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Abstract 

Background  The Cerrado is the most biodiverse savanna and maintains other biomes. Aware of its significance, this 
paper evaluated the Brazilian Cerrado’s climatic, environmental, and socioeconomic aspects using remote sensing 
data and spatial statistics (correlation analysis and principal components analysis—PCA). Following the measures of 
sample adequacy (MSA) and Kaiser–Meyer–Olkin (KMO) tests, seventeen variables were evaluated.

Results  The MSA revealed that the dataset had a good quality (0.76), and nine variables were selected: elevation, 
evapotranspiration, active fires, Human Development Index (HDI), land use and land cover (LULC; shrubland and 
cropland/rainfed), rainfall (spring and autumn), and livestock. The correlation matrix indicated a positive (negative) 
association between HDI and autumn rainfall (HDI and active fires) with a value of 0.77 (− 0.55). The PCA results deter‑
mined which three principal components (PC) were adequate for extracting spatial patterns, accounting for 68.02% of 
the total variance with respective values of 38.59%, 16.89%, and 12.5%. Due to economic development and agribusi‑
ness, Cerrado’s northern (central, western, and southern) areas had negative (positive) score HDI values, as shown in 
PC1. Climatic (rainfall—spring and fall) and environmental (cropland/rainfed and shrubland) aspects dominated the 
PC2, with negative scores in northern and western portions due to the transition zone between Amazon and Cer‑
rado biomes caused by rainfall variability. On the other hand, environmental aspects (LULC-shrubland and elevation) 
influenced the PC3; areas with high altitudes (> 500 m) received a higher score.

Conclusion  Agricultural expansion substantially affected LULC, leading to deforestation-caused suppression of native 
vegetation.
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Introduction
Similar to other Brazilian biomes, the Brazilian Cerrado 
has undergone several transformations in recent decades 
(Silva et al. 2013; Silva Junior et al. 2018). Such changes 
can have climatic (Durigan and Ratter 2016; Mataveli 
et  al. 2018; Correia Filho et  al. 2019), environmental 
(Sano et al. 2020; Oliveira et al. 2021), and human causes 
based on the rapid changes in land use and cover (Hunke 
et al. 2015; Dias et al. 2016; Soterroni et al. 2019; Souza 
et al. 2020a, b). In addition, the central-southern portion 
of the Cerrado has also experienced landscape and land-
use changes due to the expansion of agribusiness (Dias 
et al. 2016; Salazar Pessôa 2020).

The concept of agribusiness emerged in the mid-1960s 
and 1970s after the deployment of the National Develop-
ment Programs (in Portuguese, Programas Nacionais de 
Desenvolvimento, PND) by the Brazilian Federal Govern-
ment to modernize and expand regional based on agri-
cultural production (Salazar Pessôa 2020). These PNDs 
had the support of the Brazilian Agricultural Research 
Corporation (in Portuguese, Empresa Brasileira de Pes-
quisa Agropecuária,  EMBRAPA), which is responsible 
for the genetic improvement process of grain production 
(Silva et al. 2013; Souza et al. 2020b).

This PND in the Cerrado was started in the late 1970s 
with the Japanese–Brazilian Cooperation Program for 
the Development of the Cerrado (in Portuguese,  Pro-
grama de Cooperação Nipo-Brasileiro para o Desen-
volvimento Agrícola dos Cerrados,  PROCEDER), which 
lasted until 2001 (Silva et  al. 2013; Buainain and Garcia 
2015; Salazar Pessôa 2020). Over the past three decades, 
PROCEDER contributed to the growth and development 
of agribusiness by raising agricultural productivity and 
enhancing the Brazilian trade balance (Picoli et al. 2020; 
Salazar Pessôa 2020; Souza et  al. 2020b). Consequently, 
the center-south portion of the Cerrado has become a 
significant producer of commodities, supplying Brazil 
and the rest of the globe (da Silva et al. 2013; Soterroni 
et al. 2019; Salazar Pessôa 2020).

