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Abstract: Climate change has been at the forefront of discussions in the scientific, economic, political,
and public spheres. This study aims to analyze the impacts of climate change in the Matopiba
region, assessing its relationship with land cover and land use, soybean crop production and yield,
and ocean–atmosphere anomalies from 1985 to 2020. The analysis was conducted in four parts:
(1) trends in annual and intra-annual climate changes, (2) the spatiotemporal dynamics of land cover
and use, (3) the spatiotemporal dynamics of soybean production and yield, and (4) the relationship
between climate change, agricultural practices, land cover and use, and ocean–atmosphere anomalies.
Statistical analyses, including Mann–Kendall trend tests and Pearson correlation, were applied to
understand these relationships comprehensively. The results indicate significant land cover and use
changes over 35 years in Matopiba, with municipalities showing increasing soybean production and
yield trends. There is a rising trend in annual and intra-annual maximum temperatures, alongside
a decreasing trend in annual precipitation in the region. Intra-annual climate trends provide more
specific insights for agricultural calendar planning. No correlation was found between the climate
change trends and soybean production and yield in the evaluated data attributed to genetic and
technological improvements in the region. The North Atlantic Ocean shows a positive correlation
with soybean agricultural variables. Evidence suggests soybean production and yield growth under
climate change scenarios. This study highlights soybeans’ adaptation and climate resilience in the
Matopiba region, providing valuable insights for regional agricultural development and contributing
to further research in environmental, water-related, social, and economic areas of global interest.

Keywords: climate trends; geotechnologies; commodity agricultural

1. Introduction

Climate change has been at the center of diverse scientific, economic, political, and
public discussions [1–4]. The current changes in the climate already profoundly affect hu-
man and natural processes [5]. Changes in the climate have become a significant challenge
to humanity because they have substantial local, regional, and global consequences [6,7].
In the face of climatic changes, environmental, social, political, and economic impacts
are already being observed, such as changes in the hydrological cycle, frequent floods,
droughts, a higher incidence of plagues and diseases, and a greater challenge regarding the
production of grains and food for global agriculture [5]. Therefore, the global challenge
consists of understanding where, when, and how climate changes affect world populations
to analyze, measure, and test the processes of climate adaptation and resilience [8,9]. Spa-
tiotemporal dynamics have been studied in different regions to rate changes in the weather
and their relation to human and natural processes of land cover and land use [7,10].

Land cover and land use have changed significantly in recent years. In the first two
decades of the 21st century, drastic alterations to the cover and use of land worldwide
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occurred [11], leading to changes in the landscape at a variety of temporal and spatial
scales [12–14]. For example, more than 314 million hectares of forest were lost worldwide
between 2001 and 2015, with a generous portion of this attributed to deforestation caused
by agricultural commodities [15]. Monitoring land cover and use through the years and its
relation to climate change provides valuable information [7].

The relationship between land cover and land use and climate change helps scientists
to predict and mitigate the impacts of climate change on various human activities, such
as agriculture, allowing farmers to adapt to climatic conditions and obtain better produc-
tion yields. This is especially with the improvement of technological packages that can
efficiently minimize the risks of climate change and have a positive global impact on the
intensification of land use rather than on its expansion [11]. In agriculture, policymakers
have a considerable and growing international interest in evaluating cultivation adaptation
and climatic resilience [16]. For decision making in regional agricultural planning and
development, knowledge of the spatiotemporal patterns of crops and their performance
over time is essential, as is the assessment of climate change [17,18].

The aforementioned agricultural planning and development is essential in large agri-
cultural countries. Brazil is the fifth largest country in the world and has established
agricultural potency. The country is one of the global leaders in the production and exporta-
tion of grains [19] and is one of the ten biggest global economies in terms of Gross Domestic
Product (GDP) [20]. The country is the global leader in soybean production, followed by the
United States and Argentina [21]. Soybean cultivation is one of the main commodities in the
world [22]. Oilseed is rich in proteins and oils, and humans and animals consume it [23–26].
Brazil exported circa 76.16 million tons of soybean during the 2017/2018 harvest [27]. The
production of soybeans in the 2022/2023 harvest was estimated at 322.8 million tons, with
an increase of 18.4%, corresponding to 50.1 million tons more soybeans harvested in this
harvest than the last harvest [28]. This has resulted in a larger planted area and a better
average productivity.

Matopiba, an acronym for the states Maranhão (MA), Tocantins (TO), Pisauí (PI), and
Bahia (BA), is Brazil’s newest agricultural frontier [17,29,30]. This region has suffered
significant environmental, economic, and social changes due to the growth of this frontier,
especially with soybean cultivation. The main factors leading to the agricultural advances
in Matopiba’s region are a low land price, continuous improvements in public policies, the
soil quality, weather, and a topography favorable to mechanic agriculture, aside from being
a favorable location for the logistics of grains exportations [17,31]. Matopiba is located
near the Port of Itaqui in São Luís, capital of the state of Maranhão. Compared to the
other Brazilian ports, this port presents the best cost/profit for national and international
markets [32].

In the face of the high economic, social, and environmental relevance of Matopiba’s
region, it is of great interest to analyze territorial and climatic data to better comprehend
the dynamics of evolution, transition, and agricultural intensification [17,33,34]. It is also
important to evaluate climate changes in Matopiba with studies that allow the mechanisms
of intervention in the productive systems of cultivation to be traced, especially in soybean
cultivation, in combination with sustainable development. The impact of climate changes
on agriculture is not the same among the regions due to variations in nature, the magnitude
of the regional climate, and variability in farmers’ resilience [6,7].

This results in a greater urgency to understand the relationship between meteorological
events and agricultural production and yield in Matopiba. Many studies show the effects
of global warming on precipitation and temperature patterns worldwide. Asewar et al. [35]
evaluated the potential of climate-resilient technologies to increase soybean yields in India.
Santos et al. [7] analyzed trends in extreme air temperatures and precipitation and their
impact on corn and soybean yields in Nebraska, USA. MacCarthy et al. [36] assessed
soybean yields under climate change in a semi-arid region of West Africa and found that
the effect of climate change on yields varied widely between farms and between years.
Variability between farms (due to diversity in management practices and soil type) was
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more important than between years (due to differences in climatic parameters); this calls
for more attention to be paid to the extension of good management practices to farmers in
order to reduce the variability of climate impacts on agricultural yields [36].

