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ABSTRACT 

This study aims to analyze the influence of geomorphological units on land use and land 
cover changes within the Environmental Protection Area of Rio Pandeiros basin, located in 
northern Minas Gerais, Brazil, in the years 1985, 2000, 2010, and 2024. The present 
research stems from the need to understand how relief conditions the dynamics of land 
occupation in protected areas within the Cerrado biome. The methodological approach 
integrated geomorphological mapping based on morphometric variables derived from the 
SRTM Digital Elevation Model (DEM) and supervised classification of Landsat imagery using 
the Random Forest algorithm, and incorporating spectral and topographic covariates. The 
results indicated high model performance, with strong classification accuracy across all 
years analyzed. It was observed that anthropogenic transformations were predominantly 
concentrated in flat relief areas, especially in structural bencheslateau, where pasture 
emerged as the main anthropogenic class, increasing from 22.99% of the area in 1985 to 
26.92% in 2024. In contrast, more dissected compartments showed greater conservation of 
native vegetation. The findings suggest that geomorphology plays a determining role in the 
spatial organization of land uses, constituting an essential variable for territorial planning and 
management in conservation units. 

Keywords: Anthropogenic changes. Multitemporal analysis. Relief. Remote sensing. 
Supervised classification. 
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CONDICIONANTES GEOMORFOLÓGICOS E DINÂMICA DO USO DA TERRA 
EM UNIDADE DE CONSERVAÇÃO DO CERRADO BRASILEIRO: APA DO RIO 

PANDEIROS 

 

RESUMO 

Este estudo visa analisar a influência das unidades geomorfológicas nas mudanças de uso 
e cobertura da terra na Área de Proteção Ambiental da bacia do Rio Pandeiros, no norte de 
Minas Gerais, entre 1985, 2000, 2010 e 2024. A pesquisa parte da necessidade de 
compreender como o relevo condiciona a dinâmica de ocupação em áreas protegidas 
inseridas no bioma Cerrado. A metodologia integrou mapeamento geomorfológico a partir 
de variáveis morfométricas derivadas do Modelo Digital de Elevação (MDE) SRTM e 
classificação supervisionada de imagens Landsat por meio do algoritmo Random Forest, 
utilizando covariáveis espectrais e topográficas. Os resultados indicaram elevada 
performance do modelo, com elevada acurácia em todos os anos analisados. Observou-se 
que as transformações antrópicas concentraram-se predominantemente em áreas de relevo 
plano, especialmente patamares, onde as pastagens se destacaram como a principal 
classe antrópica, passando de 22,99% da área em 1985 para 26,92% em 2024. Em 
contrapartida, compartimentos mais dissecados apresentaram maior conservação da 
vegetação nativa. Conclui-se que a geomorfologia exerce papel determinante na 
organização espacial dos usos da terra, sendo variável essencial para o planejamento e a 
gestão territorial em unidades de conservação. 

Palavras-chave: Mudanças antrópicas. Análise multitemporal. Relevo. Sensoriamento 
remoto. Classificação supervisionada. 

 

 

INTRODUCTION 

The increasing anthropogenic transformation of the landscape, associated with the rise of socio-
environmental conflicts in Brazil, resulted in efforts by civil society and the scientific community, leading to 
the creation of the National System of Nature Conservation Units (SNUC) in 2000. This law organized and 
regulated the already existing conservation units and defined mechanisms for the establishment of new 
ones. Conservation units were divided into two groups: Sustainable Use and Strict Protection, distributed 
across 12 distinct categories (BRASIL, 2000). Environmental Protection Areas (EPAs) are among these 
categories, and they are characterized as territorial management instruments that seek to reconcile the 
conservation of natural resources with sustainable use, representing a strategic space for understanding 
the relationships between society and nature in biomes under intense anthropogenic pressure (Campos-
Silva et al., 2021). 

In the Brazilian savanna, referred to as Cerrado, EPAs are established as environmental policy 
instruments based on the concept of sustainable development. In this context, human activities are carried 
out responsibly, in an attempt to preserve the quality and integrity of the biome. However, within a scenario 
of rapid agricultural expansion and territorial transformations, questions have emerged regarding their 
effectiveness in protecting biodiversity and ecosystem services in the region (Resende et al., 2021). In this 
sense, EPAs have a strategic character, as they are located in areas under intense land-use pressure, 
restraining the advance of biome transformation. 

