exhibited a high burn severity level. The southern and western regions of the GIT comprised the most severely burned regions. The SESCP and SNPEA were the conservation units with most of the territory burned, at 93 and 94%, respectively, of the total areas. In the SESCP, only 7.0% of the area remained unburned, 20.7% exhibited a low burn severity level, 33.8% exhibited a moderate-low burn severity level, 36.8% exhibited a moderate-high burn severity level, and 1.7% exhibited a high burn severity level. In the SNPEA, 6% of the area remained unburned, 22.4% of the area exhibited a low burn severity level, 31% exhibited a moderate-low burn severity level, 38% exhibited a moderate-high burn severity level, and 2.6% exhibited a high burn severity level. Although conservation units and indigenous territories impose a known inhibitory effect on deforestation and fires (Nepstad et al., 2006), the 2020 fire demonstrated to be an unprecedented event. For the first time, fire exceeded this barrier and burned most territories. We also determined that until 20–25/08/2020, fire outbreaks occurred along the border of the conservation units and indigenous territories closest to human pathways (roads and waterways) (Supplementary Figure S2). This reflects the human pressure acting on these conservation areas. At the peak of the fire season, from 01–05/09/2020, fire started to spread inside the conservation areas.
[image: Figure 3]FIGURE 3 | Burn severity analysis of the conservation units. (A) Prefire mosaic of Sentinel two MSI true colour images, wherein vegetation appears green; (B) postfire mosaic of Sentinel two MSI true colour images, wherein burned vegetation appears purple; (C) burn severity classification of the conservation units; and (D) quantification of the burn severity in the conservation units.
2020 Drought in the Pantanal and Fire Distribution
Our analysis of the annual mean standard precipitation and evaporation index (SPEI) in the Pantanal from 1970 to 2020 indicated that 2020 was markedly dry (Figure 4A). Water levels were the lowest in the last 45 years (Figure 4B). The northern Pantanal was the most affected by drought (Figure 4C). The SPEI during the 2020 wildfire season ranged from −4.0 in the northern Pantanal area to −1.3 in the southernmost part of the Pantanal, which indicates the different fire sensitivities of these locations.
[image: Figure 4]FIGURE 4 | Historical droughts in the Pantanal. (A) Integrated 3-months SPEI in the Brazilian Pantanal. Red bands highliths the two most prominent dry periods over the last 50 years, 2002–2004 and 2019–2020. (B) Water level (centimetres above the refence level) at the Ladário station, Paraguay River. (C) Pantanal mean standard precipitation and evaporation index (SPEI) during the 2020 fire season (August-September-October mean).
A comparison of precipitation data pertaining to the Paraguay River basin (Figure 5A) reveals that the two most prominent dry periods over the last 50 years (2002–2004 and 2019–2020), red bands in Figure 4A, exhibited a short wet season (Figure 5B) with a low annual precipitation and, as a consequence, intensification of fire outbreaks occurred (Figure 5C). The main cause of the lack of rainfall during the summers of 2019 and 2020 was a change in the South American monsoon system that reduced seasonal transport of water vapour from the Amazon basin into the Pantanal during the austral summer (Marengo et al., 2021). The reduced accumulated rainfall during the two consecutive summers of 2019 and 2020 caused severe drought conditions, resulting in favourable conditions for fire spread during the fire season in the central-western/northern Pantanal.
[image: Figure 5]FIGURE 5 | Analysis of the precipitation data for the Pantanal. (A) Location of the precipitation monitoring stations. (B) Daily averaged precipitation data from 2002 to 2020. (C) Comparison of fire outbreaks and precipitation in the Brazilian Pantanal.
Data derived from microcharcoal paleoclimatic records in the Amazon basin demonstrate that drier tropical/equatorial climate conditions can lead to an increased risk of wildfires (Bush et al., 2008; Mayle and Power, 2008). Therefore, we would expect that fire outbreaks should be spatially distributed in the Pantanal according to regional drought severity behaviour since vegetation does not differ significantly, with higher frequencies in the central-western/northern Pantanal (the driest region) in 2020. However, we observed a completely different scenario where most fire outbreaks predominantly started close to roads and along waterways (Figure 6A).
