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Abstract

We analyzed the occurrences of fire foci between years 2001 and 2015 in Mato Grosso
state, Brazil. For this, we used remote sensing data and we correlated fire with surface tem-
perature, rainfall, wind speed, air temperature, relative humidity, and vegetation index. The
data were analyzed within the state according to use and cover classes. We also spatialize
the fire occurrence using Kernel density and analyze trends with the Mann—Kendall test.
The year 2015 was the year with the highest average annual air temperature and lowest
annual cumulative rainfall, and wet season with the lowest relative humidity and highest
surface temperature. Therefore, it was the year with less difference in the number of fire
foci between wet (40.53%) and dry (59.47%) seasons. The period 2002-2005 and the years
2007 and 2010 had the highest fire foci, representing about 66.5% of the total from 2001
to 2015. In these years, 80 to 83% of fire foci occurred in the dry season. The classes with
the highest density of fire were Mining Area, Urban Area, Temporary Crops, and Pasture.
The fire foci in Urbanized Area, Temporary Crops, Pasture and Forestry classes tended to
decrease throughout the 15 years evaluated. Fire foci were negatively correlated with rain-
fall, relative humidity and soil water and positively correlated with wind and surface tem-
perature. This demonstrates that public policies related to combating fires in Brazil must be
intensified especially in years with prediction of extreme drought.

Keywords Tropical forest - Cerrado biome - Agricultural frontier - Remote sensing - El
Nifio - Dry season

1 Introduction

The Amazon provides essential environmental services, and conserving them requires
understanding the interactions between climate and human activities and their effects on
forest biomass degradation (Barni et al., 2021). In the last decades, the Brazilian Amazon
has been suffering from intensive burning caused by changes in land use and cover, for
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example, to expand the agricultural frontier, and aggravated by climate anomalies, generat-
ing significant economic, social and ecosystem services losses (Latorre et al., 2017). Fire
is still a widespread instrument in this landscape, often applied by small, medium and large
rural producers in agricultural management and in recently deforested areas (Alencar et al.,
2020). Generally, fire in forest areas originates from nearby areas being burned, either as
part of the initial deforestation or in the subsequent management of agricultural and live-
stock systems (Barni et al., 2021). Burning of vegetation in tropical ecosystems, directly
related to land use, vegetation type, and climate variables, is one of the main factors that
impact on regional climate and biodiversity (Panisset et al., 2018).

In the perspective of anthropic influences on climate, possible increases of dry sea-
sons may increase the susceptibility of these areas to fires (Alves & Pérez-Cabello, 2017).
Extreme drought events have occurred more frequently and are often related to the El Nifio
Southern Oscillation (ENSO) which is understood as a sea surface temperature anomaly
and can have a large impact on regular rainfall patterns and temperatures on a global scale
(Burton et al., 2020; Sousa et al., 2015). During 1997/98 and 2015/16, very high sea sur-
face temperature anomalies were recorded, while the years 2002/03, 2004/05, 2006/07 and
2009/10 also showed higher than average sea surface temperatures (Burton et al., 2020).
These anomalies can change the burning patterns in the Amazon but need to be combined
with anthropogenic actions for ignition (Alencar et al., 2015; Aragdo et al., 2009; Fonseca
et al., 2019). Anthropic influence in change fire regimes includes suppressing fire, chang-
ing the frequency, timing and spatial distribution of ignition sources, changing fuel struc-
ture and composition through changing land use and cover, and contributing to greenhouse
gases to the atmosphere, which drives climate warming (Fonseca et al., 2019).

The changes in climate and anthropic advancement (Lima et al., 2019; Silva et al.,
2018a; Silva Junior & Lima, 2018) promote changes in the region fire dynamics, as they
decrease soil water and promote essential effects on the pattern of forests and other vegeta-
tion cover (Alencar et al., 2015; Choat et al., 2012; Lewis et al., 2011; Lima et al., 2019;
Rowland et al., 2015), triggering a direct influence on economic production and agricul-
tural activities (Arvor et al., 2013). In addition, forests impacted by fires may not recover
their original carbon stock, resulting in a net positive carbon contribution to the atmos-
phere, i.e., fires are important contributors to atmospheric greenhouse gas concentrations
(Silva et al., 2018b). Future changes in the behavior of the fire use may have important
impacts on many processes, for example, atmospheric emissions, and climate policy, bio-
diversity conservation, and land use management (Aragdo et al., 2018; Barlow et al., 2016;
Fonseca et al., 2019). Empirical predictions claim that climate change is the most impor-
tant driver of increased Amazon understory fire activity by 2080 (Le Page et al., 2017).