Therefore, the present article’s main objective is to analyze the climate changes in
Matopiba, focusing on annual and intra-annual climate trends for precipitation and tem-
perature based on long-term observations and multiple seasons. This is in addition to
evaluating the relationship between climate trends, changes in land cover and land use,
agricultural production and soybean yields in Matopiba, and ocean–atmosphere anoma-
lies. This analysis is essential to Matopiba, where agriculture is one of the most critical
sectors. Identifying the relation between the behavior of soybean production in the face
of climate change trends could significantly impact the region’s response to adaptation
and climate resilience. The results could support local, regional, and global agricultural
planning and assist research and analysis in environmental, hydro, social, and economic
areas of Matopiba.

2. Materials and Methods
2.1. Study Field

The study field selected was the region of Matopiba, which extends through the North
and Northeast of Brazil. The region studied is located in an area between 2◦30′–15◦15′ S,
42◦00′–50◦00′ W, constituted by parts of the state of Maranhão, Tocantins, Piauí and Bahia
(Figure 1). The Matopiba comprehends an area of approximately 73 million hectares, with
337 Brazilian cities and 10 mesoregions (5 in the state of Maranhão, 2 in Tocantins, 1 in
Piauí and 2 in Bahia) [17]. A mesoregion corresponds to a subdivision of a Brazilian state
and can cover a variable number of cities with elevated levels of economic and social
similarities. Matopiba is Brazil’s most recent agricultural frontier [17,31]. In the last ten
years, the production of grains in Matopiba has increased by 93%, an advance of 18 million
tons (2013/2014 harvest) to 35 million tons (2022/2022 harvest) [37].
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Matopiba is a region of transition between biomes, covered mainly by the Cerrado
biome (91%), with smaller Amazon areas (7.3%) and Caatinga (1.7%) [38]. The natural
vegetal coverage is composed mainly of savannah formations (64%), areas of ecological
tension (15%), and seasonal deciduous forest (11%). It has three river basins: the Basin
of the Tocantins River (43%), the Basin of the Atlantic (40%), and the Basin of the São
Francisco River (17%). Oxisol is the dominant soil type, covering 27.8 million hectares
(38%) [39]. This soil type is deep, well developed, highly weathered, and has low fertility,
good permeability, and high porosity [40].

2.2. Methodological Approach

The climate data considered in this study were daily data regarding precipitation
and the maximum and minimum temperature from the period of 1985–2020, obtained by
22 conventional meteorological stations of the National Institute of Meteorology (INMET),
with 9 of those stations being in the state of Maranhão, 6 in Tocantins, 2 in Piauí and 5 in
Bahia [41]. According to the World Meteorological Organization (WMO), climatological
normals are usually the average of three decades of meteorological parameters [42]. The
INMET, an agency of the Ministry of Agriculture, Cattle and Supplying (MAPA), represents
Brazil in the WMO and provides Brazilian meteorological information to help the country’s
agricultural production, emphasizing practical and reliable results [41]. The data from
INMET, like other data sources, have insufficiencies. Some meteorological stations present
flaws in their data series; however, they were not considered and did not interfere with the
final result. The climate data were analyzed using descriptive statistics involving central
trend measures and data variability.

The land cover data and land use considered in this study were obtained from the
platform MapBiomas. MapBiomas is a multi-institutional initiative whose primary objective
is contributing to an understanding of the transformation of Brazilian territory. The project
was launched in July 2015, and since then, it has made available a historical series of maps
and analyses that help understand the evolution of the Brazilian landscape through time,
with the construction of annual maps of land cover and use each year, from 1985 to the
current time [43]. The current study utilized images from collection 6 of MapBiomas, which
was published in August 2021 and has a 30 m resolution. Access to these data was realized
via the Google Earth Engine (GGE) platform.

The temporal series selected were 1895, 1990, 1995, 2000, 2005, 2010, 2015 and 2020.
The reclassification of the images was initially realized according to what is described in
Table 1 and analyzed spatially–temporally. Subsequently, the images were reclassified
into natural formation and anthropic action, according to Table 2. In the images of the
second reclassification, we realized buffers of 60 km in each geographical point of the
22 meteorological stations in Matopiba, seeking to quantify and analyze the process of
human occupation and alteration in the vegetal coverage around the meteorological stations
in Matopiba.

The agricultural data considered in this study were municipal data regarding the
production (t) and yield (kg ha−1) of soybean cultivation from 1885 to 2020 for the 337 cities
that comprise Matopiba. The agricultural data were obtained by the Municipal Agricultural
Production (PAM) of the Brazilian Institute of Geography and Statistics (IBGE) through the
platform IBGE Automatic Recovery System (SIDRA) [44]. The purpose of these data is to
provide the whole country with statistical information on the agricultural base on annual
and municipal scales. The IBGE data, like many data sources, have insufficiencies. Some
cities present flaws in their data series; however, they were not considered and did not
interfere with the final result. These data were characterized spatially and temporally and
analyzed using descriptive statistics involving central trend measures.
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Table 1. Reclassification of MapBiomas’ images (collection 6) for a spatial–temporal analysis of the
land cover and land use in Matopiba.

Forest Soybean

Forest Formation Temporary Cultivation—Soybean

Savannah Agriculture and Cattle Raising

Savannah Formation Pasture Area

Other Forest Formation Temporary Cultivations—Others

Mangrove Perennial Crops
Wooded Sandbank (beta) Silviculture

Non-Forestal Natural Formation Agriculture and Pasture Area Mosaic

Flooded Field e Swamp Area Non-Vegetated Area

Rural Formation Beach, Dune, and Sandbank
Apicum Urbanized Area

Rocky Outcrop Mining
Other Non-Forestal Formation Other Non-Vegetated Areas

Body of Water

River, Lake, and Ocean
Fish Farming

Table 2. Reclassification of MapBiomas’ images (collection 6) into two classes: natural formation and
anthropic actions.

Natural Formation Anthropic Action

Forest Formation Pasture Area
Savannah Formation Temporary Cultivations

Mangrove Perennial Crops
Wooded Sandbank (beta) Silviculture

Flooded Field and Swamp Area Agriculture and Pasture Area Mosaic
Rural Formation Urbanized Area

Apicum Mining
Rocky Outcrop Fish Farming

Other Non-Forestal Formations
Beach, Dune, and Sandbank
Other Non-Vegetated Areas

River, Lake, and Ocean

The ocean–atmosphere anomalies in the present study were studied through the
Multivariate El Niño Index (MEI), Pacific Decadal Oscillation (PDO), and Atlantic Multi-
decadal Oscillation (AMO). The acquisition data from Pacific and Atlantic Ocean anomalies
were obtained at the National Oceanic and Atmospheric Administration (NOAA) in the
portal Physical Sciences Laboratory [45], made available free of charge on the website
https://psl.noaa.gov/ (accessed on 6 July 2021). The dynamic between the ocean and
atmosphere influences the world’s climate. Temperatures hotter or colder than usual in
oceans can affect climate patterns worldwide, affecting the high and low-pressure systems,
wind, and precipitation.