Considering the period from 1985 to 2017, significant changes in land use and land cover (LULC) 
were observed, as agricultural areas increased by approximately 176%, particularly in Cerrado, 
Atlantic Forest, and Pampas biomes (Souza et al., 2020). During this interval, substantial 
transformations occurred in the agricultural suitability of Cerrado soils, reflecting a shift in the way soil 
was utilized. Due to that, Cerrado soils are no longer regarded solely as a natural resource and 
became artificially produced capital. As a consequence, the country consolidated its position as one of 
the world’s largest producers and exporters of grains, and Cerrado became one of the world’s main 
agricultural regions (Caballero et al., 2023). 

Despite the advancement of agriculture, pastures remain the most extensive agricultural activity in 

Brazil and constitute the most representative land use class in the country. Livestock production 
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originated in Brazil during the colonial period, and its expansion intensified between the 1930s and 

1970s, implying a significant increase in deforestation (Dias-Filho, 2014 ). From the 1970s onward, 

pasture areas grew by only 4%. This low growth during the period is mainly associated with the 

expansion of urbanization, mechanized agriculture, silviculture, and bare soil areas, resulting from the 

degradation of pastures previously destined for extensive livestock production (Landau; Resende; 

Matos, 2020). 

The expansion of anthropogenic activities over natural areas is primarily related to factors that favor the 

establishment and advancement of such land uses within a given region. These drivers may range from 

fiscal incentives and public policies to favorable environmental conditions, such as soil, lithological, and 

relief characteristics (Dupin et al., 2018; Espírito-Santo et al., 2020; Martins Ruas et al., 2025a). With 

regard to relief, in flat or gently undulating areas, mechanization is favored due to the ease of machinery 

operation, thereby promoting the expansion of large-scale monocultures (Assis; Couto Júnior; Martins, 

2016). In contrast, in more dissected landscapes with high slope gradients, limitations on human 

occupation are observed, due to erosion risks and, particularly, difficulties related to access and 

mechanization (Métay et al., 2017). 

In the northern Minas Gerais Cerrado, the conditioning role of geomorphology on land occupation is 

especially evident. Flattened surfaces at the tops of plateaus have historically been occupied by large 

landholdings, where mechanized agriculture and forest formation predominate. Lower areas, which 

are often more contested, have concentrated smaller properties, characterized by the predominance 

of pastures and small-scale agricultural practices (Martins Ruas et al., 2025b). Thus, the prevailing 

territorial configuration in northern Minas Gerais tends to restrict the presence of native vegetation 

predominantly to steeper and more dissected slope areas. 

Within this context, Rio Pandeiros Environmental Protection Area (EPA), located in Pandeiros River 

Basin (PRB), which, although recognized as a protected area under continuous monitoring, has 

experienced intense anthropogenic processes, as reported by previous studies (Magalhães Filho, 

2020; Silva, 2022). Such pressures affect this watershed, which is widely recognized for its high 

biodiversity, for containing one of the highest densities of veredas within the Cerrado biome, and for 

Pandeiros wetland, responsible for approximately 70% of fish reproduction in the middle São Francisco 

River basin (Neves, 2011; Borges; Nunes; Leite, 2021). Changes in land use and land cover may also 

influence infiltration regimes within the watershed, with potential impacts on the discharge of the main river, 

which constitutes an important tributary of the middle São Francisco River (Leandro; Rocha, 2023). 

Although studies addressing land use and land cover in the region are available, an important gap 

remains regarding the influence of geomorphological units on these transformations, which this study 

seeks to address, particularly within the context of an Environmental Protection Area. The analysis of 

LULC data available for the watershed reveals occupation patterns associated with relief 

characteristics, highlighting tensions between ecosystem integrity and anthropogenic activities. In this 

context, it becomes essential to understand how different geomorphological units condition land-use 

dynamics over time. Therefore, the objective of this study was to analyze the influence of 

geomorphology on land use and land cover changes in Rio Pandeiros EPA for the years 1985, 2000, 

2010, and 2024. 

 

METHODOLOGY 

Study area characterization 

The study area is located in the northern region of Minas Gerais, Brazil, comprising the municipalities 

of Bonito de Minas, Januária, and Cônego Marinho, whose coordinates are 14°57′00″ and 15°35′00″ S 

latitude and 44°28′00″ and 45°25′00″ W longitude, encompassing Pandeiros River Basin, which covers 

approximately 3,960 km² (Fig. 1). 
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Figure 1 - Pandeiros River Basin: Location map, 2025 

 

Source: IBGE 2010; GEE, 2025; ANA, 2025. The authors, 2025. 