Extreme weather events, such as drought in the Amazon Basin in 2005, 2010, and 2015,
were responsible for significant changes in carbon stock in the ecosystem, water resource
availability, and fire occurrence (Panisset et al., 2018). During long dry seasons, in the
Amazon the favoring of natural disasters associated with the use of fire is observed (Latorre
et al., 2017), mainly in border areas of this biome (Ramos, 2017). The western and south-
ern regions of the Amazon were the hardest hit by drought in 2005 and 2010 (Santos et al.,
2017; Zeng et al., 2008), causing more impacts at these locations. Some impacts were the
air temperature in both years higher than average, the surface temperatures higher, and the
atmosphere was drier in the year 2010 (Marengo et al., 2011a, 2011b).

In these regions, most affected by the drought in 2005 and 2010 is the state of Mato
Grosso. This state includes parts of the Amazon, Cerrado and Pantanal biomes. Among
the Brazilian states, Mato Grosso stands out for its extensive territory that provides a diver-
sity of ecological, social, economic, cultural situations, production processes and rural
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and agro-industrial development (Souza et al., 2013). The landscapes of this state form a
mosaic with different ecosystems, including forest formations, savannas, wetlands, areas
with natural and planted pastures, agricultural areas and urban centers. In the state, there is
a predominance of megathermal climates, with concentrations of potential evapotranspira-
tion in the summer below 40% and rainfall concentrated in the summer/autumn and water
shortages in the winter/spring (Souza et al., 2013).

Mato Grosso is one of the main contributors to Brazilian agricultural production.
Between years 2001 and 2019, it was responsible, on average, for about 22% of the coun-
try’s annual grain production (CONAB, 2020) being between the states that more contrib-
uted to the agribusiness exports (MAPA, 2021). Between 2001 and 2019, Mato Grosso
increased its contribution to total agribusiness exports from 5.83 to 17.40%, and as of
2019, it became the state with the highest contribution to Brazilian agribusiness exports.
Currently, Mato Grosso is the main exporter of fibers and textile products, cereals and
soy and one of the main exporters of meat. The destination of exports of these products
is mainly China, Thailand, Spain, Vietnam, India, Egypt and Iran (MAPA, 2021). Mato
Grosso also stands out in terms of environmental degradation. In that same period, 2001 to
2019, in the state were deforested 69,065 km? of vegetation with the occurrence of 792,733
foci, corresponding to 30.62% and 17.62% of the national rate, respectively (INPE, 2020a;
INPE, 2020b).

Given the considerable participation of Mato Grosso in the deforestation Brazil-
ian ranking, mainly for conversion to agricultural areas, that will often generate food for
world consumption, is important understanding how the weather conditions and land use
and cover influence the occurrence of fire foci in the state. Analyses like this can gener-
ate useful information because the state has a high diversity of ecosystems. Within and
between ecosystems, fire—climate relationships have high variability, caused by differences
in species composition, vegetation structure, and climate within a region (Fonseca et al.,
2019; Gartner et al., 2012; McLauchlan et al., 2020). For this, the quantification and clas-
sification of land use and cover, fire foci and climatic conditions using satellite images as
a reference for geospatial analysis are important tool for the planning and protection of
areas of natural vegetation. The use of technologies related to the geographic information
system for the analysis of fire foci in different regions is a resource widely used to obtain,
manipulate, analyze, and present a good amount of spatial data. These data are necessary
both for the determination of vulnerable fire zones and planning of fire intervention opera-
tions (Kavlak et al., 2021). For example, optical and thermal infrared band data of satellite
imagery generate information on multi-temporal patterns and trends for determining differ-
ent mitigation measures, such as determining appropriate locations for allocation of sup-
porting infrastructure for fire cases (Cetin, 2019; Kavlak et al., 2021).

