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Tropical forests stand out among forest domains, due to their wide diversity of flora and fauna. However, these areas concentrate a large number of the forest fires that occur annually on the planet. In this context, the present study performs spatial modeling of the normalized multi-band drought index (NMDI) in the Central Atlantic Forest Corridor during past (2001-2020) and future (2021-2040) periods to identify the relationship between drought and forest fires. Fire foci data, soil moisture, and data from the MOD09A1 product were used to obtain the NMDI. Rainfall and mean air temperature data from the past and for different future scenarios (SSP126 and SSP585) were also used. The autoregressive integrated moving average model (ARIMA) was used for modeling the NMDI. The results found indicate a recurrence of fire in the CAFC during the period of 2001–2020. Future data indicate reductions in rainfall and an increase in temperature in the CAFC area. The NMDI data indicate that the central region of the corridor is the driest and, among the priority areas for conservation, the Ilha do Lameirão Municipal ecological station has the lowest index values. Future modeling indicates the drought intensifying in the coming years in the corridor area. The CAFC is an extremely important area for the maintenance of Atlantic Forest remnants; however, this area continues to suffer disturbances and without the adoption of public policies, these disturbances could compromise the conservation of natural resources.
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1 Introduction

Tropical forests are important forest domains that present high productivity and a broad diversity of flora and fauna species (Blundo et al., 2021). These forest domains are present on three continents (Americas, Africa, and Asia) and occupy 10% of the Earth’s surface, with more than half of the cataloged species on Earth being found in these areas (Shennan-Farpón et al., 2021). South America has two of the great tropical forests, the Amazon Rainforest and the Atlantic Forest (Marques et al., 2021). The original area of the Atlantic Forest covered 1,345,300 km² of the South American continent, being found in Brazil (93% of the total area), Paraguay (5.3%), and Argentina (1.7%) (Marques et al., 2021; Santana et al., 2021). Currently, its remnants represent 12.4% of the original area due to human actions (Santana et al., 2020).

Public policies have been created to mitigate the impacts caused by human activities in this biodiversity hotspot, such as the implementation of two ecological corridors, the Central Atlantic Forest Corridor and the Serra do Mar Biodiversity Corridor (Lamas et al., 2015; Santana et al., 2020; Santana et al., 2021). These corridors are important tools created to connect the Atlantic Forest remnants through protected areas and to reduce forest fragmentation in these important areas of endemism (Crepaldi et al., 2015; Santana et al., 2021). The responses of these domains in relation to climate change remain uncertain, which raises a number of questions as to the future impacts of these changes on forests (Bennett et al., 2021).

Anthropic actions can cause several negative impacts on tropical forests and these impacts can be enhanced due to climate change (Cassell et al., 2019), with the occurrence and propagation of forest fires being among the impacts. These events depend on the interactions between climate and vegetation that affect biomass availability and material flammability (Dietze et al., 2019). Forest fires in tropical rainforests can significantly reduce forest biomass for decades, as these events slow or paralyze post-fire recovery in forests (Silva et al., 2018).

Climatic conditions have become more extreme and, as a result, the occurrence of forest fires has increased due to changes in fire dynamics (Gholamnia et al., 2020). To help identify these events, numerical indices were developed that attempt to estimate the intensity of possible fires (Chandler et al., 1983; Sharples et al., 2009; Chelli et al., 2015). These indices can use meteorological data such as the McArthur Forest Fire Danger Index (FFDI) (McArthur, 1967), which uses data on mean air temperature, relative humidity, and wind speed at a height of 10 m, or they can be spectral indices using satellite images such as the normalized multi-band drought index (NMDI) (Wang and Qu, 2007; Santos et al., 2021). NMDI is used to monitor forest fires due to its accuracy in assessing the severity of drought due to the combination of near infrared and short-wave bands that make it possible to estimate soil and vegetation moisture (Wang and Qu, 2007; Santos et al., 2021). This index was used by Santos et al. (2021), to monitor Atlantic Forest vegetation in the state of Rio Janeiro, Brazil, relating it to biophysical variables and analyzing susceptibility to forest fires.