Statistical analyses of trends based on the Mann–Kendall test [46] were conducted. This
test corresponds to a sequential and non-parametric analysis, as the World Meteorological
Organization (WMO) suggested, for observing trends in a time series of environmental
data [47,48]. It is usually used to verify whether a series of data has a statistically defined
tendency for temporal change and is given by Equation (1), as follows:

S =
ni−1

∑
k=1

n

∑
j=k+1

sgn(xj − xk) (1)

https://psl.noaa.gov/
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where S is the Mann–Kendall test, and xj and xk are the time series values at times j and k
for n observations, respectively. In this approach, the differences between each sequential
value sgn (. . .) are calculated to represent an increase (+1), decrease (−1), or no change (0)
(Equation (2)).

sgn(x) =


+1, x > 0

0, x = 0
−1, x < 0

(2)

Negative S values indicate a downward temporal trend, whereas positive values
indicate an upward temporal trend. Assessing the probability associated with the S values
and the sample size (n) is essential. After this analysis, it is possible to assess whether
the trend is statistically significant. The accepted statistical parameter for the number of
samples greater than 10 is the value of the variance of S (Equation (3)), as follows:

V(S) =
n(n − 1)(2n − 1)− ∑

p
j=1 tj(tj − 1)(2tj + 5)

18
(3)

where p is the number of groups tied and tj is the number of equal values in a certain
group j of the time series. Because S is distributed with zero mean and variance, as given
by Equation (1), it can be seen whether the positive or negative trend is significantly
different from zero. If S is significantly different from zero, then H0 is rejected for a certain
significance level, indicating a trend (hypothesis H1 is accepted). The statistical parameter
for the number of small samples with a normal distribution is the value of the Z statistic
(Equation (4)).

|Z| =


S−1√
V(S)

se S > 0

0 se S = 0
S+1√
V(S)

se S < 0
(4)

Due to its robustness and wide application in climate studies, the Mann–Kendall test
was applied to the climate and agricultural data from 1985 to 2020 [48]. The climate trends
were annually and intra-annually analyzed. The monthly climate trends are relevant to the
agricultural calendar of cultivation. The agricultural trends were obtained via data on the
production and soybean cultivation yield of the cities with the 22 meteorological stations
in Matopiba. The Mann–Kendall test was processed using the XLSTAT 2021 software [49].
XLSTAT provides a quality data analysis before the processing of Mann–Kendall trends.
This data quality analysis is crucial to guaranteeing that the data used in the trend analysis
are reliable and adequate for the desired purpose.

The correlations between the climate, agricultural, land cover, and land use analysis
results of Matopiba’s meteorological stations and the ocean–atmosphere anomalies were
obtained using Pearson’s correlation (r) [7,50,51]. The climate analysis was conducted for
precipitation trends and maximum and minimum temperatures. The results of the land
cover and land use utilized in the analysis were the natural formation areas (1985 and 2020),
anthropic action (1985 and 2020), and land cover and use changes over the 35 years. The
average and agricultural trends were utilized in the analysis for the production and yield
variables of soybean cultivation.

The two-tailed test was applied to verify the significance of p ≤ 0.05. The Pearson
correlation formula, also known as the Pearson correlation coefficient (r), is commonly used
to measure the degree and direction of the linear relation between two variables, and it is
given by (Equation (5)):

r =
n(∑ xy)− (∑ x)(∑ y)√

[n∑ x2 − (∑ x) ²]
√
[n∑ y2 − (∑ y) ²]

(5)

where n is the number of observation pairs, ∑ xy is the addition of the products of each
observation pair, ∑ x is the addition of the observations from the first variable, ∑ y is the



Sustainability 2024, 16, 2670 7 of 22

addition of the observations from the second variable, ∑ x² is the addition of the squares
of the observations from the first variable, and ∑ y² is the addition of the squares of the
observations from the second variable.

3. Results
3.1. Climate Analysis

Matopiba’s region presented higher precipitation volumes in the state of Tocantins
(Figure 2a). The average annual precipitation ranged from 769.07 mm (Bom Jesus da
Lapa/BA) to 1807.75 mm (Araguaína/TO). The high standard deviation values for the total
average annual precipitation demonstrate the great variability in the region among dry and
rainy periods. The annual average maximum temperature in the study area ranged from
31.58 ◦C (Correntina/BA) to 34.15 ◦C (Caxias/MA). The highest maximum temperature
value was 44.70 ◦C, in Bom Jesus do Piauí/PI. The annual average minimum temperature
ranged from 18.07 ◦C (Correntina/BA) to 23.31 ◦C (Bacabal/MA).
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The application of the Mann–Kendall test in the annual temporal series of the
22 meteorological stations analyzed indicated a significant trend (p≤ 0.05), with a decrease
in precipitation in the course of the next years in 20 locations in Matopiba (Table 3). The
higher and lowest decline trends were, respectively, in Colinas, in the south of Maranhão
(p < 0.0001 and S −0.069 mm/year), and in Carinhanha, Valley São-Franciscano da Bahia
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(p 0.027 and S −0.012 mm/year). The intra-annual trends of this variable were significant
to a level of 5%, with a decreasing trend in monthly precipitation, especially in December,
with a decline in precipitation in 16 meteorological stations. In Colinas, south of Maranhão,
the declining trend observed in nine months of the year for precipitation was statistically
significant. Palmas, east of Tocantins, was the only station that presented a significant trend
of increase, exclusively in January, with 5% in intra-annual precipitation (p 0.009 and S
0.063 mm/year).

The maximum annual temperature showed a significant increasing trend (p ≤ 0.05) in
all meteorological stations in Matopiba’s region. In Caxias, east of Maranhão, the maximum
annual temperature tended to rise more significantly (p < 0.0001 and S 0.254 ◦C/year)
(Table 4). In this location, the maximum temperature was 42.2 ◦C in 2016, 8.05 ◦C higher
than the average. Balsas, south of Maranhão, had the second highest annual increase in
the maximum temperature (p < 0.0001 and S 0.225 ◦C/year). As for the intra-annual data,
the maximum temperature tended to significantly increase (p ≤ 0.05) in all months of the
year. Only seven analyzed cases were not shown to be relevant. The month of September
exhibited the highest Mann–Kendall index value due to a trend of temperature increase in
Caxias, east of Maranhão (p < 0.0001 and S 0.488 ◦C/year).