[image: Figure 6]FIGURE 6 | Distribution pattern of the fire outbreaks. (A) Monthly fire distribution from May 2020 to October 2020 (data from Brazilian Institute for Space Research-INPE; source: https://queimadas.dgi.inpe.br/queimadas/bdqueimadas) and the locations of roads, waterways, and railways. (B) Result of Average nearest neighbour (ANN) analysis showing a statistically significant clustered pattern in the distribution of fire outbreaks from May 2020 to October 2020.
We analysed the distribution pattern of the fire outbreaks and found a statistically significant clustered distribution (Figure 6B). This result confirms that fire outbreaks were concentrated in hot spot areas, at the termination of roads, and along waterways.
Close Spatial Relationship Between the Fire Outbreaks and Human Accessibility
The finding of a spatial association between the fire outbreaks and roads/waterways/railways in the Pantanal encouraged us to analyse this relationship in greater detail. Thus, we investigated whether the fire outbreaks decayed systematically with the distance from roads, waterways, and railways or whether they occurred randomly. Figure 7 a shows a distance map from roads, waterways, and railways. We also investigated the relationship between the fire outbreaks and SPEI (drought index).
[image: Figure 7]FIGURE 7 | Analysis of the relationship between the fire outbreak location, human accessibility, and drought index. (A) Euclidian distance map from roads, waterways, and railways. (B) Scatter plot showing the relationship between each fire outbreak from May 2020 to October 2020 and the distance from roads, waterways, and railways. (C) Exponential model of the fire outbreaks in relation to the distance from roads, waterways, and railways. (D) Scatter plot showing the relationship between each fire outbreak and the monthly SPEI value from May 2020 to October 2020. (E) Histogram showing that most fires occurred at locations with SPEI < -2.6.
From May 2020 to October 2020, 60% of the fire outbreaks occurred less than 5 km from any road/waterway/railway, and 80% occurred at a distance less than 10 km (Figure 7B). The frequency of fire outbreaks and the distance from roads/waterways/railways exhibited a clear association. Notably, the frequency of fire outbreaks increased exponentially with decreasing distance from roads/waterways/railways (r2 = 0.98) (Figure 7C). Regarding the SPEI, we found a rapid increase in fire outbreaks for SPEI values ranging from 0 to −2.6. SPEI < −2.6 was critical to the fire outbreaks during the 2020 wildfire crisis (Figure 7D,E).
Supplementary Figure S3 depicts the relationship between the fire outbreaks, roads/waterways/railways and SPEI for each month from May to October (beginning of the fire in the Pantanal to the end of the fire season). At the beginning of the fire season (May/June/July), most fire outbreaks started close (at a distance less than 5 km) to roads/waterways/railways, the SPEI values were lower than the critical value of < −2.6, and the SPEI value ranged from −2.5 to −1.0 (Supplementary Figure S3A,B,C, respectively). From August to October, the SPEI values became more negative, the number of fire outbreaks increased, and most fire outbreaks remained close to roads/waterways/railways (Supplementary Figure S3D,E,F, respectively). This association was analysed in greater detail by reducing (increasing) the temporal (spatial) scale. We considered periods of 5 days from August 20 to September 15 because that was the critical period for fire spread occurrence (Supplementary Figure S2) and a maximum distance of 10 km (80% of the fire events occurred within this distance). Under this scenario, the association between fire and distance from roads and waterways was also evident (Supplementary Figure 4). The number of fire outbreaks/km2 and the distance from the roads and waterways exhibited statistically significant correlations (statistical significance was based on Student’s t test, for p < 0.001, and n = 20, where we found r = −0.77, r = −0.88, r = −0.80, and r = −0.94 for the periods from 20–25/08/2020, 01–05/09/2020, 5–10/09/2020 and 10–15/09/2020, respectively) (Supplementary Figure S5). Even at the peak of the fire season, from 10–15 September, when the Brazilian Center for Weather Forecasting and Climate Studies/National Institute for Space Research (CPTEC/INPE) determined that the whole Pantanal occurred at a critical risk of fire (Supplementary Figure S6), most fire outbreaks were concentrated close to roads and waterways (Supplementary Figure S4D), and the distance from roads and waterways explained 90% of the fire outbreak variance (R2 = 0.9). This result provides clear evidence that the majority of fires was caused by human activities close to roads and waterways.