This program established a second agricultural fron-
tier in the mid-1990s, located in the states of Mara-
nhão–Tocantins–Piauí–Bahia (MATOPIBA) through the 
expansion of soybean cultivation (Buainain and Garcia 
2015; Souza et  al. 2020a, b). In contrast, this develop-
ment based on extensive land use due to mining, cattle 
ranching, and agricultural consortia causes a series of 
environmental degradations in the Cerrado (Cunha et al. 
2008), most notably the suppression of native vegetation 
on 7340 km2 by 2020 (Hunke et al. 2015; Garcia and Bal-
lester 2016; Silva Junior et al. 2019; Souza et al. 2020a, b).

If soybean cultivation’s current agricultural expan-
sion persists over the Cerrado biome, approximately 2.5 
million hectares of the native landscape will undergo 

significant changes by 2050 (Soterroni et  al. 2019). In 
addition, deforestation is an environmental degrada-
tion more common (Rocha et al. 2011; Santos et al. 2014; 
Mataveli et al. 2018; Souza et al. 2020b; Assis et al. 2021), 
associated with clearing and fire-related agricultural 
expansion in some states as Maranhão (Silva Junior et al. 
2019; Oliveira et  al. 2021), Minas Gerais (Rudorff et  al. 
2010; Marinho et al. 2021).

Despite the vital role of fire in the renovation and 
growth of plants (Durigan and Ratter 2016; Abdo 2018; 
Abdo et  al. 2022), however, most of the wildfires origi-
nating over the biome arise from human actions (Mata-
veli et  al. 2018; Silva Junior et  al. 2019). Concern exists 
regarding Cerrado’s ability to support endemic fauna 
and flora (Durigan and Ratter 2016; Garcia and Ballester 
2016; Abreu et al. 2017). Alves and Rosa (2019) highlight 
Cerrado’s significance in forming the leading Brazil-
ian rivers, given Brazil’s dependence on hydroelectric-
ity (Goldemberg and Lucon 2007). The Cerrado is also 
responsible for maintaining other biomes and is the most 
biodiverse savanna (Valadão et al. 2017).

Aware of the deficiency of a broader assessment that 
seeks to know how different aspects interact over the 
Brazilian Cerrado, the primary objective of this study is 
to evaluate the Brazilian Cerrado’s climatic, environmen-
tal, and socioeconomic aspects.

Materials and methods
Study area
The Cerrado biome is located in the Brazilian Central 
Plateau, covering 24% of Brazil (2.06 million km2 of total 
area) with the second largest biome in Brazil, ranging 
from open grasslands to dense forest formations (Becerra 
et al. 2009; Valadão et al. 2017). The Cerrado area com-
prises the following states: Amapá, Bahia, Ceará, Distrito 
Federal, Goiás, Maranhão, Minas Gerais, Mato Grosso, 
Mato Grosso do Sul, Pará, Paraná, Piauí, Rondônia, 
Roraima, São Paulo, and Tocantins, totaling 1445 munici-
palities (Grupo de Trabalho Biomas do Cerrado 2004), as 
seen in Fig. 1.

The Cerrado has a seasonal tropical climate, with dry 
winters and an average annual temperature between 22 
and 23 °C, with highs exceeding 40 °C and lows approach-
ing negative values (between May and July) (Nascimento 
and Novais 2020). The average annual rainfall varies 
between 1200 and 1800  mm, particularly during spring 
and summer (October and March). However, there is 
no monthly rainfall during the austral autumn and win-
ter (May and September) (Nascimento and Novais 2020; 
Correia Filho et al. 2022a). Therefore, three datasets were 
used to assess the climatological, environmental, and 
socioeconomic aspects of the Brazilian Cerrado:
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•	 Climatological (rainfall, temperature, and evapotran-
spiration);

•	 Environmental (active fires, elevation,  vegetation 
health index, slope, and land use and land cover—
LULC);

•	 Socioeconomic (actual yield production, gross 
domestic production—GDP, Human Development 
Index—HDI, population density, and livestock).