The importance of the state in the Brazilian and world scenario is undeniable. Combin-
ing this with a scenario of increased incidence of extreme drought events (Da Silva et al.,
2019; Silva et al., 2021), such as those that occurred in the period from 2001 to 2015,
it is important to have temporal and spatial information about fire foci in this state. This
information may direct prevention activities, monitoring, and mitigation. In this context,
the spatiotemporal monitoring of fire occurrences is essential to clarify issues associated
with the reduction of harmful gas emissions to the population and the atmosphere, generate
information to support biomes conservation strategies and improve prevention and combat
fire policies. Therefore, the objective of this research was: 1. analyze the fire foci occur-
rences in the state of Mato Grosso between years 2001 to 2015, 2. verify the behavior of
fire occurrences between the dry and wet seasons, and 3. relate the occurrence of fire with
the weather variables, vegetation parameters and land use and cover.
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2 Materials and methods
2.1 Study area

The study area covers the entire state of Mato Grosso (MT), located in the center-west
region of Brazil (Fig. 1). The state of MT has an area of 903,872.00 km?” and a population
of 3,567,234 habitants (IBGE, 2018; IBGE, 2021). The biomes found in MT are the Ama-
zon (53.5%), Cerrado (39.7%), and Pantanal (6.8%) (Borges et al., 2014). In the state are
found 11 different soil orders. The orders of the highest expression are: Latossolos (Ferral-
sols) (38%), Argissolos (Acrisols and Lixisols) (24%) and Neossolos (Fluvisols, Leptosols,
Arenosols, and Regosols) (19%) (IBGE, 2018).

According to the Koppen-Geiger classification for Brazil (Alvares et al., 2013), the
study area has two climatic domains, tropical monsoon (Am) and tropical dry winter (Aw)
(Fig. 1), with two well-defined seasons, wet (October—April) and dry (May—September)
(Souza et al., 2013). The highest total annual rainfall occurs in the mesoregions North and
Mid-North, and in regions with altitudes close to 800 m (Souza et al., 2013).

2.2 Database

2.2.1 Land use and cover

The state of Mato Grosso has ten different classes of land use and cover (Table 1). These
data were obtained from the Brazilian Institute of Geography and Statistics—IBGE, and
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Fig.1 Location of the study area, classes of land use and cover, pedology, biomes, and Koppen climatic
domains
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Table 1 Land use and cover,
corresponding abbreviation and
territorial extension of classes in

Land Cover/Land Use Abbreviation Area (Km?) %

the state of Mato Grosso Continental Waters A 5609 0.621
Mining Areas B 531 0.059
Discovered Areas C 27 0.003
Urbanized Areas D 1614 0.179
Grassland E 198,021 21.908
Forest Areas F 345,504 38.225
Permanent Crops G 144 0.016
Temporary Crops H 121,206 13.410
Pasture 1 229,765 25.420
Forestry J 1451 0.161
Total area 903,872 100

they were disponibilized in a scale mapping of 1: 250,000 (IBGE, 2018). The ArcGIS 10.5
software was used to read the data and quantify the areas in each class. The Mining area,
Urbanized area, Grassland, Forest area, Permanent crops, Temporary crops, Pasture, and
Forestry classes were used in analysis. The Discovered class was not used because it has a
small area, and the continental water class was not used because it does not present a rela-
tionship with the fire foci.

2.2.2 Fire foci data

Monthly fire foci observations for the years 2001-2015 were obtained, in shapefile, on the
website of the platform FIRMS (Fire Information for Resource Management System, 2019)
of NASA (National Aeronautics and Space Administration). We used fire data from the
Moderate Resolution Imaging Spectroradiometer sensor—MODIS (TERRA and AQUA
platforms). The Fire Information for Resource Management System (FIRMS) distributes
Near Real-Time (NRT) active fire data within 3 h of satellite observation. These data have
resolution of 1 km and are created by the most updated version (006) of the active fire
algorithm MCD14 (Giglio, 2015). The ArcGIS 10.5 software was used to access and pro-
cess the database and counting of monthly number of fire foci. These data were also sepa-
rated for dry season (May—September) and wet season (October—April) and for the classes
of land use and cover (Table 1).

2.2.3 Weather variables

Used data from four weather variables, in NetCDF format, validated by Xavier et al.
(2016), are accumulated monthly rainfall (mm), average wind speed (m.s™h at 10 m,
average air temperature (°C) (simple average between maximum and minimum temper-
ature), and relative air humidity (%). These data cover all Brazilian States in the period
1961-2017, and therefore, it was necessary to extract only from the State of Mato Grosso
to the period of 2001-2015. Through R software (R Core Team, 2020), the variables of
interest were extracted for the state of Mato Grosso and the years studied here. The ncdf4
(Pierce, 2013) and raster (Hijmans et al., 2019) packages were used to handle these data
in the R software (R Core Team, 2020). We also evaluated the water (mm) on the soil sur-
face. Soil water data are produced by NCEP-DOE Reanalysis-2 and available from NOAA/
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OAR/ESRL PSD (Kanamitsu et al., 2002). The R software (R Core Team, 2020) and these
packages (ncdf4 and raster) were also used in soil water processing. So, we got the average
monthly value of each variable.