 

The geological context of the region is primarily marked by the São Francisco craton and the carbonate 
rocks of the Bambuí Group, belonging to the São Francisco Supergroup (Chimpliganond, 2013). At higher 
stratigraphic levels, rocks of the Urucuia Group crop out, consisting of quartz sandstones with reddish 
and white coloration. Along the floodplains, alluvial deposits composed of unconsolidated sediments are 
observed, whereas in higher areas there is a predominance of detrital–lateritic covers (Chimpliganond, 
2013; Costa et al., 2024). 

The river basin considered in this study is entirely situated within a semi-humid climate regime, 
characterized by two well-defined seasons: a hot and rainy summer and a milder and dry winter (IBGE, 
2010). According to Jardim and Moura (2018), the mean annual precipitation and temperature correspond 
to 826.5 mm and 24.4 °C, respectively. The pronounced climatic seasonality plays a fundamental role in 
the region, shaping the relief through the intensification of weathering cycles, surface runoff, and landscape 
dissection. As described by Valadão (2009), the landforms within the basin are characterized by the 
presence of planation surfaces at different stages of conservation and dissection, identified as the South 
American Surface, South American Surface I, and South American Surface II. In upstream areas, 
elevations reach up to 847 meters, whereas near the downstream sector, along São Francisco River, 
elevations decrease to approximately 432 meters (Martins Ruas et al., 2025c). 

Areas with steeper and more undulating terrain exhibit predominance of native vegetation, mainly cerrado 
sensu stricto and seasonally dry tropical forest, which are typical phytophysiognomies of the Cerrado 
biome. In areas of lower elevation and reduced slope, particularly along alluvial plains, wetlands and 
riparian forests occur (Borges; Rodrigues; Leite, 2019). However, zones with flat to gently undulating 
topography have historically been occupied by anthropogenic activities, especially pastures and, more 
recently, mechanized agriculture (Dias; Moschini; Trevisan, 2017). Previous studies have demonstrated, for 
example, the expansion of these activities in the upper course of Pandeiros River, where the tablelands, 
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due to their extensive planation surfaces and lower topographic constraints, have become preferred areas 
for the conversion of native vegetation into productive land uses (Silva, 2022; Couto; Fonseca, 2019). 

 

Operational procedures 

The adopted methodology was structured in two main stages. The first consisted of preparing the 
geomorphological map of Rio Pandeiros Environmental Protection Area. The second involved 
developing land use and land cover classifications, comprising: (I) data acquisition and download; (II) 
RGB composition; (III) vectorization of geomorphological units; (IV) organization of a database with 
auxiliary covariates; (V) model training and supervised classification; (VI) statistical validation of the 
land use and land cover map; and (VII) field validation of the generated products (Fig. 2). 

 

Figure 2 - Methodological flowchart 

 

Source: The authors, 2025. 

 

Geomorphological mapping 

Initially, the procedures related to the mapping of geomorphological units in the study area were 
carried out, based on the methodological framework proposed by Ross (1992), Souza-Sena et al. 
(2013), and Souza-Sena et al. (2022). For this purpose, the SRTM Digital Elevation Model (DEM) with 
a spatial resolution of 30 meters, as well as slope and curvature variables, were downloaded via 
Google Earth Engine (GEE), both derived from the mask layer corresponding to the basin perimeter. 

Using these derived variables, the raster datasets were normalized to 8-bit format (0–255), ensuring 
identical spatial extent and spectral resolution among them. Subsequently, the topographic data were 
combined into an RGB color composite, in which DEM was assigned to the red band (R), slope to the 
green band (G), and curvature to the blue band (B) (Fig. 3). The composite was generated using the 
“Composite Bands” tool within a GIS environment, allowing improved interpretation of the image 
information through enhanced visualization of relief features (Souza-Sena et al., 2013). 
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Figure 3 - Pandeiros River Basin: Generated RGB and morphometric parameters. (A) RGB composite; (B) 
DEM (Digital Elevation Model); (C) Slope; (D) Curvature. 

 

Source: The authors, 2025. 

 

The mapping of the units was carried out based on the RGB composition supported by hillshade 
visualization and geological and geomorphological data from CPRM (2010). The classification was 
performed via on-screen vectorization, based on the interpretation of relief features identified from 
distinct color and texture patterns. The interpretation key proposed by Sena-Souza et al. (2013) 
contributed significantly to the understanding and delimitation of landforms within the study area. 
 