The relationships between drought events in tropical forests and fires have already been addressed in certain studies (Ribeiro et al., 2018; Silva et al., 2020; Santos et al., 2021), indicating increased biomass burning in severe drought scenarios in the Amazon (Brando et al., 2014; Silva Júnior et al., 2019; Silva et al., 2020) and the Atlantic Forest (Andrade et al., 2019; Santos et al., 2021). Given these scenarios, and the future projections of the Intergovernmental Panel on Climate Change (IPCC) that indicate an increase in the Earth’s temperature, it is important to use tools to assist firefighting through monitoring and mitigation of forest domains in the fight against climate change at a spatiotemporal scale (Lemos and Cunha, 2021).

In light of the above, this study aims to evaluate the spatio-temporal dynamics for the past, present (2001-2020) and future (2021-2040) in relation to forest fires in the Atlantic Forest Central Corridor, Brazil. As such, the research questions investigated were: Which regions of the Central Atlantic Forest Corridor have the highest density of hotspots? What are the years and regions with the highest and lowest soil moisture values? What is the climate trend in the Central Atlantic Forest Corridor? Did auto regressive integrated moving average modeling satisfactorily simulate the past and future NMDI in the Central Atlantic Forest Corridor?



2 Methodology


2.1 Study area

The Central Atlantic Forest Corridor (CAFC) (Figure 1) is located between latitudes 13°0’6” and 21°18’36” S and longitudes 41°52’43” and 37°16’40” W. Its area is 13.3 million hectares covering 108 municipalities in the state of Bahia and the entire state of Espírito Santo, Brazil (Brasil, 2006; Schiavetti et al., 2012; Santana et al., 2020).




Figure 1 | Geographic location, land use and land cover classes, population density, terrain elevation, and Köppen climate domains.



Within the CAFC, there are 258 protected areas that are of private or public domain (federal, state, and municipal) from different categories according to the classification of the Sistema Nacional de Unidades de Conservação (National System of Conservation Units) (SNUC - LAW 9.985/2000) (Brasil, 2006; Schiavetti et al., 2012). Considering the International Union for the Conservation of Nature (IUCN) System of Protected Areas Management Categories, the CAFC has 113 protected areas distributed across the six categories (IUCN, 2008). To assist in the identification of priority areas for species conservation in the CAFC, category I protected areas, with an area greater than 100 hectares (1 km²) and with their territorial limits made available in the database of some government agency, were used. Category I protected areas are created for resource conservation and are therefore considered to be the most pristine areas in the CAFC. Thus, the changes found should reflect in the conservation of species, which is the reason for the establishment of the corridor. The protected areas included in this category are six Biological Reserves (REBIO) and two Ecological Stations (ESEC). The biological reserves are REBIO Una, REBIO Córrego Grande, REBIO Córrego do Veado, REBIO de Comboios, REBIO Sooretama, and REBIO Augusto Ruschi. The ecological stations are ESEC Wenceslau Guimarães and ESEC Ilha do Lameirão Municipal.

There is a predominance of two climate types in the CAFC area, tropical zone without dry season (Af) and tropical zone with dry winter (Aw), being found in 39.46% and 32.62% of the corridor territory, respectively (Alvares et al., 2013; Santana et al., 2021). The CAFC has an estimated population of 7,302,527 inhabitants (IBGE, Instituto Brasileiro de Geografia e Estatística, 2020). The metropolitan region of Vitória, the capital of Espírito Santo, has the highest population density in the CAFC, with a density greater than 80 inhabitants/km².

The elevation of the CAFC varies between -43 and 2.868 m, with a mean altitude of 262 m (Santana et al., 2021). The Agriculture and Forestry classes occupy 97.77% (56.91 and 40.86%, respectively) of the total area of the CAFC and the Others class (Natural Non-Forestry Formation, Non-Vegetated Area, Water Bodies and Unobserved) 2.23% (Mapbiomas, 2020; Santana et al., 2021).

The mean temperature of the CAFC varies between 20°C and 26°C; the central region has the highest mean temperature values (Alvares et al., 2013; Santana et al., 2021). Mean evapotranspiration is between 3.64 and 4.10 mmd-1; the northwest and central regions concentrate the highest evapotranspiration values. Mean relative humidity varies between 74.17 and 80.77%. Mean wind speed is between 1.08 and 1.81 ms-1 (Santana et al., 2021). Mean annual rainfall of the CAFC is between 700 and 1,600 mm; the south and northeast regions concentrate the highest values and the northwest region the lowest annual averages (Xavier et al., 2016; Santana et al., 2021).