Climatological data
To assess the climatic, environmental, and socioeco-
nomic aspects of the Brazilian Cerrado, we will begin 
by obtaining rainfall data. It used the second version of 
the Climate Hazard Group InfraRed Precipitation with 
Station (CHIRPS) for rainfall product (unit: mm) (Funk 
et al. 2015a). This product’s information is derived from 
satellite products, weather stations, and reanalysis data. 
In addition, it has a spatial resolution of 0.05° × 0.05°, and 
temporal resolution on daily, pentad, and monthly scales 
is applicable between the latitudes of 60° N and 60° S and 

Fig. 1  Delimitation of the Cerrado biome, located in the central South America (middle right panel), classified into a 16 land use and land 
cover classes (top and bottom left side)  (Bontemps et al. 2015, ESA 2021); and b elevation (top right panel, unit: meters) which spans from 0 to 
1200 m (bottom right panel)  (Jarvis et al. 2008)
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is available through the website ftp://​ftp.​chg.​ucsb.​edu/​
pub/​org/​chg/​produ​cts/​CHIRPS-​2.0. The CHIRPS data 
are consistent in regions with high station density (Funk 
et al. 2015b), particularly in Brazil, as confirmed by Costa 
et  al. (2019), Oliveira-Júnior  et al. (2021), and Palharini 
et al. (2021), and Correia Filho et al. (2022a) who recently 
used it as a reference in remote regions or regions with 
poor or absent rain gauge coverage. This study calculated 
the seasonal averages from 1982 to 2021: (a) spring, (b) 
summer, (c) fall and (d) winter.

Regarding evapotranspiration data (unit: kg/m2, but 
similar to mm), the sixth version of the MOD16A2 
product from the moderate resolution imaging spectro-
radiometer (MODIS) sensor of the Terra Satellite was 
utilized (Running et al. 2017). This product has a spatial 
resolution of 500 mm × 500 m and a weekly and annual 
temporal resolution. For this study, it was calculated the 
average annual from 2001 to 2021.

Land surface temperature (LST, unit: Kelvin) prod-
ucts were acquired by polar-orbiting satellites using the 
advanced very high-resolution radiometer (AVHRR) 
sensor, which is operated by the National Oceanic and 
Atmospheric Administration (NOAA). This product is 
part of the initiative for the Global Vegetation Health 
(GVH) program that evaluates the behavior of terres-
trial vegetation using the Normalized Difference Veg-
etation Index (NDVI) and the Vegetation Health Index 
(VHI). The data have a spatial resolution of 0.04° × 0.04°, 
and weekly temporal resolution has been available since 
1981 (Kogan et  al. 2011). In this instance, the tempera-
ture estimation derived from the cloud-top brightness 
temperature algorithm pertains to LST, not air tempera-
ture. For this study, the average annual LST corresponds 
to 1982–2021.

Environmental data
In addition to the LST, NOAA provided the Vegetation 
Health Index (VHI, unit: %) from the Global Vegeta-
tion Health program, which has a spatial resolution of 
0.04° × 0.04° and temporal resolution on a weekly VHI 
scale to assess the vegetative health and ranges from 0 
to 100. The average annual VHI for the study spans from 
1982 to 2021 (Karnieli et al. 2010; Kogan et al. 2011).

About the LULC data, it used version 2.0.7 of the Space 
Agency—Climate Change Initiative—Land Cover (ESA 
CCI-LC)—(Bontemps et al. 2015, ESA 2021), with a spa-
tial resolution of 300 m × 300 m with temporal resolution 
in annual scale, corresponding to the period of 1990–
2015, which were derived from the SPOT-VEGETATION 
(1999–2012), and PROBA-V (2013–2015) satellites. In 
this study, the two most abundant groups of LULC were 
utilized for evaluation: cropland/rainfed and shrubland, 
relative to the 2015 year.

The active fire data were obtained from BDQueimadas 
of the Divisão de Satélites e Sistemas Ambientais (DSA) 
at the Center for Research in Weather and Climate Stud-
ies/Brazilian Institute of Space Research (CPTEC/INPE 
2019). This product is generated from the number of 
recordings of potential fire events detected by orbital and 
geostationary satellites between 2003 and 2021 and doc-
umented annually in .csv files. First, this study converted 
the  .csv files to GeoTIFF files with a spatial precision of 
0.05° × 0.05°. After this step, the annual average for this 
period was then calculated.