The minimum annual temperature presented a significant increasing trend (p ≤ 0.05)
in 19 meteorological stations in the region of Matopiba (Table 5). Barra do Corda, in
the center of Maranhão, showed the highest increasing trend in the minimum annual
temperature (p < 0.0001 and S 0.347 ◦C/year). The locations of Correntina (p < 0.0001 and
S −0.023 ◦C/year) and Sta. Rita de Cássia (p < 0.0001 and S −0.060◦C/year), both to the
extreme west of Bahia, exhibited significant decreasing trends (p ≤ 0.05) in this variable
through the years.

The result of the trends in the intra-annual series of the minimum temperature was
relevant (p ≤ 0.05), mostly due to the increase in this variable. October presented the
highest level in the Mann–Kendall index due to the tendency of the minimum temperature
to increase in Barra do Corda, Center of Maranhão (p < 0.0001 and S 0.494 ◦C/year). In
September, the lowest value in the Mann–Kendall index was observed in Bom Jesus do
Piauí, southwest of Piauí, due to a decreasing trend in the minimum temperature (p < 0.0001
and S −0.225 ◦C/year).

3.2. Land Cover and Land Use Analysis

The region of Matopiba has suffered intense transformations in its land cover and land
use over 35 years (Figure 3), emphasizing the reduction in forest and savannah areas due to
the increase in agriculture and cattle raising, particularly soybean cultivation. In 1985, the
areas with vegetation (forest, savannah, and other forest formations) in Matopiba totaled
approximately 534,000 km2; in 2020, this figure was around 443,000 km2. Agricultural
activities in Matopiba (except soybean planting, which was evaluated separately) occupied
an area of 84,000 km2 in 1985. In 2000, it grew by 34,000 km2, totaling 118,000 km2. In 2020,
they occupied a total of 152,000 km2. This increase occurred mainly in western Tocantins,
central Maranhão, and western Maranhão.

The soybean, the main cultivation of Matopiba in 1985, occupied a territory of 42 km2.
In 2000, the soybean area in the region amounted to around 5000 km2. With increased
growth in the region, in 2020, soybean production covered an area of 41 thousand km2 in
Matopiba. The largest cultivation production in 2020 was in the extreme west of Bahia,
in the south of Maranhão, and in the southwest of Piauí. In 1985, the area natural forma-
tion in Matopiba was around 661 thousand km2, and in 2020, it totaled approximately
550 thousand km2. In other words, this is an increase of nearly 111 thousand km2 of
anthropic actions in the areas of natural formations over 35 years in Matopiba’s region
(Figure 4).
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Table 3. Annual and intra-annual precipitation trends were analyzed by the Mann–Kendall test for Matopiba’s meteorological stations.

UF Weather Stations Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

BA

Barreiras −0.056 −0.020 −0.001 0.009 −0.029 −0.051 −0.041 −0.062 −0.063 −0.122 −0.043 −0.109 −0.052
Bom Jesus da Lapa −0.084 −0.002 0.008 0.006 −0.003 −0.005 −0.080 −0.052 −0.068 −0.050 −0.017 −0.147 −0.038
Carinhanha −0.034 −0.009 0.041 0.021 0.011 −0.013 −0.067 −0.049 −0.045 −0.023 −0.009 −0.110 −0.015
Correntina −0.074 −0.008 0.009 0.034 0.013 0.006 −0.070 −0.029 −0.078 −0.058 −0.015 −0.147 −0.022
Santa Rita de Cássia −0.036 −0.018 −0.018 −0.033 −0.057 −0.007 −0.029 −0.019 −0.081 −0.049 0.012 −0.100 −0.034

MA

Alto Parnaíba −0.020 −0.006 0.037 −0.027 −0.007 0.003 −0.030 0.005 −0.056 −0.057 −0.009 −0.099 −0.024
Bacabal −0.011 0.034 −0.046 −0.019 −0.023 −0.033 −0.065 −0.013 0.008 −0.080 −0.035 −0.017 −0.032
Balsas 0.037 0.029 −0.050 −0.033 −0.002 −0.018 0.025 −0.023 −0.036 −0.033 −0.037 −0.103 −0.030
Barra do Corda −0.007 −0.012 −0.039 −0.042 0.033 −0.006 −0.011 −0.021 0.010 −0.021 −0.033 −0.029 −0.018
Carolina −0.015 0.001 −0.010 −0.006 0.000 0.000 0.007 −0.011 −0.036 −0.054 −0.019 −0.063 −0.022
Caxias −0.029 −0.007 −0.074 −0.048 −0.048 −0.079 −0.045 −0.056 −0.016 −0.027 −0.052 −0.062 −0.052
Chapadinha −0.005 0.014 −0.036 −0.022 −0.022 0.008 −0.014 −0.091 −0.092 −0.039 0.031 −0.005 −0.022
Colinas −0.046 −0.034 −0.089 −0.107 −0.048 −0.065 0.001 −0.042 −0.060 −0.055 −0.080 −0.111 −0.069
Imperatriz 0.002 0.002 −0.026 −0.013 0.002 −0.033 −0.016 −0.027 −0.042 −0.011 −0.041 −0.008 −0.012

PI
Bom Jesus do Piauí 0.009 0.017 0.025 −0.067 0.030 −0.020 0.004 −0.044 −0.051 −0.029 −0.063 −0.034 −0.022
Vale do Gurguéia −0.031 −0.018 −0.032 −0.007 −0.047 −0.112 −0.058 −0.013 −0.097 −0.079 −0.022 −0.077 −0.044

TO

Araguaína −0.035 0.040 0.007 −0.030 0.004 −0.019 0.002 −0.029 −0.050 −0.059 −0.015 −0.050 −0.020
Palmas 0.063 0.026 0.025 0.036 −0.014 0.019 −0.035 −0.014 −0.008 −0.025 0.012 −0.015 0.006
Pedro Afonso −0.004 −0.015 −0.021 0.026 0.030 0.010 −0.021 −0.023 −0.045 −0.073 −0.014 −0.073 −0.020
Peixe −0.038 −0.048 −0.039 −0.019 −0.001 −0.008 −0.045 −0.099 −0.041 −0.035 −0.020 −0.079 −0.029
Porto Nacional −0.009 −0.022 −0.008 −0.027 0.028 0.010 −0.048 −0.059 −0.070 −0.078 −0.034 −0.069 −0.028
Taguatinga −0.042 −0.060 0.035 −0.001 −0.027 0.031 −0.059 −0.054 −0.052 −0.055 0.027 −0.116 −0.022

The bold values represent significance p ≤ 0.05.
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Table 4. Trends in the maximum annual and intra-annual temperature were analyzed by the Mann–Kendall test for Matopiba’s meteorological stations.