Land use and land cover mapping 

Land use and land cover mapping was conducted using orbital remote sensing data and machine 
learning algorithms for the PRB. To compose the historical series, imagery from Landsat 5 (Thematic 
Mapper – TM) was used for the years 1985, 2000, and 2010, while Landsat 9 (Operational Land 
Imager 2 – OLI-2) imagery was used for the year 2024. These time points were selected to represent 
key moments in the study area, with 1985 corresponding to a period prior to the creation of the 
Pandeiros Environmental Protection Area, 2000 representing the period following its establishment, 
2010 an intermediate stage, and 2024 the current scenario. 

Based on these images, sample points were collected through photointerpretation, seeking to maintain 
a similar number of samples across the analyzed periods. Approximately 5,000 samples were 
compiled for each year, spatially distributed and representing spectral responses characteristic of each 
land-use class. Training samples were collected independently for each analyzed year through 
photointerpretation, however, as they are derived from the same study area, some degree of spatial 
and temporal dependence cannot be entirely ruled out. The selected classes and the number of base 
samples were: Savanna Formation (1.000), Pasture (900), Forest Formation (750), Agriculture (600), 
Wetland (500), Urban Area (350), Bare Soil (300), Forest Plantation (250), Water (200), and Rocky 
Outcrop (150). This distribution was defined based on the need for stratified sampling proportional to 
class area and spectral complexity, ensuring dataset balance and supporting the performance of the 
Random Forest algorithm (Melichar et al., 2023). 
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Supervised classification using machine learning enables the incorporation of spectral and 
topographic covariates, allowing a given class to be discriminated based on reflectance attributes and 
landscape relationships (Table 1) (Bolfe et al., 2023; Martins Ruas et al., 2025b). Accordingly, for 
Landsat 5, bands covering the visible spectrum (Bands 1 to 3), the near-infrared (Band 4), and the 
shortwave infrared (Bands 5 and 7) were used. For Landsat 9, Bands 2 to 7 were employed, 
corresponding to the blue, green, red, near-infrared, and the two shortwave infrared ranges, 
respectively. 

 

Table 1 - Covariates used in the classification 

Data type Variable / Index Description 

Landsat 5 bands 
B1–B3 (visible), B4 (NIR), B5 & B7 (SWIR) 

 

Visible, near-infrared, and 
shortwave infrared bands 

Landsat 9 bands B2–B4 (visible), B5 (NIR), B6–B7 (SWIR) 
Blue, green, red, NIR, and 

SWIR bands 
 

Spectral indices NDVI, SAVI, EVI (vegetation); NDWI, 
MNDWI (moisture/water); NDBI (built-up 
areas); MDMI, SWIR (soil/organic matter) 

Derived from spectral 
bands for environmental 

characterization 

Topographic 
covariates 

Elevation, slope, curvature, flow direction, 
flow accumulation, valley depth, aspect, TWI 

Derived from DEM (30 m 
resolution) 

Source: The authors, 2025. 

 

From these spectral bands, the following spectral indices were derived: the Normalized Difference 
Vegetation Index (NDVI), the Normalized Difference Water Index (NDWI), and the Normalized Difference 
Built-up Index (NDBI), in addition to the use of the Shortwave Infrared (SWIR) band. Additionally, the 
Modified Normalized Difference Water Index (MNDWI), the Soil-Adjusted Vegetation Index (SAVI), the 
Enhanced Vegetation Index (EVI), and the Normalized Difference Moisture Index (MDMI) were also 
calculated. Furthermore, topographic covariates were obtained from the Digital Elevation Model (DEM), 
namely: elevation, slope, curvature, flow direction, flow width, valley depth, aspect, and the Topographic 
Wetness Index (TWI). 

To reduce temporal noise and generate representative annual composites, the median of the image 
collection was calculated, resulting in synthetic scenes expressing the average spectral conditions from 
January to December for each analyzed year (Gorelick et al., 2017). Furthermore, an image filtering 
criterion was applied to select scenes with cloud cover lower than 10%, minimizing atmospheric 
interference and cloud-related artifacts (Zhu, 2017). All satellite data were acquired through GEE, with 
spatial resolution of 30 meters. 