The slope data (unit: °) were from the third version of 
the Global Agro-Ecological Zones (GAEZ) program, 
developed by the International Institute for Applied Sys-
tems Analysis (IIASA) and the Food and Agriculture 
Organization (FAO)—(IIASA/FAO 2012). The elevation 
data (unit: meters) were collected from version 2.1 of the 
Shuttle Radar Topography Mission (SRTM) elevation 
model, which has a spatial resolution of 90 m × 90 m and 
covers the whole globe between latitudes 60° N and 60° S 
(Jarvis et al. 2008).

Socioeconomic data
For socioeconomic data, Population Density, Human 
Development Index (HDI), and Gross Domestic Product 
(GDP) used the year 2015 as a basis (Kummu et al. 2018). 
This item has a spatial resolution between 0.01° × 0.01° 
and 0.25° × 0.25°. Similar to the slope data, the livestock 
and actual yield and production variables from the third 
version of the Global Agro-Ecological Zones (GAEZ) 
program, developed by the International Institute for 
Applied Systems Analysis (IIASA) and the Food and 
Agriculture Organization (FAO)-(IIASA/FAO 2012), 
with a spatial resolution of 0.08° × 0.08°. The entire base 
was normalized and transformed to a spatial resolution 
of 0.05° using R software version 4.0-4 and the bilinear 
interpolation method (R Development Core Team 2021). 
Each examined variable corresponds to the average 
annual composition (climatic and environmental vari-
ables) or Census (socioeconomic variables).

Table 1  Pearson correlation analysis classification

Interval Intensity

0.0–0.3 Negligible

0.3–0.5 Poor

0.5–0.7 Moderate

0.7–0.9 Strong

> 0.9 Very strong

ftp://ftp.chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.0
ftp://ftp.chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.0
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Statistics and data analysis
Pearson correlation analysis
Pearson’s correlation analysis assessed the degree of asso-
ciation between the several variables (Table 1). This eval-
uation followed the organization and compilation of the 
data set (Mukaka 2012).

Principal component analysis (PCA)
After using Pearson’s correlation analysis, the data set 
was subjected to principal component analysis (PCA). 
This multivariate statistical technique turns an original 
set of variables into a new set of variables of the same 
dimension called principal components (PC)  (Wilks 
2011). The PC possesses crucial properties: each PC is a 
linear combination of the original data, is independent of 
one another, and is estimated to maintain, in a sequence 
of estimation, the highest information regarding the 
entire variation in the data (Wilks 2011). In addition, 
PCA is related to data reduction with minimal informa-
tion loss.

This reduction was only possible if these variables 
were interdependent and correlated (Oliveira-Júnior 
et al. 2021; Costa et al. 2021; Correia Filho et al. 2022b). 
Therefore, the application of PCA requires evaluating 
the quality of the data set in this way, using the Kaiser–
Meyer–Olkin (KMO) and Measure of Sampling Ade-
quacy (MSA) tests (Kaiser 1970; Kaiser  and Rice 1974), 
obtained by Eqs. 1 and 2:

where r is the standard correlation coefficient, p is the 
standard partial correlation coefficient, and the KMO 
and MSA value ranges from 0 to 1.

According to Corrar et  al. (2007), KMO and MSA 
values below 0.5, the matrix is discarded, whereas val-
ues between 0.5 and 0.7 are reasonable, 0.7 and 0.9 are 
good, and above 0.9 are optimal. The PCA was applied 
to the data based on the results of the KMO and MSA 
tests. It identified the optimal number of PC using the 
Kaiser method, which selects eigenvalues greater than 1 
(λ > 1)  (Kaiser 1970) and evaluated the influence of each 
PC based on its respective factor loading (scores).
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Results
The MSA and KMO tests were initially applied to select 
the matrix dataset based on 17 variables and evaluate 
the quality. The MSA test presents that only nine meet 
the minimum requirements for PCA (MSA and KMO 
tests > 0.50), and the overall matrix has good quality, with 
a value of 0.76 (Table 2). The variables selected are eleva-
tion, evapotranspiration, active fires, HDI, LULC-shrub-
land, LULC-cropland/rainfed, spring rainfall, autumn 
rainfall, and livestock, as described in Table  2. In addi-
tion, correlation analysis (CA) was applied based on the 
new data matrix to determine potential relationships 
between variables (Fig. 2).