UF Weather Stations Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

BA

Barreiras 0.145 0.049 0.119 0.048 0.114 0.081 0.061 0.055 0.105 0.183 0.103 0.195 0.101
Bom Jesus da Lapa 0.205 0.111 0.146 0.070 0.078 0.144 0.138 0.120 0.179 0.207 0.100 0.215 0.128
Carinhanha 0.173 0.047 0.072 0.035 0.070 0.156 0.130 0.118 0.144 0.162 0.088 0.163 0.087
Correntina 0.176 0.129 0.169 0.090 0.112 0.164 0.155 0.132 0.203 0.212 0.101 0.211 0.131
Santa Rita de Cássia 0.238 0.134 0.140 0.135 0.183 0.201 0.169 0.153 0.161 0.218 0.121 0.198 0.154

MA

Alto Parnaíba 0.096 0.053 0.120 0.152 0.210 0.258 0.268 0.248 0.278 0.257 0.114 0.211 0.138
Bacabal 0.195 0.159 0.228 0.234 0.253 0.329 0.298 0.341 0.347 0.376 0.287 0.166 0.202
Balsas 0.165 0.159 0.258 0.267 0.297 0.412 0.451 0.414 0.437 0.301 0.199 0.282 0.225
Barra do Corda 0.184 0.205 0.270 0.319 0.303 0.348 0.415 0.405 0.422 0.372 0.278 0.197 0.198
Carolina 0.146 0.137 0.215 0.169 0.206 0.289 0.350 0.391 0.354 0.256 0.185 0.246 0.170
Caxias 0.275 0.180 0.290 0.345 0.351 0.426 0.411 0.482 0.488 0.445 0.304 0.261 0.254
Chapadinha 0.199 0.158 0.294 0.290 0.259 0.268 0.299 0.348 0.379 0.387 0.247 0.122 0.162
Colinas 0.179 0.192 0.244 0.234 0.246 0.343 0.370 0.374 0.403 0.324 0.206 0.220 0.186
Imperatriz 0.162 0.130 0.254 0.217 0.195 0.285 0.384 0.456 0.456 0.348 0.239 0.200 0.201

PI
Bom Jesus do Piauí 0.239 0.204 0.219 0.242 0.189 0.141 0.037 0.015 −0.012 0.019 0.067 0.171 0.119
Vale do Gurguéia 0.158 0.118 0.132 0.135 0.223 0.235 0.152 0.154 0.148 0.189 0.104 0.166 0.122

TO

Araguaína 0.028 0.029 0.064 0.055 0.120 0.133 0.130 0.183 0.225 0.202 0.115 0.141 0.092
Palmas 0.087 0.075 0.121 0.122 0.314 0.483 0.444 0.415 0.330 0.170 0.107 0.135 0.163
Pedro Afonso 0.182 0.169 0.241 0.207 0.200 0.249 0.314 0.337 0.364 0.292 0.221 0.273 0.177
Peixe 0.106 0.094 0.135 0.150 0.202 0.204 0.139 0.132 0.237 0.204 0.115 0.185 0.129
Porto Nacional 0.103 0.086 0.096 0.109 0.178 0.297 0.269 0.275 0.289 0.192 0.130 0.182 0.126
Taguatinga 0.080 0.063 0.079 0.089 0.133 0.106 0.116 0.117 0.194 0.247 0.106 0.186 0.114

The bold values represent significance p ≤ 0.05.
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Table 5. Minimum annual and intra-annual temperature trends were analyzed by the Mann–Kendall test for Matopiba’s meteorological stations.

UF Weather Stations Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

BA

Barreiras 0.227 0.194 0.263 0.200 0.121 0.134 0.067 0.092 0.044 0.139 0.234 0.173 0.095
Bom Jesus da Lapa 0.347 0.332 0.338 0.290 0.198 0.185 0.205 0.261 0.248 0.286 0.313 0.319 0.196
Carinhanha 0.307 0.256 0.336 0.245 0.177 0.228 0.212 0.195 0.190 0.145 0.290 0.281 0.157
Correntina −0.023 −0.033 0.086 −0.035 −0.063 −0.083 −0.098 −0.086 −0.105 −0.096 −0.005 −0.100 −0.023
Santa Rita de Cássia −0.126 −0.142 −0.150 −0.156 −0.073 −0.038 −0.038 −0.006 −0.030 −0.041 −0.046 −0.191 −0.060

MA

Alto Parnaíba 0.133 0.162 0.168 0.127 0.106 0.026 −0.017 0.002 0.014 0.063 0.174 0.082 0.062
Bacabal 0.213 0.203 0.219 0.190 0.254 0.241 0.212 0.142 0.184 0.195 0.144 0.161 0.190
Balsas 0.026 0.019 0.026 0.017 0.072 −0.034 0.029 0.079 0.124 0.172 0.153 0.134 0.049
Barra do Corda 0.386 0.400 0.440 0.461 0.464 0.338 0.333 0.359 0.476 0.494 0.472 0.419 0.347
Carolina 0.108 0.084 0.189 0.182 0.234 0.173 0.138 0.091 0.193 0.234 0.157 0.128 0.131
Caxias 0.143 0.190 0.211 0.206 0.314 0.278 0.251 0.178 0.312 0.409 0.378 0.310 0.243
Chapadinha 0.222 0.256 0.316 0.333 0.353 0.374 0.341 0.290 0.343 0.372 0.325 0.319 0.288
Colinas 0.062 0.119 0.099 0.082 0.165 0.073 0.084 0.090 0.157 0.207 0.178 0.127 0.090
Imperatriz −0.093 −0.022 0.028 −0.041 0.084 0.072 0.160 0.059 0.035 −0.044 −0.080 −0.118 −0.008

PI
Bom Jesus do Piauí −0.126 0.046 0.001 −0.051 0.040 0.158 0.156 0.034 −0.225 −0.038 0.063 0.118 0.020
Vale do Gurguéia 0.420 0.354 0.343 0.276 0.269 0.223 0.283 0.312 0.322 0.433 0.415 0.376 0.288

TO

Araguaína 0.116 0.125 0.181 0.169 0.200 0.203 0.173 0.135 0.135 0.138 0.174 0.112 0.101
Palmas 0.042 0.096 0.147 0.160 0.229 0.321 0.369 0.369 0.385 0.289 0.196 0.133 0.195
Pedro Afonso 0.177 0.202 0.252 0.260 0.232 0.115 0.033 0.040 0.074 0.238 0.309 0.246 0.137
Peixe 0.156 0.153 0.155 0.145 0.024 0.042 −0.079 −0.061 −0.015 0.158 0.200 0.144 0.064
Porto Nacional 0.196 0.202 0.237 0.314 0.253 0.260 0.233 0.195 0.237 0.277 0.281 0.231 0.183
Taguatinga 0.291 0.230 0.240 0.239 0.247 0.211 0.160 0.156 0.162 0.253 0.166 0.277 0.187

The bold values represent significance p ≤ 0.05.
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Figure 4. Changes in land cover and land use in Matopiba, with an emphasis on reducing natural
formations against the elevation of anthropic action, based on the data from MapBiomas for between
1985 and 2020.