2.2 Past and future climate data

Rainfall (mm) and mean air temperature (°C) data obtained from WorldClim (2021) were used for climatological analysis. In this analysis, baseline climate data from 1970-2000 with a spatial resolution of 30 seconds (1 km²) were used. In the future analysis, data referring to scenarios SSP126 and SSP585 with low and high radiative forcing from the Canadian Earth System Model version 5 (CanESM5) for the years 2021-2040 were used; these data have a spatial resolution of 2.5 minutes (20.25 km²).

The SSP126 and SSP585 scenarios are projections of future climate change from the Scenario Model Intercomparison Project (ScenarioMIP) that provide important information to the Intergovernmental Panel on Climate Change (IPCC). SSP126 is the most optimistic scenario with a projection of an increasingly sustainable world in which natural resources are preserved, income inequalities are reduced, and energy is consciously used and consumed. On the other hand, SSP585 is the most pessimistic scenario, in which development is based on fossil fuels with the highest emissions and the highest values ​​of global temperature increase (O'Neill et al., 2016; IPCC, 2021).

To extract these data, grids of points were created for the entire area of ​​the CAFC with a spatial resolution of 30 seconds. The data extraction procedure was performed on R software version 4.0.5, using the libraries (readxl, raster, rgdal, maptools and RSAGA).



2.3 Kernel density and heat spots data

For the analysis of fire in the CAFC, data from hotspots were used for the period between January 1, 2001, and December 31, 2020. These data were obtained from the Fire Information for Resource Management System (FIRMS) (https://firms.modAPs.eosdis.nasa.gov/) in shapefile format. Processing, treatment, and analysis of heat source data were performed using ArcGis 10.5 software. For spatial analysis of the concentration of heat sources, the Kernel density algorithm was used. The maps generated with this algorithm have a spatial resolution of 1 km (Andrade et al., 2019; Barbosa et al., 2019). The density classes were classified into three categories, based on their color and hue: red = very high density, orange = high density, yellow = medium density, light green = low density, and dark green = very low density.



2.3 Soil moisture data

For soil moisture analysis (SoilM) (mm) in the period from 2001 to 2020, data produced by the NCEP-DOE Reanalysis-2 were used, which are available at NOAA/OAR/ESRL PSD (www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html), with a spatial resolution of 2.5 x 2.5 degrees. Soil moisture data processing was carried out on R software version 4.0.5. Annual soil moisture maps were generated using Co-Kriging interpolation with a pixel size of 1 km in the ArcGis 10.5 environment.



2.4 Normalized multi-band drought index

To obtain the normalized multi-band drought index (NMDI) (Wang and Qu, 2007; Santos et al., 2021), during the period from 2001 to 2020, data from the 8-day MOD09A1 product with a spatial resolution of 500 m were used. The NMDI can be obtained using Equation 1, below:



in which, R 0.86µm, R 1.64µm, and R 2.13µm are apparent reflectances observed by a satellite sensor in the bands R 0.86 µm, R 1.64µm, and R 2.13µm.

The processing of the MOD09A1 images to calculate the NMDI was performed using R software version 4.0.5. A grid of points with a resolution of 30 km was generated to extract information from the images for the entire CAFC area. The generated maps were processed on ArcGis 10.5. NMDI values ​​were classified according to Wang and Qu, 2007, in which the highest values ​​indicate high soil water concentration or wet conditions, and low values ​​indicate low soil water concentration or high occurrence of drought. The classification used was as follows: very dry (< 0.2), dry (<0.4), wet (≥ 0.4 – 0.6), and very wet (>0.6) (Wang and Qu, 2007; Santos et al., 2021).

The Pettitt test (1979) was applied to the NDMI data time series to identify the main significant changes in the data series during the study period (2001-2020), the year identified with the main inflection/sign was specialized by month using the Ordinary Kriging interpolator and 1 km spatial resolution for the maps.



2.5 Spatiotemporal modeling – ARIMA

The autoregressive integrated moving average model (ARIMA) was used for spatiotemporal modeling of the normalized multi-band drought index (NMDI) in the CAFC during the period of 2001-2020 and for 2021-2040. The ARIMA model (Equation 2) uses past data to perform the future forecast based on two main characteristics of autocorrelation and moving averages. The future modeling methodology used in this study was adapted from (Silva Junior et al., 2019; Santana et al., 2020; Vilanova et al., 2020; Santos et al., 2021).



where y(d) is Y differentiated d times, e and c are constants, p is the autoregressive order, d is the order of differentiation (1 or 2 normally), and q is the moving average order.