The CA matrix showed a moderate positive correlation 
(0.39 < CA < 0.69) between evapotranspiration and active 
fires (0.40) and autumn rainfall with livestock (0.40). In 
addition, there is an association of the HDI with other 
variables such as autumn rainfall (0.67), spring rainfall 
(0.44), and with livestock (0.41), while the strong positive 
correlation (0.70 < CA < 0.89) between autumn rainfall 
and spring rainfall (0.77). Regarding the moderate nega-
tive correlations, evapotranspiration is associated with 
other variables such as elevation (0.41), autumn rainfall 
(0.45), HDI (0.48), and active fires (0.48). In addition, it 
checks for associations of active fires with other variables 
such as elevation (0.40) and HDI (0.55) stand out.

After performing CA on the dataset, PCA was used to 
detect spatial patterns. The variables are categorized as 
follows based on KMO values: LULC-shrubland as bad 
(0.5 < KMO < 0.6); spring rainfall and autumn rainfall as 
reasonable (0.6 < KMO < 0.7); elevation and LULC-crop-
land/rainfed as average (0.7 < KMO < 0. 8); and evapo-
transpiration, active fires, HDI, and livestock as good 
(0.8 < KMO < 0.9), with emphasis on the highest values 
obtained by evapotranspiration (0.86) and livestock 

Table 2  Correlation analysis (CA) of the variables analyzed for 
PC1, PC2, and PC3

The KMO and MSA tests vary between 0.50 and 1. The CA varies between − 1 
and 1

Variables KMO PC1 PC2 PC3

Elevation 0.75 0.49 − 0.42 0.58

Evapotranspiration 0.86 − 0.67 0.10 − 0.37

Active fires 0.84 − 0.68 0.39 − 0.04

HDI 0.82 0.86 0.04 0.02

LULC—cropland/rainfed 0.79 0.50 0.46 0.28

LULC—shrubland 0.57 0.29 − 0.47 − 0.69

Autumn rainfall 0.67 0.79 0.51 0.00

Spring rainfall 0.62 0.56 0.68 − 0.19

Livestock 0.90 0.56 0.13 − 0.23

KMO factor adequacy Overall MSA = 0.76
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(0.90). Finally, the Kaiser test (λ > 1) was used to deter-
mine the optimal number of principal components (PC), 
and it noted that three PCs would extract the spatial pat-
terns, explaining 68.02% of the total variance explained 
(Table 3).

Figure  3 shows the relationships between variables 
using a biplot graph. HDI and autumn rainfall (livestock 
and elevation) are the most (minor) representative vari-
ables, each accounting for 15% (< 7%) of the variance. 
PC1 accounts for 38.59% of the total variance explained 
(Table  3 and Fig.  4a), and its positive correlations are 
greater than 0.29, with highlights for autumn rainfall 
(0.86), followed by HDI (0.79). On the other hand, nega-
tive correlations are observed by evapotranspiration 
(− 0.67) and active fires (− 0.68). Regarding the scores 
(Fig. 4, top right panel), the northern portion of Cerrado 
(Bahia, Maranhão, and Piauí States) shows negative val-
ues between − 5 and − 10, whereas the western, central, 
and southern regions (Goiás, Mato Grosso, Minas Ger-
ais, Mato Grosso do Sul, Paraná, and São Paulo States) 
show positive scores upper 5.

The results of PC1 exhibit a distinctive characteris-
tic: the dominance of a socioeconomic variable (HDI) 
over climatological and environmental variables. HDI 
and autumn rainfall contribute the most (least) to 
PC1 (Table  3), with respective contributions of 21.10% 
and 17.86% of the total variance explained (6.78% and 
2.38% of the total for elevation and LULC-shrubland, 
respectively).