2.2.4 Remote sensing products

To know the behavior of vegetation over the seasons and years, data from the Enhanced
Vegetation Index (EVI) of the product MOD13Q1, V006 (Didan, 2015) were used. This
product has a temporal resolution of 16 days and a spatial resolution of 250 m. The tiles
h11v9, h11v10, h12v9, h12v10, h13v9, and h13v10 were used to cover the entire state
of Mato Grosso, totaling 72 files per year. The MODIS HDF files were downloaded from
NASA servers by the MODIStsp package (Busetto et al., 2019) of the R software (R Core
Team, 2020). This package also was used to reproject for GeoTIFF format and Datum
WGS-84.

For the analysis of the land surface temperature (LST), the daytime average monthly
data were obtained from the product MOD11B3 V006 (Wan et al., 2015) in a total of 72
files per year also using the tiles h11v9, h11v10, h12v9, h12v10, h13v9, and h13v10. The
original data were in Kelvin and have been converted to degrees Celsius using a calculator
tool of the ArcGis 10.5 software.

For both products, MOD13Q1 (EVI) and MOD11B3 (LST), only good quality pixels
obtained by "MODIS Quality Control" (QC) were used. In this case, a pixel was only con-
sidered good quality when QC met the following requirements (according to product user’s
guide): Category "CLOUDSTATE" is equal to O (significant clouds not present) or 3 (cloud
coverage not defined, clear sky is assumed); Category "SCF_QC" equal to 0 (method used
with best possible results) or 1 (method used with saturation).

2.3 Statistical analysis

The format, trend, and empirical distribution of the all weather variables, fire foci, and EVI
were evaluated annually throughout the study period (2001 to 2015) by boxplot statistics
produced by the ggplot2 package (Wickham, 2016) in the R software (R Core Team, 2020).

The fire foci distribution was analyzed according to land use and land cover classes and
for this was generated a barplot with fire foci annual density (i.e., fire foci per km?) over
time (2001 to 2015). Also was generated a barplot with abundance of fire foci in the land
use and cover classes in the dry and wet seasons over years. To better understand the influ-
ence of weather variables and EVI in fire foci occurrence in each year, a correlation was
obtained through Spearman’s correlation coefficient, considering a: 5%. These analyses
were realized with R software (R Core Team, 2020).

Aiming to identify the fire foci distribution and concentration in the state, the fire foci
densities were calculated using the nonparametric estimator Kernel. Kernel density esti-
mator plots the point intensity of a given phenomenon, corresponding to the radius of its
influence (Barbosa et al., 2019). The method was used to spatialize the variable, classifying
into the categories Very High (red), High (orange), Medium (yellow), Low (light green),
and Very Low (dark green) densities. The rasters interpolated by the Kernel Density have
a 1-km resolution. To associate fire foci data, the variables rainfall, relative humidity, and
soil water were also spatialized within the state between the years 2001 and 2015 in the
rainy and dry seasons. Maps with the average of the dry season and one of the rainy sea-
son were generated of each year, allowing more precise analysis of intensity and range in
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the seasons. These analyses were realized with Spatial Analyst tools of the ArcGis 10.5
software.

To detect fire foci behavior in the time series according to land use and cover classes
was used the nonparametric Mann—Kendall test (Kendall, 1975; Mann, 1945). This analy-
sis consists in verifying if there is a significant tendency of the data over time and if it has
positive characteristics or negative, considering o: 5%, the p-value and the Z index of the
test. To estimate the magnitude of trends was used the Sen’s slope statistic (Sen, 1968;
Silva Junior et al., 2018). The Trend package (Pohlert, 2020) was used to realize this analy-
sis in R software (R Core Team, 2020).

3 Results
3.1 Characterization of variables

The average air temperature, considering the annual average, was around 26 °C for the
years 2001 to 2014 and 27.05 °C in 2015, higher than the other years studied. The high-
est monthly average temperatures in this time series occurred in 2002 (28.59 °C), 2005
(28.53 °C), 2010 (28.57 °C) and 2015 (29.21 °C), Fig. 02, occurring in the first two years
in October (start of the wet season) and the others in September (end of the dry season).