The modeling was performed on R software version 4.0.5 using the “MASS” (Venables and Ripley, 2002; Ripley, 2020), “forecast” (Hyndman and Khandakar, 2008; Hyndman et al., 2020) and “Tseries” (Trapletti and Hornik, 2007) Packages. The forecast package was used to forecast the future NMDI (2021-2040) in the CAFC area. Observed NMDI data from the period of 2001-2020 were used as training data for modeling. The spatialization of NMDI data was performed on ArcGis 10.5 using the Co-Kriging interpolation method with a pixel size of 1 km. Three NMDI maps were generated, mean map of the past (2001-2020), future map (2021-2040), and the map of the difference between the future and the past.




3 Results


3.1 Biophysical variables

The NMDI in the CAFC (Figure 2) did not show large variations in annual means, with the highest value of 0.49 in 2018 and the lowest of 0.45 in 2003. The mean for the study period was 0.47. August had the lowest monthly mean, and December and January had the highest monthly mean (0.45 and 0.49, respectively).




Figure 2 | Boxplot of NMDI, fire foci, and soil moisture [SoilM (mm)] variables in the Central Atlantic Forest Corridor.



During the study period, 50,560 hotspots were registered in the CAFC. The years 2015 and 2001 had the highest and lowest heat source records, respectively (5,261 and 969). The highest occurrences of hotspots are found in October and September (9,249 and 7,222) and the lowest in May and June (1,977 and 2,002).

The annual values ​​of soil moisture in the CAFC presented a variation between 273.69 and 433.14 mm, with the lowest value recorded in 2016 and the highest in 2011, respectively. The mean for the study period was 374.82 mm, with the mean yearly value being higher than this value in eleven years and lower in nine of the analyzed years. The period from 2014 to 2019 stands out for concentrating the values furthest below the mean values ​for the period. The highest monthly values ​​of soil moisture are found in January and the lowest in October. In the period from June to November, the monthly means are below the mean and in the period of December, the monthly mean is higher than the general monthly mean.



3.2 Spatial analysis of the NMDI

Based on the Pettitt test, it was identified that the year 2014 presented a significant change in the data series used by the NMDI (Figure 3). The northern region of the CAFC concentrates the highest NMDI values ​​during all the months. The central region of the CAFC presented the lowest NMDI values ​​during the analyzed months, with a predominance of the dry and very dry classes, indicating that this region is the driest in the corridor.




Figure 3 | NMDI spatial analysis for the Pettit test (for the year 2014) in the Central Atlantic Forest Corridor.



Among the protected areas analyzed, four are located in drier areas, three in humid areas, and one, REBIO Una, had a divided monthly distribution, with six months in the dry classes and six in the humid classes. ESEC Wenceslau Guimarães is located in the northern region of the CAFC, which is the region with the highest NMDI values, and throughout 2014 the NMDI was classified as very wet. REBIO Córrego Grande and REBIO Córrego do Veado had low NMDI values ​​during all the analyzed months, the latter with seven of the twelve months classified as very dry. This indicates a greater propensity for fire when compared to REBIO Comboios, which, among the analyzed months, had eight months with NMDI values ​​classified in the wet class.



3.3 Soil moisture

In the spatial analysis of the soil moisture values, it is possible to identify in Figure 4 that the years 2003 and 2015 were those in which the classes with the lowest values ​​were predominant (280.25 – 315.86 and 218.53 – 257.33). The highest values ​​of soil moisture, represented in blue, were predominant in the CAFC in the years 2017 and 2005 (383.05 – 401.87 and 452.29 - 483.76). The northeastern region of the CAFC registered the occurrence of classes with higher soil moisture values, with the exception of 2017, 2018, and 2019, in which low values ​​were registered. The southern region also showed a recurrence of classes with higher soil moisture values ​​in twelve of the twenty years analyzed. The northwest and central regions of the corridor were those with the highest recurrence of lower soil moisture values ​​during the study period. In these two regions there was a predominance of classes with lower values, and in the northwest region there was the occurrence of only higher soil moisture values ​​in 2018.




Figure 4 | Spatiotemporal analysis of soil moisture in the Central Atlantic Forest Corridor, Brazil.



Among the protected areas, REBIO Una is the area with the highest soil moisture values during the study period, with 2017 and 2019 being the only years when the reserve had low values. The Córrego Grande, Córrego do Veado, and Sooretama reserves presented lower values during the analyzed period.