Fig. 2  The Pearson correlation analysis of the nine variables selected by PCA. The highlighted blue (red) square demonstrates a positive (negative) 
relationship between the variables analyzed. The result is statistically significant (p < 0.05), ranging from – 1 to 1 

Table 3  Contribution percentage (in %) of the variables 
analyzed for PC1, PC2, and PC3, with their respective to total 
variance explained (in %)

The variance explained and contribution percentage vary between 0 and 100

Variables PC1 PC2 PC3

Elevation 6.78 11.60 29.81

Evapotranspiration 13.10 0.61 12.36

Active fires 13.35 9.85 0.15

HDI 21.10 0.13 0.04

LULC—cropland/rainfed 7.26 14.24 7.01

LULC—shrubland 2.38 14.47 42.59

Autumn rainfall 17.86 17.32 0.00

Spring rainfall 9.17 30.63 3.29

Livestock 8.99 1.14 4.76

Total of variance explained (%) 38.59 16.87 12.56
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PC2 accounts for 16.87% of the total explained variance 
(Fig.  4, top right panel), with most variables in this PC 
exhibiting positive correlations corresponding to rainfall 
(spring and autumn with values of 0.68 and 0.51, respec-
tively). However, LULC-shrubland (− 0.47) and elevation 
(− 0.42) demonstrate negative correlations. The scores of 
this PC (Fig. 4, top right panel) exhibit negative (positive) 
values that vary between − 5 and − 0.25 (between 0.25 
and 5) situated in the northwestern and western por-
tions of the Cerrado over the Mato Grosso and Tocantins 
States (eastern and southern regions of the Cerrado). The 
variables contributing the most (least) to PC2 (Table  3) 
are autumn rainfall and spring rainfall, with 17.32% and 
30.63% of the total variance explained, respectively (HDI 
contributes 0.13% of the total, respectively).

PC3 accounts for 12.56% of the explained variance 
(Table  3). LULC-shrubland and elevation stand out 
among the variables examined due to their respective 
values of − 0.69 and 0.58, respectively. Furthermore, 

positive scores (Fig.  4,  bottom left panel) are found in 
the eastern (Bahia, southern Maranhão, northern Minas 
Gerais, and Piauí States) and western (central region of 
Mato Grosso State) portions of the Cerrado, with values 
between 0.25 and 3. In contrast, negative scores occur 
in the center-southern (Goiás and Mato Grosso do Sul 
States) and northern (northern Maranhão State) portions 
of the Cerrado, with values between − 3 and − 0.25. As 
a result, LULC-shrubland and elevation contribute the 
most (least) to PC3 (Table 3), accounting for 29.81% and 
42.51% of the total variance, respectively.

Discussion
The PCA patterns from the three PC indicate distinct 
characteristics. Checking the relationship patterns exhib-
ited by Pearson’s correlation and the respective PCA 
maps reveals that the HDI (socioeconomic aspect) is the 
primary variable in PC1 behavior. The HDI is an essential 
indicator of the development level of a city, region, and 

Fig. 3  Biplot resulting from two PC-based PCA. The colors of the arrows represent the contribution (in %) of each variable evaluated for PC1 and 
PC2 over the Brazilian Cerrado. The x and y axes correspond to the degree of relationship of each PCA resulting correlation analysis. In this instance, 
x and y refer to PC1 and PC2, respectively. These respective axes’ values range from – 1 to 1
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country (Santos et al. 2011; Espírito Santo et al. 2016). It 
is observed that positive scores of the PC1 are associated 
with the regions of the highest HDI values (central and 
southern portions of the Cerrado) due to the agricultural 
development based on agribusiness, the primary sec-
tor of the Brazilian production chain (Rocha et al. 2011; 
Dias et al. 2016; Espírito-Santo et al. 2016; Spangler et al. 
2017).