Prior to the classification procedures, the Caret package (Kuhn, 2023) was employed, applying the 
findCorrelation function based on the Pearson correlation coefficient (r), using a threshold of 0.90. 
Covariates exceeding this correlation level were removed to reduce multicollinearity effects and improve 
model stability. Subsequently, a feature matrix associating LULC classes and predictor variables was 
constructed. This dataset was partitioned into training and validation subsets using the createDataPartition 
function, allocating 60% of the samples for training and 40% for statistical validation. 

Supervised classifications were then performed using the Random Forest (RF) algorithm within the 
RStudio environment. The RF algorithm consists of an ensemble of decision trees generated from multiple 
bootstrap samples and random subsets of predictor variables (Breiman, 2001). Each tree is independently 
built, and at each node split, only a random subset of variables is evaluated, reducing overfitting and 
increasing generalization capacity (Bolfe et al., 2023). The final classification is determined by majority 
voting across all trees, conferring robustness and predictive stability to the model (Maxwell; Warner; Fang, 
2018). This algorithm has been widely applied in LULC studies and demonstrates high classification 
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performance (Rodriguez-Galiano et al., 2012). The classification workflow followed the procedures 
described by Zeferino et al. (2020). 

Given the spectral heterogeneity observed within the same land-use classes in the study area, a 
hierarchical classification strategy was adopted (Shimabukuro et al., 2023). At Level 1, an initial separation 
into three major classes was conducted: natural, anthropic, and water. Successive refinements were then 
applied up to Level 5, allowing greater thematic detail and class discrimination. During model training, the 
most influential variables were identified using the varImp function. Model performance was assessed 
using the validation subset (40% of samples), employing the Kappa Coefficient and Overall Accuracy, 
metrics commonly used in recent LULC studies (e.g., Babu; Chattoraji, 2025; Bethuel et al., 2025; Pandya; 
Gontia, 2025). 

Overall Accuracy = 
𝑇𝑃+𝑇𝑁

𝑇𝑃+𝑇𝑁+𝐹𝑃+𝐹𝑁
   

(1) 

where: TP (True Positives) denotes the number of samples correctly classified as positive; TN (True 
Negatives) represents the number of samples correctly classified as negative; FP (False Positives) 
represents the number of samples incorrectly classified as positive; and FN (False Negatives) represents 
the number of samples incorrectly classified as negative. 

 

Kappa Coefficient = 
𝑃𝑜−𝑃𝑒

1−𝑃𝑒
 

 

(2) 

 

where: Po represents the observed agreement, corresponding to the proportion of instances in which the 
model predictions and the reference (ground truth) classifications coincide; and Pe represents the 
expected agreement, corresponding to the proportion of agreement that would be expected by chance. 

Omission and commission errors were also evaluated. Omission errors correspond to reference 
samples that were not classified into their respective classes, whereas commission errors correspond 
to samples incorrectly assigned to a given class, belonging in fact to other classes. To support the 
analysis of land use and land cover transitions, a Sankey diagram was generated using RStudio 
software, through the ggalluvial package, based on the intersection of maps from different years. 
Transition flows were obtained through the cross-tabulation of class changes over time, considering 
their distribution within the geomorphological units. 

 

Field campaign 

Finally, a field verification stage was conducted to validate both land use and land cover classifications and 
geomorphological units. This campaign was carried out on October 24 and 25, 2025. During this stage, 
strategic locations previously identified from satellite imagery were visited, totaling approximately 100 
validation points corresponding to the nine land use classes. Representative points were selected across 
different relief sectors, with priority given to transition zones between distinct anthropogenic activities. In 
addition, areas that generated uncertainties during the mapping procedures were examined to support 
potential future corrections. 

 

RESULTS 

Performance of LULC classification 

The land use and land cover classification in Rio Pandeiros Environmental Protection Area was 
performed using the Random Forest algorithm, incorporating spectral and topographic covariates. 
Model performance was consistently high across all years and classification levels. The hierarchical 
approach improved the separation of spectrally similar classes by structuring the classification process 
into progressive levels, reducing ambiguities and increasing the consistency of the final results. 
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Throughout the process, overall accuracy ranged from 99.05% to 100%, and the Kappa coefficient 
from 0.9712 to 1 (Table 2), demonstrating the high reliability of the model in distinguishing LULC 
classes over the analyzed years. Although minor variations in omission and commission errors 
occurred across classes and periods, the values remained low, indicating minimal confusion between 
classes. 
 