To analyze the alterations in the vegetal coverage due to the elevation of anthropic
action over 35 years in the vicinities of the meteorological stations in Matopiba’s region,
buffers of 60 km were established within each geographical point of the 22 stations, quan-
tified by the images of MapBiomas and reclassification according to Table 2 (Figure 5).
In 1985 and 2020, the station’s vicinity in Bacabal, the center of Maranhão, presented the
largest area of anthropic action of all the areas analyzed. The buffer with the least area of
anthropic action in 1985 was in the vicinity of Chapadinha’s station, west of Maranhão. In
2020, the station’s vicinity in Caxias showed the smallest area of anthropic action. Over the
35 years analyzed, the buffer that suffered the largest alteration in land cover and land use
was around Taguatinga, to the east of the Tocantins station.
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Figure 5. Spatiotemporal dynamics of natural formation and anthropic action in 60 km buffers of
Matopiba’s meteorological stations from the years 1985 and 2020, based on the data from MapBiomas.
For the identification of mesoregions and meteorological stations, see Figure 1.

3.3. Agricultural Analysis

The agricultural data of soybean production and yield demonstrate an expansion of
this cultivation in Matopiba during the temporal series analyzed (1985 to 2020)
(Figures 6 and 7, respectively). Soybean production added up to 143,792 tons in 1985.
In 2000, the production of soybeans was 2,208,221 tons. In 2020, the production of soybeans
was 14,331,294 tons. In 1985, the greatest production of soybeans was in the cities of Bar-
reiras and São Desidério, respectively, in the extreme west of Bahia. Later on, an expansion
in soybean production in the south and north directions was noted; this was between the
extreme west of Bahia, the south of Maranhão, and the southwest of Piauí, the current
prominent mesoregions in soybean production in Matopiba. In 2016, a fall of approximately
3.8 million tons occurred in the agricultural production of soybeans compared to the year
2015, which was also observed with less intensity in the years 1987, 1990, 1996, 2006, 2009,
2013, and 2019 when compared to previous years.
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At the beginning of the temporal series, in 1985, the soybean yield in Matopiba was
56,861 kg ha−1. In summary, the cities Araguacema (2099 kg ha−1) and Miracema do
Tocantins (2040 kg ha−1) are located in the west of Tocantins. In 2020, at the end of the
temporal series analyzed, the total yield of soybeans was 581,760 kg ha−1. In particular,
the city Figueirópolis (4000 kg ha−1) is in the west of Tocantins. The mesoregions in
the extreme west of Bahia and Valley São-Franciscano da Bahia had an elevated yield
in comparison to other mesoregions of Matopiba, with a maximum value in the city of
Carinhanha (4133 kg ha−1).

The application of the Mann–Kendall test to the temporal series from the agricultural
data of production and yield of soybean cultivation during the period from 1985 to 2020
indicated a significant increasing trend (p ≤ 0.05) in two variables through the following
years, resulting in 15 of the 22 cities considered (Table 6). The cities of Bom Jesus da Lapa,
Sta. Rita de Cássia, Barra do Cora, and Taguatinga did not present Mann–Kendall trends
with significance (p ≤ 0.05). According to IBGE’s data, the cities of Bacabal, Imperatriz,
and Vale do Nogueira were not considered in the analysis because they did not produce
soybeans [44]. In particular, the city of Porto Nacional, located in the mesoregion in the east
of Tocantins, has the greatest trend of elevation in the efficiency of agricultural production
per unit of cultivated area.

3.4. Relationship between Climate, Agricultural, Land Cover and Land Use Changes and
Ocean–Atmosphere Anomalies

Table 7 presents the Pearson coefficient (r) obtained through the correlation between
the climate change trends and agricultural results and land cover and use in the buffers
around the meteorological stations in Matopiba. The values in bold represent a significance
p ≤ 0.05 in probability. The analyses were carried out in 15 localities with a trend of increas-
ing agricultural production (cities, meteorological stations, and their respective buffers); in
other words, the analyses were carried out in localities that presented a significant trend in
the production and yield of soybean cultivation (Table 6).
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Table 6. Trends in the production and yield of soybean cultivation were analyzed by the Mann–
Kendall test for the cities with meteorological stations in the Matopiba region.

UF Municipality Production Yield UF Municipality Production Yield

BA

Barreiras 0.635 0.699

MA

Alto Parnaíba 0.879 0.637
Bom Jesus da Lapa −0.182 −0.182 Bacabal - -
Carinhanha 0.446 0.456 Balsas 0.889 0.640
Correntina 0.841 0.610 Barra do Corda −0.115 −0.093
Santa Rita de Cássia 0.208 0.214 Carolina 0.828 0.686

TO

Araguaína 0.449 0.370 Caxias 0.572 0.464
Palmas 0.763 0.700 Chapadinha 0.808 0.675
Pedro Afonso 0.391 0.532 Colinas 0.698 0.633
Peixe 0.681 0.641 Imperatriz - -

Porto Nacional 0.707 0.719
PI

Bom Jesus do Piauí 0.828 0.631
Taguatinga 0.175 0.244 Vale do Gurguéia - -

The bold values represent significance p ≤ 0.05.

Table 7. The Pearson correlation coefficient (r) between the climate change trends and agricultural
results and land cover and use.

Precipitation
Mann–Kendall

Temperature
Maximum

Mann–Kendall

Temperature
Minimum

Mann–Kendall

Average production −0.214 −0.101 −0.506
Production Mann–Kendall 0.067 0.203 −0.283
Average yield 0.103 0.043 −0.389
Yield Mann–Kendall 0.002 0.062 −0.044

Land use and land cover change 0.168 −0.066 −0.010
Natural formation (1985) −0.359 0.626 0.005
Anthropic action (1985) 0.359 −0.649 −0.039
Natural formation (2020) −0.364 0.534 0.009
Anthropic action (2020) 0.365 −0.557 −0.036

The bold values represent significance p ≤ 0.05.