In the southern portion of Cerrado, agricultural culti-
vation is multifaceted, primarily involving the planting of 
cotton, corn, soybean, and sorghum (Rocha et  al. 2011; 
Sano et al. 2010; Dias et al. 2016; Magalhães et al. 2020; 
Oliveira et  al. 2021), and in the southeastern portion, 
sugarcane in Minas Gerais and São Paulo States (Rudorff 
et al. 2010; Mataveli et al. 2018; Marinho et al. 2021). Soy-
bean production is the source of agricultural expansion 
in the northern portion of the Cerrado (the agricultural 

Fig. 4  Spatial factor loadings (scores) corresponding to each of the three PC: PC1 (top left panel), PC2 (top right panel), and PC3 (bottom left panel). 
The colors represent the influence of each PC’s positive (blue) or negative (red). The scores range in value from − 10 to 10
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frontier MATOPIBA). Although this agricultural devel-
opment benefits the region’s economy, its effects generate 
environmental consequences (Silva et al. 2013; Silva Jun-
ior et al. 2018; Picoli et al. 2020). One of these is the sig-
nificant change in LULC caused by deforestation and the 
use of fire, corroborating with some studies in Cerrado 
(Sano et  al. 2010; Rocha et  al. 2011; Santos et  al. 2011; 
Buainain and Garcia 2015; Picoli et  al. 2020; Oliveira 
et al. 2021).

PC2’s behavior is determined by climatic and environ-
mental aspects based on rainfall (spring and autumn) and 
LULC (LULC-cropland/rainfed and LULC-shrubland). 
The transition zones influenced this pattern of negative 
scores with the Amazon biome (to the western Cerrado), 
which has a humid and warm environment with high 
rainfall rates ranging from 2000 to 3000 mm year−1 from 
the Amazon Forest (Silva Junior et al. 2019).

Regarding climatic conditions, rainfall (spring and 
autumn) is essential for crop development during the 
planting (mid-November) and harvesting (late May) peri-
ods, respectively (Sprangler et al. 2017). However, irregu-
lar rainfall patterns can imperil the cultivation phases and 
reduce crop yield (Dias et al. 2016; Soterroni et al. 2019). 
Therefore, planting occurs during the Cerrado’s rainy 
period, which begins in September and lasts until mid-
May (Campos and Chaves 2020; Oliveira-Júnior et  al. 
2021; Correia Filho et al. 2022a), as a result of the South 
American Monsoon System (SAMS), which initiates and 
maintains the South Atlantic Convergence Zone (Reboita 
et al. 2010; Nielsen et al. 2016; Correia Filho et al. 2022a).

Campos and Chaves (2020) reported a negative trend 
of an 8% decline in annual rainfall totals over the Cer-
rado. The authors assume that this drop in rainfall results 
from the weakening of the SACZ, the system responsible 
for the rainy season, and that its variability threatens the 
growth of non-irrigated crops. In addition, this drop in 
rainfall occurs across the depressions of the lower and 
middle Araguaia and the Araguaia River Plain/Bananal 
Island (elevation < 300 m), where shrubland/wetland veg-
etation predominates (Sano et al. 2020).

According to Sprangler et  al. (2017), Campos and 
Chaves (2020), and Nascimento and Novais (2020), the 
northern and eastern portions (regions with negative 
scores)—also known as the transition zone between Cer-
rado–Caatinga with a semi-arid climate and low rainfall 
regimes (700–1000  mm  year−1)—have the lowest rain-
fall rates (Correia Filho et  al. 2019; Correia Filho et  al. 
2022a). Therefore, this location offers ideal circumstances 
for promoting evapotranspiration and the emergence of 
active fires.

Santos et al. (2020) examined Cerrado’s annual poten-
tial evapotranspiration (ETp) in the Brazilian Northeast 
from 1979 to 2013. The authors detected that the greatest 

annual ETp rates occurred in Maranhão and Piauí States. 
This decrease in rainfall mentioned earlier, coupled with 
high ETp rates, contributes to increased plant/crop stress 
and, consequently, to the loss of vegetation cover (Cor-
reia Filho et  al. 2018). Rocha et  al. (2011), Santos et  al. 
(2014), Soterroni et  al. (2019), Souza et  al. (2020b), and 
Oliveira et al. (2021) found that these climatic and envi-
ronmental circumstances, in conjunction with land-use 
changes, have contributed to the wildfires in the region, 
notably between the Maranhão and Tocantins States.