Spatial-Temporal Trends of the Fire Outbreaks and Burned Areas
We employed a spatiotemporal implementation of the Getis-Ord Gi* statistic to analyse the spatial and temporal patterns of wildfire outbreak hot spots in the Pantanal from 2000–2020 (Figure 8). We found three statistically significant patterns: 1) new hot spots, i.e., regions with a very low frequency of wildfire outbreaks from 2000 to 2019 and a high increase in fire outbreaks in 2020; 2) consecutive hot spots, i.e., regions with a very low frequency of fire outbreaks from 2000 to 2018 and a high increase in fire outbreaks over the last 2 years (2019 and 2020); and 3) sporadic hot spots, i.e., regions with a high frequency of wildfire outbreaks throughout the whole period from 2000 to 2020 with high variability. The Pantanal regions not classified into any of these three patterns did not exhibit statistically significant trends. Consecutive hot spots and sporadic hot spots occurred in regions close to roads and waterways. This demonstrates that most regions where fire occurs each year occur close to roads and waterways. This result confirms the hypothesis that fires in the Pantanal cannot be attributed to natural causes. Fire outbreak is triggered by human activity and enhanced when favourable dry climate regimes are prevalent. New fire hot spot regions were observed mainly close to roads and waterways. These finds corroborate with recent work, which shows that only 16% of burned area in the Pantanal can be atributed to natural causes (ligthning) (Libonati et al., 2022).
[image: Figure 8]FIGURE 8 | Spatial and temporal patterns of fire outbreak hot spots in the Pantanal from 2000–2020. The red areas are classified as new hot spots, the orange areas are classified as consecutive hot spots, and the yellow areas are classified as sporadic hot spots.
As a complement to this fire outbreak study, we also analysed the burned area parameter (a product of the MapBiomas programme (Souza et al., 2020; Arruda et al., 2021)) over the period from 2000 to 2020 at an interannual resolution. We observed that these two parameters exhibited significant covariance (r2 = 0.93, Supplementary Figure S7).
Maps of the fire scar density were generated for the periods from 2000–2004, 2005–2009, 2010–2014, 2015–2019, and 2020 (Supplementary Figure S8). The results show that during the period from 2000–2004, the areas close to roads and waterways and the eastern region/interior of the Pantanal exhibited a high density of fire scars (Supplementary Figure S7A). During the following periods, the density of fire scars decreased in the eastern region/interior of the Pantanal, and fires were concentrated in regions with roads and waterways in the northern and southern parts of the Pantanal (Supplementary Figure S8B,C,D,E). The eastern/interior region of the Pantanal is where deforestation and pasture expansion were concentrated (Guerra et al., 2020b), which indicates that these activities are related to fire occurrence during the period from 2000–2004. From 2005 onwards, the loss of forest cover and pasture expansion decreased (Figure 9C), and the density of fire scars in the eastern region/interior of the Pantanal also decreased (Supplementary Figure S8). The burned area in the Pantanal from 2000 to 2020 attained a significant correlation with the SPEI (r = - 0.59) and forest formation loss (r = - 0.48 for forest and savanna formation) (Supplementary Figure S9). The linear combination of the independent variables of the SPEI and forest loss explained 55% of the burned area variance (t test: for partial coefficients, p < 0.01; for the full model, F21 = 10.99, p < 0.001; r2 = 0.55) (Supplementary Figure S10). This indicates that fire is associated with both land use/cover change and climate conditions, corroborating with recent study that depicts a synergy between climate, land management and fire, in the Pantanal (Kumar et al., 2022).
[image: Figure 9]FIGURE 9 | Comparison of the burned areas between 2001–2002 and 2019–2020. (A) Interannual variability in the total burned area in the Pantanal. (B) Interannual variability in the SPEI during the fire seasons (August-September-October) in the Pantanal. (C) Interannual variability in the land use transition rates between forestland and pasture areas in the Pantanal (positive values indicate gains, and negative values indicate loss). (D) Pasture and burned areas in 2002.