3.4 Spatial analysis of hotspots

The spatial analysis of hotspots from the Kernel density (Figure 5) indicates a concentration of hotspots in the southeastern area of the CAFC. This high concentration occurs in the metropolitan region of Vitória, the capital of the state of Espírito Santo, mainly at the territorial limits between the cities of Vitória and Serra. The Ilha do Lameirão municipal ecological station is located in this region and, among the protected areas, it has the highest record of the very high-density class, being identified in nineteen of the twenty years analyzed. These results indicate a high concentration of fire in this area that can cause habitat destruction and compromise the preservation of species protected by the ecological station.




Figure 5 | Kernel density of hotspots in the Central Atlantic Forest Corridor, Brazil.



REBIO Sooretama is the reserve with the highest occurrence of the upper class of Kernel density, being in five of the twenty years analyzed (2003, 2006, 2012, 2015, and 2016). REBIO Augusto Ruschi and ESEC Wenceslau Guimarães are the protected areas with the highest occurrence of the low class (15 and 14 years, respectively). Nevertheless, a recurrence of the upper and middle classes in the buffer zone of these units is identified, mainly in REBIO Augusto Ruschi. The occurrence of fire in these areas and in their vicinity can destroy the existing biota in these areas if the fire is not controlled and becomes a forest fire.



3.5 Climate analysis (baseline and future)

The climatological analysis of the temperature in the CAFC (Figure 6) during the baseline climate period, indicates an average corridor temperature of 22.97°C. The highest mean monthly temperature in this climate was registered in February and the lowest in July (25.10 and 20.31°C, respectively). The spatial analysis of the baseline indicates higher mean air temperature values ​​in the central region of the CAFC, with values ​​ranging between 22.53 and 24.27°C. The southern region of the CAFC concentrates the lowest ​​mean temperature values ​​between 19.91 and 21.65°C.




Figure 6 | (A) mean air temperature (°C) Baseline; (B) mean air temperature (°C) scenario ssp126; (C) mean air temperature (°C) difference between scenario ssp126 and Baseline; (D) mean air temperature (°C) scenario ssp585; (E) mean air temperature (°C) difference between scenario ssp585 and Baseline; (F) rainfall (mm) Baseline; (G) rainfall (mm) scenario ssp126; (H) rainfall (mm) difference between scenario ssp126 and Baseline; (I) rainfall (mm) scenario ssp585; (J) rainfall (mm) difference between scenario ssp585 and Baseline.



For the SSP126 scenario, an increase of 1.26°C is registered in the mean air temperature of the CAFC; in addition, an increase in temperature is registered during every month in the analyzed scenario, with values ​​above 26°C from January to March. For the SSP585 scenario, the mean air temperature in the CAFC will be 24.41°C; considering the baseline temperature, this value represents an increase of 1.44°C. In this scenario, all regions showed an increase in temperature of 1°C, with emphasis on the southern region where almost the entire area may have an increase of 1.8°C.

Rainfall in the CAFC presented a mean value of 103.86 mm in the baseline climate. The rainy period in the CAFC is from October to March and the dry period from April to September. November is the wettest month, with a mean value of 158.55 mm, on the other hand, the month of August is the driest with a mean of 61.95 mm.

For the SSP126 scenario, a reduction in rainfall is observed in the CAFC; the mean rainfall in this scenario is 92.27 mm, with a reduction of -11.59 mm when compared to the baseline mean. In this scenario, rainfall reduction is registered in every month, with a negative highlight for the month of November, when the reduction will be -39.88 mm, when compared to the baseline. When comparing the CAFC rainfall values in the SSP126 scenario with the baseline, it is possible to identify that all regions of the CAFC showed a reduction in rainfall.

For the SSP585 scenario, rainfall reductions are more accentuated when compared to the baseline. The mean rainfall in this scenario was 87.11 mm, which means a mean annual reduction of 16.75 mm. November also presented the largest monthly reduction in this scenario, with a decrease of -44.41 mm. When compared to the baseline, reductions in the SSP585 scenario can reach a decrease of 25.04 mm. The regions that present the lowest decreases are those that already present low rainfall values, ​​and reductions of up to -16.64 mm in the annual mean can further compromise the water regime of these regions.