Table 2 - Classification accuracy performance 

Year Level 
1 

(A/K) 

Level 2 
(A/K) 

Level 3 
(A/K) 

Level 4 
(A/K) 

Level 5 
(A/K) 

Overall 
Accuracy (%) 

Kappa 
Coefficient  

1985 100 / 1 99.17 / 
0.9837 

100 / 1 99.67 /   
0.9944 

– 99.71 0.9945 

2000 100 / 1 99.06 / 
0.9861 

100 / 1 100 / 1 – 99.76 0.9965 

2010 99.52 / 
0.9900 

99.24 / 
0.9886 

100 / 1 98.75 / 
0.9794 

– 99.37 0.9895 

2024 100 / 1 100 / 1 99.39 / 
0.9775 

98.95 / 
0.9742 

98.88 / 
0.9814 

99.44 0.9866 

Source: The authors, 2025. Note: A = Overall Accuracy (%); K = Kappa Coefficient. 

 

According to the confusion matrix, Kappa values equal to 1 occurred mainly at level 1, in the 
separation of water, anthropogenic activities, and natural areas (Table 3), where target 
discrimination was facilitated, particularly by the spectral covariates, whose structure reflects the 
hierarchical unfolding of classes across the classification levels. At more detailed levels, the high 
index values may reflect both the good spectral and topographic separability of some classes and 
the possibility of overfitting. Extremely high values of overall accuracy and Kappa coefficient, 
such as those observed at levels 3 and 4 of the classification, may indicate an excessive fit of the 
model to the training data, particularly in contexts where spectral responses exhibit high degree 
of spatial organization, and should therefore be interpreted with caution.  

Figure 4 represents the mean values of the most important covariates across the processing 
stages. The Random Forest Mean Decrease Gini metric indicates which variables most 
contributed to the discrimination of land use and land cover classes. Within the analyzed set, 
spectral variables such as SWIR bands, spectral bands, NDVI, MNDWI, and NDWI stand out, 
highlighting their relevance for distinguishing vegetation, wetlands, and anthropogenic areas. 
Topographic variables, particularly flow width, also exerted influence, indicating that terrain 
characteristics affect the spatial distribution of the classes. The performance and importance of 
these indices have been examined in recent studies, such as Torres and Oliveira (2025) and 
Girma et al. (2025). 

 

Table 3 - Confusion matrices for land use/land cover classification by level and year 

Level     1985     2000       2010       2024   

  Ref 1 2 3 1 2 3 4 1 2 3 4 1 2 3 

1 1 200 0 0 80 0 0 – 80 0 0 – 80 0 0 

1 2 0 620 0 0 860 0 – 0 955 5 – 0 960 0 

1 3 0 0 960 0 0 960 – 0 5 955 – 0 0 960 

2 1 300 0 0 58 0 2 0 198 0 0 2 60 0 0 

2 2 0 60 0 0 300 0 0 0 400 0 0 0 300 0 

2 3 4 4 592 0 0 198 2 0 0 60 0 0 0 600 

2 4 – – – 0 2 3 395 0 0 5 295 – – – 

3 1 400 0 – 140 0 – – 140 0 0 – 197 3 – 

3 2 0 200 – 0 720 – – 0 100 0 – 3 397 – 
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3 3 – – – – – – – 0 0 720 – – – – 

4 1 120 0 0 360 0 0 – 360 0 0 – 714 5 0 

4 2 0 140 0 0 240 0 – 0 240 0 – 1 140 0 

4 3 0 0 360 0 0 120 – 0 0 120 – 4 0 96 

5 1 – – – – – – – – – – – 356 4 0 

5 2 – – – – – – – – – – – 0 238 2 

5 3 – – – – – – – – – –   0 2 118 

Source: The authors, 2025. Note: “Ref” indicates the reference classes, corresponding at level 1 to: 1 = 
water, 2 = anthropogenic use, and 3 = natural area. At subsequent levels, the values represent the 

subdivision of these classes into subclasses according to their occurrence in each year. The columns 
correspond to the map classifications for each level and year, and the values represent the confusion 

matrices derived from the land use and land cover classifications. Dashes (–) indicate classes not applicable 
for a given level/year combination 

 

Figure 4 - Mean importance of variables in classifications, calculated from all Random Forest (RF) 
model runs. 

Source: The authors, 2025. 