The wind variable showed a gradual reduction and growth behavior every four years,
with the maximum values in the years 2003 (1.86 m.s~1), 2007 (1.68 m.s~1), 2008 (1.80 m.
s™1) and 2013 (2.02 m.s7Y), all in the final months of the dry season. Rainfall presented
high variability between data, ranging from values close to zero in dry season months
to 382 mm in rainfall months. In the year-to-date basis, we can highlight the years 2002
(1581.76 mm), 2007 (1596.08 mm), 2010 (1562.56 mm), and 2015 (1503.29 mm) with the
lowest values, Fig. 02.

Regarding relative humidity, Fig. 02, the lowest average monthly values occurred in
2008 (48.62%), 2010 (48.82%), 2012 (48.34%), 2013 (48.68%) and 2015 (49.80%). In all
analyzed years, the lowest monthly relative humidity always occurred in the dry season
(month of August), and the highest values during the wet season. In 2015, the lowest aver-
age relative humidity of the wet season was found, 77.98%, against 79.23 to 82.45% in the
other years.

By analyzing the land surface temperature, a pattern similar to the average air tempera-
ture is observed, with the highest temperatures in October and September. In 2015 also had
the highest average (31.74 °C) of wet season continental surface temperature compared to
other years.

Regarding soil water, Fig. 2, the years with the lowest monthly values were 2007
(187.13 mm), 2010 (177.35 mm) and 2015 (181.33 mm). These values occurred in the last
month of the dry season, September. The wet season of 2015 was the one with the lowest
amount of soil water, 2,526.33 mm, compared to the other years that had from 2,984.14
(2014) to 3,468.89 mm (2003). Regarding the vegetation data, a behavior similar to that of
precipitation, relative humidity of the air, and soil water and contrary to the land surface
temperature is observed every year. In the dry season, over the years, the average EVI val-
ues ranged from 0.37 to 0.40 and in the wet season from 0.46 to 0.49.

The fire foci showed greater monthly variation in 2002, 2003 and 2004. It is observed
that from 2004 to 2013 the fire foci trend positively followed the surface temperature and
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negatively the precipitation. However, in 2014 and 2015, even with rising temperatures and
reduced rainfall, there was not a significant upward trend in the number of fire foci (Fig. 2).

3.2 Fire foci

The highest fire foci densities (fire foci.km_z) occurred in the years 2002-2005, 2007 and
2010 (Fig. 3), representing 66.5% (931,150 foci) of the total fire foci occurred between
2001 and 2015. In these years, 80 to 83% of the fire foci occurred in the dry season (Fig. 4).
Already 2015 was the year in which there was less difference in occurrence between the
two seasons, with 40.53% of fire foci in the wet season and 59.47% in the dry season
(Fig. 4).

The land use classes with the highest density of fire foci sources in all years analyzed
were Mining Area (B), Urban Area (D), Temporary Crops (H) and Pasture (I) (Fig. 3). The
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Fig.2 Boxplot of Fire Foci, Rainfall, Relative Air Humidity, Average Air Temperature, Land Surface Tem-
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urban and mining areas, despite the high fire foci density values observed, when added
together represent only 0.24% of the state territory (Table 1).

Among the vegetation cover classes, the areas that concentrated the greatest number
of fire foci in all years were pasture, temporary crops, grassland and forest. These classes
occupy extensive areas in the state’s territory, 25.4%, 13.4%, 21.9%, and 38.2%, respec-
tively. In all classes and years, fire foci were concentrated in the dry season.

3.3 Correlation between fire foci and weather variables

In all years, there was a negative correlation between fire foci and rainfall (ranging from 0.53
in 2015 to 0.9 in 2012), relative humidity (ranging from 0.84 in 2015 to 0.98 in 2004), and
soil water (ranging from 0.81 in 2014 to 0.99 in 2002 and 2008) (Table 2). In relation to
EVI, there was also a negative correlation with fire foci every year. The EVI is influenced by
rainfall, relative air humidity and soil water. Negative correlation values indicate that the lower
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Table2 Spearman’s correlation
coefficient of monthly average

data from 2001 to 2015 between s _ _ _ _
Fire Foci and Land Wind Speed 2001 0.77  0.59 0.06 0.78 0.85 0.95 0.90