Among the priority areas for conservation of the CAFC, ESEC Wenceslau Guimarães shows the greatest increase in the simulated scenarios, with an increase of 1.48°C in SSP126 and 1.62°C in SSP585. In addition to the increase in the mean air temperature, this area would also be affected by reductions in mean annual rainfall, which may have decreases of -11.88 mm and -17.22 mm in the SSP126 and SSp585 scenarios, respectively. The increase in mean air temperature and the reduction in rainfall could compromise the role of this area as a stronghold for the conservation and protection of a variety of species in the Atlantic Forest.

The Sooretama Biological Reserve is one of the priority areas for conservation of the CAFC that shows high temperature increases of 1.34 °C and 1.52 °C in SSP126 and SSP585, respectively. In addition, mean rainfall may be reduced by up to -18.34 mm in the SSP585 scenario. The REBIO in Sooretama is one of the oldest protected areas at the level of protected areas in Brazil and its main objective is the integral preservation of the fauna and forest remnants of the Atlantic Forest (Ferreira et al., 1981). The presence of a variety of endangered species is recorded in its area, among which we can highlight the jaguar (Panthera onca), the brown jaguar (Puma concolor capricornensis), and the southeastern ringed woodpecker (Celeus torquatus tinnunculus) (ICMBio - Instituto Chico Mendes de Conservação da Biodiversidade, 2018). The imbalance in the climate conditions of this area may compromise the preservation of these species and aggravate the extinction process.



3.6 Past and future analysis of the NMDI

The northern region of the CAFC, in which the Wenceslau Guimarães Ecological Station is located, concentrates the highest NMDI values ​​for the past (Figure 7). Future data from the NMDI indicate that this area should continue to show the highest values ​​of the index in the CAFC; however, as with the other areas of the CAFC, this region should show a reduction, as shown in the overlay map between future and past. This reduction in the NMDI indicates an increase in drought and fire propensity in the vicinity of ESEC Wenceslau Guimarães, which could compromise the role of this protected area in the maintenance of Atlantic Forest remnants, in addition to the protection of endangered species such as the maned sloth (Bradypus torquatus), (Evangelista et al., 2019; INEMA (Instituto do Meio Ambiente e Recursos Hídricos), 2021).




Figure 7 | Spatial variation of the past, future simulation, and difference (future-past) of the normalized multi-band drought index (NMDI) in the Central Atlantic Forest Corridor, Brazil.



ESEC Ilha do Lameirão Municipal is located in an area that presents low NMDI values, shown in red, and should present large reductions in the future, which indicates an increase in drought in this area. The region in which ESEC Ilha do Lameirão Municipal is located already has a high occurrence of hotspots and with the potential for drought, the number of fires should increase.

Among the Biological Reserves (REBIO), REBIO Una is located in an area with higher NMDI values. However, these values ​​are considered intermediate when compared with other areas of the CAFC. The areas of REBIO Una should present intermediate values ​​in the future, although this means a reduction in NMDI values close to 50%, when compared to the past. REBIO Una is home to a variety of species of flora and fauna, including the golden-headed lion tamarin (Leontopithecus chysomelas), a species considered to be in danger of extinction, with its conservation being one of the foci for the creation of the REBIO Una (Moura, 2003).

REBIO Córrego do Veado is located in the central part of the CAFC. This area concentrates the lowest NMDI values ​​for the past, represented in pink. The future projection indicates that the REBIO Córrego do Veado area is among those with the greatest reductions in the NMDI, so this area should present a reduction in its biomass and have an increase in the occurrence of forest fires, which could compromise the conservation of several species of flora and fauna, especially birds, of which 187 species have already been recorded, 11 of which are threatened and 21 endemic to the Atlantic Forest (Faria et al., 2016).

Overall, spatial distribution values for the future indicate a reduction in the NMDI in all CAFC areas compared to past values. The northern region continues to be that with the highest values and the central region with the lowest values. The expansion of areas with low NMDI values in the CAFC indicates an intensification of fires and forest fires, especially in the central region.




4 Discussion

Despite an abundance of data and information regarding the impacts of fires on tropical forests, the occurrence of fire in these areas remains a recurrent problem. As shown in the present study, there is a recurrence of fire throughout the Central Atlantic Forest Corridor (CAFC) during the period from 2001 to 2020. The occurrence of fire in the CAFC was also demonstrated in the studies of Santana et al. (2021) and Santana et al. (2020), in which the authors report the influence of human activities and climate on the occurrence and spread of fire. In the study by Santana et al. (2021), the authors used a model to identify that the central and northwestern regions of the CAFC are the most susceptible to forest fires and this is due to agricultural activities in these regions, in addition to the dry climate, which acts as an intensifier for increased fire.