The maximum temperature trends presented a significant positive correlation (p ≤ 0.05)
with the natural formation and a negative correlation with anthropic action in 1985 and 2020
in the buffers of the meteorological stations in Matopiba. The observed correlation does not
necessarily imply a causal relation. It is important to highlight that the correlated areas were
the 60 km buffers near the INMET’s conventional meteorological stations. To guarantee
the trustworthiness of the climate measurements, the INMET defines a series of rigorous
standards for the installment and monitoring of the stations, including the absence of
anthropic interferences in the surroundings, a crucial factor that can compromise the quality
and precision of the collected data. By minimizing anthropic influences, obtaining more
precise data about the natural climate conditions is possible, facilitating the comprehension
and prediction of the climate.

The correlations between the climate change trends and the averages and agricultural
trends observed in soybean production and yield did not show a significance p ≤ 0.05
for the probability. The trends observed in the climate alterations identified do not have
a strong linear relation with agricultural production and yield in those locations. The
absence of a significant correlation can be explained by intermediate factors, such as genetic
and technological improvements in the region of Matopiba, which, through the years,
minimized the effects of climate alterations in the region’s agriculture.

Table 8 illustrates the Pearson correlation (r) obtained between the total annual pro-
duction and yield of soybeans in the cities of Matopiba and the Multivariate El Niño Index
(MEI), Pacific Decadal Oscillation (PDO) and Atlantic Multi-decadal Oscillation (AMO).
The analysis indicated a positive and significant correlation (p ≤ 0.05) between the AMO
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and the soybean agricultural data. That is to say, when the AMO is in a positive phase, with
the temperatures from the North Atlantic higher than average, soybean production and
yield rise due to the larger availability of water for cultivation and milder temperatures.
There was no correlation p ≤ 0.05 between the agricultural variables of soybeans and the
indexes of PDO and MEI, which the adaptation and climate resilience of farmers involved
in soybean cultivation in the region can explain; this is also explained by the great territorial
extension of Matopiba, which allows distinct results to be obtained in years with El Niño.
For example, the areas to the north of Matopiba tend to have a more accentuated reduction
in precipitation, while areas to the south tend to have a smaller reduction in precipitation.

Table 8. The Pearson correlation coefficient (r) between the agricultural production data and soybean
yield with the ocean–atmosphere anomalies.

Average Production Average Yield

Pacific Decadal Oscillation (PDO) −0.108 −0.186
Multivariate Enso Index (MEI) −0.167 −0.242
Atlantic multidecadal Oscillation (AMO)) 0.553 0.621

The bold values represent significance p ≤ 0.05.

4. Discussion

Studies about climate change are crucial to decision- making in local, regional, and
global agricultural planning and development. Knowledge of the patterns and trends of
climate variables, such as precipitation and temperature, is essential to analyze the yield
of cultivations through time. Many studies have demonstrated that the climate on Earth
has changed at many scales [5]. Through a set of data analyzed by a dense network of
observations, the results clearly show that our planet is warming [5,52]. The changes in
temperature and precipitation represent just a few primary indicators of climate change,
but they significantly affect society [7]. Therefore, the analyses carried out in this study
highlight climate change and its relationship with soybean production and yield, and the
spatiotemporal dynamics of human activities, such as land cover change, provide important
information for the development of agriculture in Matopiba, especially for environmentally
sustainable development.

Temperature elevation has many effects on agriculture; it causes an increase in the
evapotranspiration rate, meaning that the cultivation needs higher water consumption,
and also a reduction in the cycle of cultivation, making the plants more sensitive to water
shortages [53]. Sandy-textured soils, with low hydro-disponibility, are more prone to
the impacts of temperature elevations, which leads to intense worry about the regions in
northeast Brazil. For the development of soybeans in Brazil, the ideal temperature is 30 ◦C,
with excellent conditions between 20 ◦C and 30 ◦C [54]. Their development is low or null
in temperatures low or equal to 10 ◦C; low temperatures can provoke delays in different
cultivation phases [55].

Temperatures higher than 40 ◦C cause losses in flowering and reduce plants’ aptitude
for pod retention, which can provoke earlier blooming, disturbances in fructification, and
the ripening of soybean grains, leading to reductions in production. Water shortage during
the blooming and grain filling periods causes physiological alterations in the plant, like
stomatal closure, leaf entangling, and early leaves, flowers, and pod drop, leading to a
reduction in grain yield [54]. The Brazilian Agricultural Research Corporation (EMBRAPA),
created to create technological models for agriculture and livestock farming in the country,
has launched around 50 soybean varieties for the Cerrado in its different soil and climate
regions over the last 30 years, with characteristics such as precocity, a high production
potential, hardiness, resistance to cyst and gall nematodes, or resistance to diseases and
insects [56]. The yield of a crop is directly related to the interaction between the management
of its production, the plant’s genotype, and agroclimatic factors.

EMBRAPA has launched a soybean cultivar that meets the needs of western Bahia and
the other areas of Matopiba. The cultivar tolerates climate variations and potentially reaches
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high productivity even in regions with frequent summers. The short periods of drought
during rainy seasons damage soybean development, leading to losses for farmers [57].
Analyzing climate trends helps researchers study genetic and technological improvements
in agricultural cultivation. It is also possible to observe the adaptation and resilience of
farmers in the Matopiba region in terms of production and soybean yield, where there is a
trend toward agricultural growth in a climate change scenario.

Matopiba is considered one of the last agricultural frontiers of Brazil. The production
of grains in the region represents 13% of the total production in Brazil [10], with soybean
being the main agricultural cultivation in Matopiba [19]. According to Araújo et al. [17], the
Matopiba region showed a significant growth in soybean production during the space–time
dynamics analyzed (1990–2015). The authors observed that the production and yield of soy-
beans follow spatial patterns that reflect the local and regional aptitude for cultivation. The
most productive zones were located in the extreme west of Bahia, the south of Maranhão,
and the southwest of Piauí [17]. This agrees with the results observed in the current study,
which verified agricultural growth trends in the cities of Barreiras, Correntina, Balsas, Alto
Parnaíba, and Carolina e Bom Jesus do Piauí, located in the mesoregions mentioned by the
authors Araújo et al. [17].

The present study concluded that, in 2020, the mesoregions in the extreme west of
Bahia and Valley São-Franciscano da Bahia were outstanding in the yield of soybean
cultivation. This was also observed in a study conducted by the EMBRAPA, which noted
that between the harvest of 2011/2012 and 2017/2018, there was an increase of 99% in
soybean production in Bahia caused by the expansion of the area (43.7%) and the record
yield obtained in the harvest from 2017/2018 (3.960 kg ha−1), a result assigned especially
to the favorable climate conditions, the geography of the extreme west of Bahia and the
adaptation of technology to edaphoclimatic conditions [58]. In a climate change scenario,
improving technological packages offers many benefits, such as minimizing the risk of
climate change and intensifying land usage more efficiently and sustainably [11]. According
to Hirakuri et al. [59], technologies more adapted to the local reality of Matopiba are
necessary due to the edaphoclimatic characteristics of the region. Studies about climate
changes in areas of intense agricultural activities help adapt cultures, food production, and
the preservation of environmental areas [60].