The years of 2002 and 2020 were compared. Both years indicated an increase in the burned area (Figure 9A), and the climate was dry and preceded by a dry year (Figure 9B). Of these years, 2002 exhibited high deforestation and expansion of pasture areas (Figure 9C), and a high density of fire scars was observed in the eastern region/interior of the Pantanal (Figure 9D). However, in 2020, the expansion of pastures occurred less intensely (Figure 9C), and fires were concentrated close to roads and waterways.
The deforestation rate in the Pantanal, as well as the expansion of pasture areas, decreased with the creation of State Law N° 233/2005 (Supplementary Figure S11), which created rules for deforestation, use of the forest, and sustainable use of fire. This law was formulated 1 year after the creation of the National Plan for the Prevention and Control of Deforestation in the Legal Amazon (PPCDAm) in 2004, which marked the intensification of environmental and economic policies against deforestation (e.g., creation of monitoring programmes, intensification of inspections, law enforcement campaigns, and credit restrictions for landowners participating in illegal deforestation) in the Amazon Forest and other biomes (Moutinho et al., 2016). It was pustuled that reduction in inspectors of the Brazilian environmental protection agency (IBAMA) and cuts in the budget allocated to hiring and training firefighters contributed to the severity of 2020 fires (Libonati et al., 2020; Filho et al., 2021). In this context, our analysis show how intensification of environmental and economic policies against deforestation can be important to avoid fire.
Burned Area, Vegetation Loss, and Pasture Expansion
The 2020 drought was the worst since the 1970s. As a result, river levels dropped, and wetlands dried, resulting in dry organic matter available as fuel for fire. Comparing the 2019 and 2020 land use and cover maps, it can be observed that fires spread in areas that were wetlands in 2019, but in 2020, these areas were classified as grasslands (probably dry aquatic vegetation as macrophytes) (Figure 10). Grassland was the natural vegetation type that burned the most in 2020 (60% of the area burned), followed by natural forest formation (15% of the area burned) and savanna (14% of the area burned) (Supplementary Figure S12). However, the increase in the burned forested area was the greatest over the historical average from 2000–2019 (an increase of ∼677%).
[image: Figure 10]FIGURE 10 | Land use and cover changes from 2019 to 2020 and burned areas in 2020. (A) Land use and cover map for 2019. (B) Land use and cover map for 2020. (C) Total burned area in 2020 overlaid on the land use and cover map for 2020.
From 1985 to 2020, the Pantanal lost 21.8% of the forest cover, 35.2% of the savanna cover, and 28.7% of the grassland cover. All the vegetation classes were mostly converted into pasture (82.7% of the forest loss, 62.9% of the savanna loss, and 66.8% of the grassland loss) (Supplementary Figure S13). In 2020, forest loss reached ∼30,623 ha, equalling the forest loss during the period from 2000–2004. As most forest vegetation was historically converted into pasture, it is expected that the burned forest area will be converted into pasture, except in regions where floods usually occur and in protected areas (conservation units and indigenous lands). This makes the expansion or creation of new conservation units even more urgent. The fate of burned vegetation outside conservation units remains uncertain. However, land-use change models point to an increase in agricultural and pasture areas in the north of the Pantanal, where most fires occurred (Guerra et al., 2020b).