The occurrence of fire in the Brazilian Atlantic Forest was also identified in regions other than the corridor, as presented in the studies by Silva et al. (2021); Santos et al. (2021), Freitas et al. (2020), and Andrade et al. (2019). These studies present the temporal distribution of fire from the north to the south of the Atlantic Forest. The recurrence of fire in this forest domain jeopardizes attempts to recover and conserve an area with a high level of degradation, with only 12.4% of its original area currently remaining (Santana et al., 2020). In addition to the Atlantic Forest, the occurrence of fires in other tropical forests has been increasingly recurrent, and the long-term impacts of this large-scale disturbance on forest domains remain difficult to evaluate (Fischer, 2021).

In addition to compromising large forest domains such as the Amazon, the Cerrado, the Pantanal, and the Atlantic Forest (Silva Junior et al., 2019), human activities threaten the role of protected areas in conserving natural resources throughout the world (Mansuy et al., 2019). Our results indicate the occurrence of foci in protected areas and their buffer zones due to the high density of hotspots identified in these areas. The occurrence of fire and/or deforestation in protected areas is nothing new and is often caused by conflicts related to land use (Pontes et al., 2020). These interferences end up being recurrent in several protected areas and this compromises the role of these areas in preserving and protecting biodiversity. Protected areas function as an important tool for the preservation of many species threatened with extinction. The Atlantic Forest houses 50.5% of the species threatened with extinction in Brazil, 38.5% of which are endemic to this forest domain (ICMBio - Instituto Chico Mendes de Conservação da Biodiversidade, 2018). The occurrence of fire in these areas can cause the destruction of the habitats of several species and thus accelerate the disappearance of many species.

The results of fire incidence in protected areas in Brazil, as presented in certain studies (Torres et al., 2017; Jesus et al., 2020) and the deforestation record in these areas (Mapbiomas, 2020), indicate the need for improved investments in management and planning by the government and environmental agencies. The lack of surveillance in the combat of human activities inside the unit or in its buffer zone (Bacha, 2020), coupled with budget cuts in environmental agencies, compromise the effectiveness of protected areas.

Among the impacts caused by forest fires is the reduction in forest biomass and a slowdown in the forest regeneration process. In the study by Silva et al. (2018) for the Brazilian Amazon, the authors found that forest fires in tropical rainforests can significantly reduce forest biomass for decades as forest fires slow or paralyze post-fire recovery of forests (Silva et al., 2018). A reduction in biomass and a slowdown in the forest recovery process was also identified in African tropical forests by Fischer (2021), who identified a 46% reduction in tropical forest biomass on Mount Kilimanjaro (Tanzania), and this reduction could still reach 80% if there is a recurrence of fire.

Climate is an important component in the process of occurrence and spread of forest fires. The increase in temperature due to climate change and its impacts on forests, such as increased evaporation of water from the soil and reduced humidity, contributed to the number of forest fires doubling since 1984. According to the report released by the Intergovernmental Panel on Climate Change (IPCC, 2021), human actions were responsible for an increase of 1.07°C in the temperature of the Earth’s surface, and if changes are not adopted to reduce greenhouse gas emissions, the Earth’s temperature should continue to increase in the coming decades.

The increase in air temperature and the reduction in rainfall in all areas of the CAFC is an alert for the need to adopt measures to mitigate the impacts of climate change on tropical forests. The increase in temperature and the reduction in rainfall tend to make areas drier, thus favoring the spread of fire used indiscriminately in areas of crops and pastures. These climate changes should also affect agricultural production as crop growth is influenced by climatic variation due to physiological processes of plants that respond directly to changes in meteorological variables such as air and/or soil temperature, relative humidity, rain, and wind speed.