(WS), Surface Temperature 2002 050 055  025% —0.67 —088 —097 —0.99
(LST), Average Air Temperature 2003 092 045 -0.14* —-080 —-092 -096 -0.92
(AAT), Rainfall (RF), Enhanced 9004 0.31*% 0.35% —0.10* —0.83 —092 —098 —0.90
X‘;‘rgf_;fl;"igi{gd(‘;{‘g;g&’Slffﬁame 2005 077 048 —006* —0.78 —092 —094 —092
Water (SW) 2006 064 055  031* —080 —085 —085 —0.85
2007 056 046  0.03* —084 —099 —097 —091
2008 096 067 042 —066 —080 —092 —0.99
2009 072 050  0.18% —070 —071 —086 —0.87
2010 062 052 —008% —081 —092 —094 —090
2011 057 067 049 —0.67 —080 —085 —092
2012 050 046  0.12% —090 —086 —096 —0.88
2013 0.64 049  001* —078 —087 —094 —0.86
2014 065 043 027 —087 —092 —094 —08l1
2015 078 087 072 —053 —065 —084 —094

Years WS LST AAT RF EVI RH SW

“Values marked with “* were not significant considering o: 5%
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the presence of rainfall, relative humidity, soil water, and greening of vegetation the greater
the likelihood of fire foci. The wind and land surface temperature variables showed a positive
correlation with fire foci (ranging from 0.5 in 2002 and 2012 to 0.96 in 2008, and 0.43 in 2014
to 0.87 in 2015, respectively) (Table 2). The average air temperature showed a significant cor-
relation with fire foci only in 2008 (0.42), 2011 (0.49), and 2015 (0.72) (Table 2). Positive cor-
relation values indicate that the higher the land surface temperature, average air temperature,
and presence of wind, the greater the likelihood of fire foci.

3.4 Kernel density

Most the study area was mainly subjected to the Very Low and Low Kernel density classes
(Figs. 5 and 6). However, the two highest density classes of fire foci were observed in sig-
nificant quantities in the territory of the state over the years.

During the wet season (Fig. 5), except for 2011 and 2013, every year presented a high
incidence of High and Very High densities. The highest densities were located mainly in
the Central and Northeast regions of the state. In 2004 and 2005, an increase in the size
of Very High Density fire foci can be observed. These years are the ones with the highest
fire foci for this season, due to the high concentration in October, month in which the wet
season begins. The year 2015, characterized by high intensity El Nifio, presented a high
concentration of fire foci in the Central, Northeast, and Southwest regions, in addition to
the presence of medium density throughout almost the state. In the years mentioned, the
variables rainfall, relative humidity, and soil water registered low values throughout the
East and also in the southwest of the state (Fig. 5).

During the dry season, fire foci in each year also focus mainly on the central region of
the state (Fig. 6). However, in 2007, 2010, and 2015, it also was possible to observe very
high density spots in the Northeast and Northwest of the state. The relationship with mete-
orological variables in this season is seen more clearly, where rainfall was lower in almost
the entire state accompanied by low relative humidity and soil water (Fig. 6). The years
2011 and 2013 showed the lowest record of fire foci in the two seasons.

3.5 Trend analysis

The Mann—Kendall test showed only three classes of land use and land cover, Urbanized
Area (D), Temporary Crops (H), and Forestry (J) with a significant trend of reduction of
fire foci in the annual assessment (Table 3). For the wet season, it was also possible to
observe the significant tendency of reduction of fire foci in Urbanized Area (D), and Tem-
porary Crops (H), besides the tendency of reduction in Pastures (I) (Table 3). Finally, the
dry season also had a significant trend of reduction of fire foci in the 15 years evaluated in
Urbanized Area (D), Temporary Crops (H), and Forestry (J). In all classes with a signifi-
cant trend can be observed a small value in the magnitude of reduction of fire foci (Sen’s
slope).