 

Mapping of geomorphological units and land-use classes 

Based on the proposed methodology, six geomorphological units were identified: Tableland, São 
Francisco Depression, Escarpments and Erosional Retreats, Lowered Plateau, Fluvial Plains and 
Terraces, and Dissected Valleys (Fig. 5). The nomenclature was defined through an adaptation of the 
CPRM (2010) geomorphological framework. The classification criteria also considered the relief 
classification approach proposed by Ross (1992), which employs concepts such as morphostructure 
and morphosculpture, as well as the influence of climatic processes on the shaping of landforms. 
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Figure 5 - Pandeiros River Basin: Geomorphological units map 

 
Source: The authors, 2025. 

 

Regarding land use and land cover classes, Savanna Formation was the predominant class in all 
periods, reaching its greatest extent in 2000, when it occupied 69.9% (2742.66 km²) of the total area. 
Pasture areas showed a reduction during the first time period, with the smallest area recorded in 2000 
(803.57 km²). However, this class gradually expanded again, reaching its maximum extent in 2024, 
when it covered 996.23 km². 

Agricultural areas exhibited continuous growth, representing the largest proportional increase among 
the classes, expanding from absence in 1985 to 40.32 km² in 2024. The Urban Area followed similar 
trend, with gradual growth from 0.201 km² in 1985 to 3.05 km² in 2024 (Table 4). 

 

Table 4 - Pandeiros River Basin: Land use and land cover distribution 

Class 1985 (km²) 
1985 
(%) 2000 (km²) 

2000 
(%) 2010 (km²) 

2010 
(%) 2024 (km²) 

2024 
(%) 

Water 4.97 0.12 5.56 0.14 7.34 0.18 6.28 0.16 

Wetland 92.19 2.35 68.11 1.73 50.08 1.27 77.21 1.97 

Savanna Formation 2172.30 55.43 2742.66 69.96 2560.26 65.31 2453.09 62.57 

Rocky Outcrop 1.86 0.04 3.054 0.07 2.42 0.06 1.82 0.04 

Forest Formation 289.48 7.38 234.41 5.98 311.13 7.94 277.31 7.08 

Pasture 886.55 22.61 803.57 20.50 862.31 21.99 996.23 25.42 

Bare Soil 154.40 3.93 61.19 1.56 99.43 2.54 64.43 1.64 

Urban Area 0.20 0.005 0.87 0.02 1.25 0.03 3.05 0.07 

Forest Plantation 318.18 8.11 - - 2.55 0.06 0.51 0.013 

Agriculture - - 0.70 0.01 23.49 0.6 40.32 1.03 

Source: The authors, 2025. 
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Forest plantations showed strong decline over the analyzed period, decreasing from 318 km² in 1985 
to only 0.5 km² in 2024. Bare soil areas fluctuated across the periods, with no clearly defined trend; 
however, the considerable extent observed in 1985 (154.50 km²) may be associated with eucalyptus 
areas and more intensive land-use practices (Fig. 6). The remaining classes exhibited less 
pronounced and less consistent variations. Wetlands, for instance, after successive reductions, 
increased from 2010 to 2024, reaching 77.21 km². Despite oscillations in the Forest Formation class, 
its relative contribution remained stable throughout the time series, varying from 234.41 km² to 311.13 
km² within the study area. 

 

Figure 6 - Pandeiros River Basin: Land use and land cover mapping  

 

Source: The authors, 2025. 

 

Dynamics between land use and geomorphology 

The largest geomorphological unit corresponds to the Lowered Plateau, which occupies 62.87% of the 
study area, equivalent to approximately 2,465 km², with relief associated to sediments of São 
Francisco river basin. Within the Lowered Plateau unit, approximately 13% of the area was covered by 
Forest Formation in 1985; however, by 2000 this class had completely disappeared (Fig. 7). Although 
the eucalyptus cycle left large areas of exposed soil, savanna vegetation expanded, increasing from 
53.62% to 73.09% from 1985 to 2000. In the following periods, this vegetation showed a slight 
regression, decreasing from 69.44% in 2010 to 69.35% in 2024, while pasture areas regained some 
extent. 
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Figure 7 - Pandeiros River Basin: Land use and land cover dynamics from 1985 to 2024 
according to geomorphological units, based on the Sankey diagram 

 

Source: The authors, 2025. 

 

Tablelands occupy a considerable area, approximately 11.69% (458.2 km²), and are mainly 
characterized by the occurrence of detrital–lateritic covers over Serra das Araras Formation. Pasture 
is the main anthropogenic class within this unit, reaching its maximum extent in 2024, when it 
occupied 30.77% of the area. Despite the predominance of pasture, agriculture expanded 
considerably between 2000, 2010, and 2024, occupying 0%, 4.34%, and 7.79% of the unit, 
respectively. 