According to Oliveira et al. (2021), this combination of 
elements may contribute to the elevated springtime fire 
risk in the aforementioned regions (September–Octo-
ber–November). Santos et al. (2014) analyzed the pattern 
of active fire over the Cerrado from 2002 to 2014. The 
authors discovered that the highest active fire concentra-
tions found in Maranhão, Piauí, and Tocantins States are 
related to the expansion of the MATOPIBA agricultural 
frontier (Rocha et al. 2011). In this extension, agricultural 
concentrations occur precisely in deforested and erod-
ing regions, including Bahia (Assis et al. 2021). In addi-
tion, the LULC may be related to agricultural production 
based in the commodities and the cattle industry expan-
sion, situated in Goiás, Minas Gerais, and Mato Grosso 
States (Cunha et  al. 2008;  Silva et  al. 2013; Dias et  al. 
2016), to which they are responsible for the production of 
animal protein for export.

Already, PC3’s behavior exhibits environmental aspects 
as main responsible. In Maranhão State, low-elevation 
regions (< 300 m) have negative scores distributed inter-
mittently over the Coastal, Cocais Forest (Tabuleiros de 
Barreirinhas and Bacabal Surface), and Bico do Papa-
gaio ecoregions. Moreover, Tocantins contains the lower 
and middle Araguaia depressions and the Araguaia 
River Plain/Bananal Island (Sano et  al. 2020). Santos 
et  al. (2020) assessed the ETp over Brazilian Northeast 
(northern portion of the Cerrado), and discovered that 
northern Maranhão (region with low-elevation, < 300 m) 
had the highest evapotranspiration values, with values 
exceeding 1250–2000  mm  year−1, while Bahia (region 
with elevation > 800  m) presented values ranging from 
600 to 1500 mm year−1. This behavior presented by ETp 
displays the importance of the elevation gradient, to 
which the measure that increases the elevation, there is 
a decrease in air temperature and relative humidity of the 
air, to which both contribute to the decrease of the pro-
cesses inherent in ETp, corroborating with Goulden et al. 
(2012) to which they assessed the behavior of the ETp 
over the Sierra Nevada in California, USA.
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Conclusions
According to the results, nine variables (elevation, evapo-
transpiration, active fires, HDI, LULC-shrubland, LULC-
cropland/rainfed, spring rainfall, autumn rainfall, and 
livestock) were sufficient for understanding some aspects 
of the Brazilian Cerrado. Based on the correlation matrix, 
it was verified that the positive correlations between HDI 
and autumn rainfall occurred in the agribusiness regions 
(central and southern portions of the biome). In addition, 
the results demonstrated a negative association between 
HDI and active fires in areas with low (high) HDI values, 
which had a high (low) active fire rate due to the expan-
sion and development of agriculture and cattle-raising. 
This high frequency of active fires contributes to defor-
estation along the MATOPIBA agricultural frontier, 
driven by changes in LULC.

The PCA results revealed three distinct patterns. The 
PC1 highlighted by the HDI and the autumn rainfall 
being two more representative variables with positive 
scores in Cerrado’s central, western, and southern por-
tions. HDI is the most significant socioeconomic indica-
tor that represents the growth of a city, region, or country 
and is conditioned to climatological, environmental, and 
socioeconomic variables. The higher HDI is located in 
agribusiness regions, the most significant industry in the 
production chain of the Brazilian economy.

The most influential climatological and environmen-
tal variables for PC2 were rainfall (spring and autumn) 
and LULC (cropland/rainfed and shrubland). Due to this 
seasonal rainfall pattern (LULC), Cerrado’s eastern and 
southern regions presented negative (positive) score val-
ues. This negative score pattern is influenced by the tran-
sition region between the Amazon and Cerrado biomes 
(to the west) due to the irregularity of the rainfall regime. 
This variability in rainfall during the spring contributes to 
the increased risk of wildfires along the biome.

The PC3 emphasized climatological and environmen-
tal data, highlighting the LULC-shrubland, elevation, and 
evapotranspiration as the most important. In the east-
ern and western Cerrado, positive scores were obtained 
in regions with LULC-shrubland or high-elevation areas 
(> 500  m), while the negative scores are dispersed peri-
odically along the Cerrado for low-elevation regions with 
high evapotranspiration levels in northern Maranhão and 
Tocantins.
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