4 Discussion
The analyses showed a close relationship between the occurrence of fire foci and climatic

variables, mainly relative air humidity, soil water and rain. In the dry season, when the
winds are more intense and the relative air humidity and water in the soil are significantly
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Fig.5 Kernel density of fire foci and distribution of the highest and lowest rainfall, relative humidity and
soil water of the wet season in the state of Mato Grosso between 2001 and 2015

lower, there was a greater number of fire foci in all the years analyzed. In the Amazon
region, most burns and forest fires are detected in periods of drought, when there is also
low relative air humidity and high temperatures. In dry seasons, the landscape greening is
reduced, influenced by the scarcity of rainfall together with relative air humidity and water
in the soil, and this consequently reduces the moisture content of combustible materials
and causes greater flammability of the vegetation (Justino et al., 2002; Ribeiro et al., 2021).
In these periods, the wind also influences the propagation and effects of fires (Machado

et al., 2014; Soares, 1990).
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Fig.6 Kernel density of fire foci and distribution of the highest and lowest rainfall, relative humidity and
soil water of the dry season in the state of Mato Grosso between 2001 and 2015

Although studies have not reported a significant trend in the number of fires in the Ama-
zon region between 2002 and 2016 (Marengo & Souza Junior, 2018), we found a trend
toward a reduction in the occurrence of fire foci between years 2001 and 2015 in some
of the land use classes (Urbanized Area, Temporary Crops, Forestry, Pastures). However,
even with the trend towards reduction fire foci, still there was high density of fires in pas-
tures and temporary crops. The trend reduction may be related to adoption of the no-till
system of temporary crops by big farmers over time, which replaces the conventional agri-
culture of cutting and burning the remains. In 2006, the state of Mato Grosso had about
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Table 3 Mann—Kendall trend statistics and Sen’s slope for fire foci according to land use and cover class
from 2001 to 2015 in the state of Mato Grosso according to the annual total, the total in the wet season and
the total in the dry season

B D E F G H I J

Annual Zy —1139 —=3.121 -039 -0.693 —1345 —3.365 - 1.781 -2.824
Sen -3.75 -30.00 -238.00 —932.00 -030 —233254 -3139.33 -11.00
p 0.2545 0.0018  0.6922 0.4884 0.1785  0.0008 0.0748 0.0047

Wet Season Z_;, 1.001 -2579 -0.099 -0.693 —1.140 —2474 - 2177 - 1.536
Sen 0.22 -550 =550 —78.00 0.00 -613.00 -51515 —2.00
p 0.3167 0.0099 0.9212 0.4884 0.2543  0.0133 0.0294 0.1245

Dry Season Z, —-1338 —-2771 -0.594 -0989 —1.208 -—3.266 - 1.781 —3.068
Sen —342 —-29.00 -222.75 —-64380 -0.14 —1754 —2353 —9.00

p 0.1810  0.0056 0.5526 0.3223 0.2272  0.0011 0.0748 0.0022

Bold values are significant with «: 5%, where: (B) Mining Areas; (D) Urbanized Areas; (E) Grassland; (F)
Forest Area; (H) Temporary Crops; (I) Pastures and (J) Forestry

32,400 km? under the conservationist system (IBGE, 2006), while in the 2017/18 crop
year the area using this technique in the state exceeded 100,000 km?, the largest extension
among the Brazilian states IBGE, 2017).

Complementary Law No. 233, of December 21, 2005, also contributed to the general
reduction of fire foci as of 2006. This law prohibited the use of fire for cleaning and man-
agement of areas in the period between July 15 and September 15 (dry season). But, even
with implementation of the legislation, the larger concentration of fire foci still occurred in
August and September, as these are the months with the most favorable environmental con-
ditions for ignition and fire propagation (dry combustible material, accented deficit in the
relative air humidity, precipitation, and more intense winds). Among the main causes of
fires in the state are the action of incendiary, burned to clean areas and lightning (Machado
Neto, 2016).

Despite the general trend of reduction of fire foci in some use classes between years
2001 and 2015, the year 2007 showed about 88% more records than the previous year.
The year 2010 also registered a significant increase (323%) in the number of fire foci com-
pared to 2009. The extremes in 2007 and 2010 can be explained by the weather conditions
observed in these years (Machado Neto, 2016). The years 2006 and 2009 were wetter years
compared to the years immediately following, presenting meteorological conditions less
favorable to the propagation of fires. Therefore, it can be inferred that in 2006 and 2009
the unfavorable environmental conditions to combustion favored the accumulation of plant
biomass. Thus, the significant increase in the number of fire foci in 2007 and 2010 was
due to the favorable conditions for combustible material accumulated in the previous years
(Ramos et al., 2011; Machado Neto, 2016; Marengo & Souza Junior, 2018).