Chou et al. [61] simulated some scenes of climate change throughout northeastern
Brazil. In one of those scenes, a reduction in precipitation was noticed, a result that agrees
with the present study. Silva et al. [47] analyzed the climate trends of precipitation and
temperature in the state of Maranhão through the Mann–Kendall test. The results showed
an evaluation of the temperature in all meteorological stations in the state. Reis et al. [34]
also observed evidence of an increase in the temperature of Matopiba’s region. Salvador
and Brito [62] analyzed the temperature variabilities in the Matopiba region through
climate extremes indexes. They observed a significant warming process during the last
three decades, with a higher frequency of hotter days in most of the analyzed stations.
Such results corroborate with the ones found in this research, in which all the stations in
Matopiba presented significant trends of elevation in the maximum temperature.

The decision to use the Mann–Kendall test and Pearson’s correlation coefficient (r)
was based on the need for an initial analysis of trends and the correlation between vari-
ables, being a preliminary stage for future studies that may employ more sophisticated
models [63–66]. It was also based on their applicability and research into other variables,
such as air humidity and soil moisture reserves. Soil water availability is more influential
for plant growth than precipitation and temperature, and there is ecophysiological evidence
of the use of intermediate conditions for maximizing crop yields [18].

Studies of annual and intra-annual climate trends in the region of Matopiba are scarce,
though relevant. Analyzing the intra-annual dynamics of climate change is very important
for agricultural farmers in decision making, especially when undertaking the monthly
agricultural calendar of cultivations [67]. In Matopiba, it is common for agricultural
production to be realized through the intercalation of other cultivation to secure higher
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gains for the farmer, especially due to the seasonality of cultivations. According to Pino [68],
the climatic changes during the agricultural seasons influence the supply of cultivars and
the price of different levels of marketing, causing a deficiency in the demand required by
the market, importation costs, and an overload of transportation infrastructure. Therefore,
knowledge of intra-annual trend data is important so that cultivars can reach optimal levels
regarding the genetic potential of production and agricultural yield.

The interaction between the ocean and atmosphere is fundamental to Earth’s climate.
Comprehending the impact of these interactions is crucial for facing the challenges of
climate change and guaranteeing the processes of minimization. Studies show that the El
Niño Southern Oscillation phenomenon and variability in the temperature on the surface
of the Tropical Atlantic Sea have a fundamental role in the alternation between dry and
rainy years, as well as in the spatial coverage of drought in the Brazilian Northeast [69–72].
According to Reis et al. [34], the precipitation in Matopiba is modulated by the occurrence
of atmospheric systems at different scales allied to a set of ecosystem and physiographic
factors (transition between Amazon and semiarid). The present study identified that
the positive phases of the Atlantic Multi-decadal Oscillation (AMO) favor production
growth and soybean yield, especially because of the elevation in precipitation in the region.
Marengo and Souza [73] observed that the most recent droughts in 2005, 2010, and 2016
were associated with the North Tropical Atlantic Ocean, and only the 2016 drought occurred
in a year under the influence of El Niño.

Changes in land cover and use, which also include agricultural practices, are a major
environmental issue and are considered a relevant component in the process of global
climate change. The interactions between landscape transformation and the various conse-
quences of land cover and land use dynamics threaten ecosystem services’ sustainability
at local, regional, national, and global scales. These include, for example, changes in cli-
mate, the loss of soil fertility, environmental pollution, the urban heat island effect, habitat
loss, desertification, etc. Also, agricultural practices and climate change have altered land
cover and land use worldwide [11]. In other words, monitoring and relating land cover
and use over the years, agricultural advancement, and climate change provide valuable
information [7]. Spatiotemporal dynamics have been studied in different regions to assess
changes in the climate and their relationship to human and natural processes of land cover
and use [7,10]. This helps scientists predict and mitigate the impacts of climate change on
various human activities, such as agriculture.

Advanced agricultural practices, such as efficient irrigation and adequate land man-
agement, help minimize the negative impact of climate change and keep production and
yield elevated even in adverse conditions. Besides this, the continuous research and de-
velopment of cultivation varieties resistant to hydric stress and climate variations will
contribute to the region’s adaptation and the resilience of agriculture. Therefore, construct-
ing a set of data about variables related to climate and agricultural production at a more
precise scale of spatial aggregation is essential to directly evaluate the impact of climate
changes on agriculture and the adaptation and climate resilience of agricultural cultivations.
The results of this study contribute significantly to the comprehension of climate change
processes and their possible effects on the production and agricultural yield of soybean
cultivation in the Matopiba region. This analysis, based on evidence, provides a basis
for developing efficient policies related to climate change. It helps minimize the adverse
impacts of climate changes on environmental, agricultural, and socioeconomic processes.

5. Conclusions

Climate change could be seen in the Matopiba region by applying the Mann–Kendall
trend test to the precipitation, maximum temperature, and minimum temperature variables.
It was possible to conclude that there was an increase in temperature in the Matopiba region
and a decrease in rainfall. Land cover and use in the region has undergone intense changes,
mainly due to the reduction in forest and savannah areas over 35 years (1985–2020). In
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particular, there has been an increase in agricultural activity, mainly due to the cultivation
of soybeans.

The climatic trends of rainfall and temperature in the Matopiba region were not related
to the production and yield of the soybean crop. This result can be explained by the region’s
constant genetic and technological improvements, which make farmers more adaptable
and resilient to climate change. The results obtained are essential for agricultural producers,
especially for constructing the agricultural calendar of crops, as well as for researchers
interested in the genetic improvement of cultivars for the optimization of agricultural
production potential.

Consequently, we encourage future studies to monitor the evolution of climate trends
continuously. New weather stations should have their trends analyzed, and some trends
can be reversed with mitigation measures. It is also recommended that crop varieties
adapted to Matopiba’s conditions continue to be developed and that a comprehensive
data set on climate variables, such as air humidity and soil moisture reserves, is built for a
more complete assessment of crop growth conditions. This is also for the analysis of other
agricultural commodities, such as corn.

Regional and local environmental and agricultural planning requires knowledge of
spatiotemporal climate changes to maintain high crop production and yields over time.
Therefore, the analyses carried out in this study show the climate adaptation and resilience
of soybean production and yield in the Matopiba region and provide important information
for the development of agriculture in the region. This is in addition to contributing to
new research and analysis in the environmental, water, social, and economic domains in a
region of global interest.
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