Integrated Discussion
Herein we demonstrated that human accessibility played a crucial role in explaining fire spatial pattern during the 2020 fire crisis in the Pantanal. The relation between human accessibility and fire location is a strong evidence that human actions (accidental or criminal) started the 2020 fire in the Pantanal. The fire started close to roads and rivers where human accessibility is more viable, and outside conservation unities showing their protective role. We showed that fire occurrence increased exponentially with decreasing distance from roads and waterways. About 80% of fires were located within 10 km from existing roads and waterways. Similar relation between fire and human transportation networks were found in the Amazon Forest, where ∼90% of fires occur within 10 km from roads and rivers (Adeney et al., 2009). In the Amazon, roads are the major conduits for deforestation and accompanying fires (Nepstad et al., 2001; Carvalho et al., 2002; Kirby et al., 2006; Fearnside, 2007; Adeney et al., 2009). Our results suggest that a similar process is on course in the Pantanal. We found that drought and deforestation explained 55% of the burned area variance. This indicates that fire is associated with human accessibility, land use/cover change and climate conditions, corroborating with recent study that depicts a synergy between climate, land management and fire in the Pantanal (Kumar et al., 2022). The lack of rainfall during the summers of 2019 and 2020, caused by reduced transport of warm and humid summer air from Amazonia (Marengo et al., 2021), and numerous heat waves episodes over the Pantanal in 2020 (Libonati et al., 2022), created favorable conditions for fire to spread. Fires were more intense in the northern forested areas, revealing a synergistic effect between fuel availability and weather-hydrological conditions (Libonati et al., 2022). Changes in land use also contributed to exacerbate the drought effects (Kumar et al., 2022). It is possible that what we observed in the Pantanal was a positive feedback where human induced changes on land use aggravates drought, resulting in more fires that burn natural vegetated areas causing vegetation loss, witch amplify drought and makes the environment more prone to mega fires. Considering the fire ignition process, our work shows clear evidence that the fires were started by humans and exarcebated by the worst drought since the 70s. Future scenarios show that Amazon and Pantanal will become dryer and fire might become the dominant driver of forest degradation (Brando et al., 2020).
Some conservation unities had more than 80% of the total area burned. The recovery of this areas is a matter of concern. Recent assessing shows that about 93% of burned areas in the Pantanal have high or medium potential for natural regeneration (Martins et al., 2022). Considering the history of land use change in the Pantanal, most of deforested areas have been occupied by pasture (Bergier, 2013; Galvanin et al., 2019). Also high concentration of fire outbreaks were observed adjacent to the agricultural Frontier (Marques et al., 2021), which is an indicator that fire has been used for deforestation and agriculture expansion. Thus, in order to recover burned natural habitats, it is important to monitor burned areas and create new conservation unities to avoid human induced land use change (expansion of pasture and other economic activities).
Although Conservation unities and Indigenous territories do not provide absolute protection (Adeney et al., 2009), and were almost totally burned during the 2020 wildfire, they have a recognizable role in forest/habitat preservation and fire inhibition (Nepstad et al., 2006; Chaves and Silva, 2018). Therefore they can guarantee that burned areas will not be occupied, thus allowing forest natural recovery process.
An integrated fire management program taking into account scientific knowledge, and socio-ecological context is urgently needed to avoid new fire crisis (Damasceno-Junior et al., 2021; Garcia et al., 2021). In spite of the fact that the proximity between fire and roads facilitate acidental/criminal fire ignition, it also allows the necessary accessibility for fire combat. It is necessary permanent fire brigades, including indigenous members (Oliveira et al., 2022), and a collaborative network for wildfire prevention (Pivello et al., 2021). Monitoring drought regions close to human pathways using high resolution climate models and remote sensing data are also an important tool for fire prevention, fightning and rescue initiatives (Higa et al., 2022).
CONCLUSION
Most impacted conservation units had more than 80% of their area burned and exhibited moderate low-high burn severity. The 2020 unprecedented fire crisis in the Pantanal was caused by the combination of human presence, represented by accessibility through roads and waterways, and an extremely dry climate. Human activities near roads and waterways triggered this fire event, while a dryer climate episode provided conditions for the fire to spread.
It is not known whether the 2019–2020 dry events in the Pantanal reflect short-term climate variability or will last for many years similar to the 11-years drought from 1962/1963 to 1972/1973. Pantanal wildfires are directly linked to the Amazon basin. It is expected that changes could occur in the Amazon hydrological cycle as a response to progressive and accelerated deforestation of the rainforest (Nobre et al., 2016), and thereafter, the Pantanal region could be subject to a higher risk of prolonged droughts in the future. Although prolonged drought contributes to fire spreading, recent work has determined that the fire season severity in the Amazon depends more on deforestation than on climate change (Libonati et al., 2021). We demonstrated that in the Pantanal Biome, human activities close to roads and waterways were the determining factor. Therefore, preventing wildfires in terms of the human component through environmental policies (e.g., hiring more inspectors and firefighters, intensifying deforestation inhibition, amplification and creation of conservation units, investment in new agricultural technologies that do not require the use of fire, and environmental education) are vital to Pantanal preservation.
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