In 2015, despite being the driest year in recent years in the Amazon region (Garcia et al.,
2018; Panisset et al., 2018; Silva Junior et al., 2018), we did not find a high occurrence of
fire foci in comparison with previous years. However, was the year less difference in the
number of fire foci between dry and wet seasons. In that year, there was a more accentu-
ated proportional decline in precipitation, which implied a progressive extension of the dry
season (Marengo & Souza Junior, 2018), as also occurred in 2005 (Barbosa et al., 2019).
This caused normally rainy months presented favorable conditions for the occurrence of
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fire foci. Given the scenario of increased incidence of extreme events (Da Silva et al., 2019;
Silva et al., 2021), this highlights that it is important to understand the causes and seek
tools to predict the late start of the wet season or extension of the dry season. Sena et al.
(2018), claim that the variability of the wet season onset/demise in South America is likely
caused by a combination of physical mechanisms of natural and anthropogenic origin, such
as land-use change, global warming, and impacts on the hydrological cycle.

The results found in this study demonstrate the role of climatic conditions in fire con-
trol, and they are important for understanding the relationships between fire and land use
and cover in this region, for example the occurrence of fires in forest areas. This class natu-
rally retains more humidity, and in the state, it coincides with the region with the greatest
amount of precipitation; however, when exposed to dry weather conditions, this ecosystem
becomes vulnerable to fire. In the case of the 2005 drought in Amazonia, fires affected
large areas of primary forests (Cox et al., 2008; Marengo et al., 2008). Generally, forest
fires occur due to the use of fire to clear recently deforested areas and fire coming from
adjacent agricultural areas (Barbosa et al., 2019; Rosan et al., 2017). Also, almost 40% of
the state is part of the Cerrado biome, characterized by the occurrence of natural fire. This
condition is important for species that have fire-related reproductive mechanisms, such as
flowering induction and fruit opening after the fire (Munhoz & Felfili, 2007; Stokes et al.,
2004). In grassland areas, inserted in greater proportion in Cerrado, the concentrations of
fire foci also occurred due to this characteristic of the biome. Savannas and grasslands are
highly flammable ecosystems as they have an abundance of fine plant material close to the
ground (Catafio, 2021).

Despite state to present an extensive area of Cerrado, the northern and central regions
localized in the Amazon biome, in general, were the most affected by fire foci, both in
the dry and rainy seasons. These regions cover part of the so-called deforestation arc (a
region of intense deforestation), related to the continuous increase in the agricultural fron-
tier and which often uses fire in the process to open new areas (Klink & Machado, 2005;
Araujo, 2007). This reinforces that the fire foci occur due to a combination of anthropic
action with climatic conditions. Human beings have a direct influence on fire regimes when
they change the structure, composition, and spatial distribution of the combustible mate-
rial, when they cause changes in land use and cover, and when by contribute to greenhouse
gases, that drive climate change (Fonseca et al., 2019). Deforestation, still common in the
state, is another variable that contributes to the occurrence of fire foci. After deforestation,
the areas are burned to facilitate cleaning and conversion to pasture or agricultural areas.

5 Conclusions

Our analysis confirmed our assumptions that fire foci in the state of Mato Grosso are
closely related to climate variability and vegetation parameters. We also confirmed that
regardless of the period, fire occurrences are concentrated in agricultural cultivation,
pasture and native vegetation areas. This reinforces that human action acts as a propel-
ling source in the occurrence of fire for management practices when climatic variables are
favorable.

Despite the possible reduction in the study period in some land uses class, fire occur-
rences are still extremely significant in this state. This demonstrates that fire prevention,
inspection and fighting policies should be intensified mainly in the dry season and years
with extreme drought forecast, when more months with favorable conditions for fire
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occurrences can occur. Thus, public policies related to combating deforestation and the
indiscriminate use of fire in Brazil are fundamental, given the importance of these biomes
for biodiversity conservation. The concern and assistance of other countries are also indis-
pensable and must be valued by state and national governance, as this is an important
region in the world scenario of food production and climate regulation.

The information obtained in this study, using the fire foci spatialization and variables
that influence fire, helps in the identification of areas most vulnerable to fires and in the
knowledge of where efforts should be concentrated. They also can guide the planning of
intervention operations and infrastructure implementation in places susceptible to fire.
These results and methodology can support conservation and environmental protection
actions since many areas of the biomes and its surroundings are still in the exploration
phase of natural resources.
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