Among the agricultural crops in the CAFC, the production of cocoa in the north and northeastern regions of the corridor stands out. This area corresponds to the southern mesoregion of the state of Bahia, one of the largest cocoa producers in Brazil, which was one of the centers of cocoa production and export in the world throughout the 20th century (Xavier et al., 2021). The water deficit caused by reduced rainfall and increased temperature can affect the productivity of this species due to physiological and biochemical damage (Borjas Ventura et al., 2019), compromising an entire production chain. In addition to cocoa production, the CAFC area also stands out in coffee production. The state of Espírito Santo, which corresponds to the southern region of the CAFC, is the second largest coffee producer in Brazil, with Brazil being the largest producer in the world. With climate change, the area suitable for coffee cultivation and production may be reduced. In the period from 1974 to 2017, the temperature in coffee producing municipalities in Brazil increased by ± 0.25°C per decade and rainfall decreased, resulting in a 20% reduction in coffee production in the southeastern region of Brazil (Koh et al., 2020). Some CAFC regions with coffee production may have an increase of almost 2°C by 2040, which could compromise the cultivation of this species if there is no adaptation in the producing regions.

The use of indices in the monitoring of forest fires is a well-established practice in certain countries such as Canada, with the Forestry Canada Fire Danger Group (Canada. Forestry Canada et al., 1992), and Australia (Sneeuwjagt and Peet, 1985). In Brazil and in other South American countries, this practice is yet to be employed. The application of the NMDI showed good results in identifying which years and areas of the CAFC were drier during the study period. The spatial distribution of the NMDI in the study area in 2014 indicates that the central area of ​​the CAFC is the driest, which indicates that it is the area of ​​the Corridor most prone to the occurrence of fires. This result corroborates the findings of Santana et al. (2021), who identified the central region of the CAFC as the most susceptible to the occurrence of forest fires. The results of our future projections for the NMDI indicate that the central region may have an increase in the occurrence of fires given that this region is expected to become drier. The NMDI’s ability to detect fires has already been proven in other studies for southern Georgia, USA, and southern Greece (Wang et al., 2008), Alberta, Canada (Akther and Hassan, 2011), and for Atlantic Forest in Rio de Janeiro, Brazil (Santos et al., 2021)

In addition to the increase in drought in the CAFC making areas more prone to forest fires, it can also affect the structure and dynamics of forests, reducing the growth and survival of trees and increasing the mortality rate (Rocha et al., 2020). Climate change and increased drought can also intensify socio-economic inequalities between countries and regions. The coastal areas of South America, the region in which the CAFC is located, are identified as some of the regions with high socioeconomic risk due to the future increase in the occurrence of droughts (Liu and Chen, 2021).

Forest fires can cause several negative impacts for tropical forests. The reduction in rainfall and the increase in temperature tend to leave some regions drier and with this, increase the occurrence of fires. The use of models to simulate and predict future scenarios is extremely important to assist in fire planning and monitoring. The ARIMA model used in this study showed satisfactory results in the NMDI spatiotemporal modeling, enabling identification of the CAFC areas that will become drier and, therefore, may be more prone to the occurrence of fires. The reliability of using the ARIMA model for temporal modeling of environmental variables in tropical forests has been shown in other studies on the Atlantic Forest (Silva Junior et al., 2019; Santana et al., 2020; Vilanova et al., 2020; Santos et al., 2021).



5 Conclusion

NMDI modeling made it possible to identify which areas of the Central Atlantic Forest Corridor are drier. Based on the results generated in this research, the central region of the CAFC is drier and more prone to the occurrence of forest fires. Among the protected areas, ESEC Ilha do Lameirão Municipal has the lowest NDMI values. The data from the future projection of the NMDI for the 2020–2040 period indicate that this scenario is unlikely to change unless public policies are adopted to combat this problem. Droughts in the CAFC are expected to intensify with an increase in temperature and a reduction in rainfall, which could compromise the role of the CAFC and its protected areas in conserving and preserving the forest remnants of the Atlantic Forest and in serving as a source of a variety of endangered species and ecosystem services.

The use of the autoregressive integrated moving average model (ARIMA) model for spatial modeling of the normalized multi-band drought index (NMDI) in the Central Atlantic Forest Corridor area showed good results. However, the understanding of fire dynamics and environmental processes can be improved with the use of more information and other models. To that end, we propose the possibility of studies that can work on different spatial and temporal scales. Another possibility is to work at the level of CAFC protected areas to identify the role and importance of these areas in the conservation and protection of forest remnants of tropical forests.

The results found in this study may contribute to the understanding of environmental processes in the area of ​​the Central Atlantic Forest Corridor and may serve as a basis for the application of other studies in other tropical forest areas. The CAFC is of great importance for the maintenance and conservation of Atlantic Forest remnants, in addition to its social and economic importance. The results of future modeling indicate that management and conservation measures urgently need to be adopted and applied in order to protect the Atlantic Forest’s natural resources.
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