Escarpments and Erosional Retreats account for 7.83% (307.07 km²) of the territory and are 
characterized by high slope gradients, the highest within the basin. Currently, this geomorphological 
unit exhibits the highest conservation rate. In 2024, Savanna Formation occupied 75.84% of the area, 
followed by Forest Formation, with 15.19%. These values are similar to those recorded in 1985, 
namely 67.36% and 15.68%, respectively. 

Aggradational landforms, represented by the Fluvial Plains and Terraces unit, correspond to 10.35% 
(405.5 km²) of the total area and encompass alluvial and undifferentiated detrital sediments. Pasture is 
also the main anthropogenic class in this unit, showing an expansion from 15.83% in 1985 to 23.29% 
in 2024. Agriculture exhibited small and gradual increase in this unit, although it still did not reach 1% 
of the area in 2024. Wetlands, characterized as extremely sensitive ecosystems, showed slight 
variation, occupying 18.97% of the area in 1985 and 16.72% in 2024. 

The São Francisco Depression and the Dissected Valleys correspond, respectively, to 4.17% (163.4 
km²) and 3.09% (121.06 km²) of the total basin area. In the São Francisco Depression, the greatest 
intensity of variation along the historical series is observed: in 1985, Forest Formation accounted for 
35.09% of the unit, but after moderate oscillations in 2000 and 2010, it reached its lowest value in 
2024, only 17.19%. In contrast, pasture areas increased from 7.58% in 1985 to 22.80% in 2024. The 
Dissected Valleys exhibit similar pattern, with reduction in Forest Formation (from 19.75% to 16.92% 
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from 1985 to 2024) and expansion of pasture (from 21.77% to 27.45%). A slight increase in 
agricultural areas is also observed in both units; however, these remain spatially limited and below 1% 
of the total area. 

 

DISCUSSION 

The analysis of the high accuracy values raises the possibility of overfitting influence at some 
classification levels. However, in the present study, this potential limitation is minimized by different 
factors. First, the high separability among classes, supported by the integration of explanatory 
covariates and combined with the hierarchical approach, contributes to more consistent discrimination. 
In addition, field validation provided independent evidence regarding the coherence of the mapped 
features. Furthermore, recent studies involving land use mapping have reported similarly high levels of 
performance in terms of overall accuracy and Kappa coefficient (Aziz et al., 2023; Kasahun; Legesse, 
2024), particularly when multispectral data and auxiliary variables are integrated. 

Thus, although the possibility of overfitting cannot be ruled out, the convergence between metrics, 
spatial coherence, and empirical validation indicates that the results are robust. Nevertheless, it is 
important to emphasize the need to adopt additional strategies, such as spatially independent 
validation, in order to more rigorously reduce any potential bias associated with the model in future 
studies. 

The results indicate that land-use changes occurred predominantly in flat to gently undulating relief 
areas, in the upper course of the basin, and in the vicinity of watercourses. This pattern is primarily 
explained by the presence of soil classes with good physical and chemical properties (Tenenwurcel et 
al., 2020), as well as other favorable conditions for agricultural and livestock management in the PRB. 
The main dynamics involved changes in agricultural and livestock activities as well as vegetation 
types, whereas classes such as Urban Area, Rocky Outcrop, and Water showed little change in the 
overall context of the study area. 

In the Lowered Plateau unit, the altimetric difference between São Francisco and Pandeiros rivers 
triggered a process of headward erosion in the latter, with headward retreat of drainage heads. As a 
result, hydrogeomorphological processes removed a large part of the rocks of Serra das Araras 
Formation, preserving only residual hills (inselbergs) and exposing the fine sandstones of Posse 
Formation (Augustin et al., 2022). In this context, the Lowered Plateau is situated at intermediate 
elevations between the Tablelands and the São Francisco Depression, the latter subjected to even 
more intense erosional processes. 

Eucalyptus cultivation in regions such as this occurred due to the presence of flattened areas with 
deep and well-drained soils, as well as their low land value (Martins Ruas et al., 2025b). Furthermore, 
tax incentives provided by the Superintendence for the Development of the Northeast (SUDENE) 
intensified the expansion of eucalyptus plantations in the region, primarily due to the availability of 
cheap and undervalued lands, often located farther from river channels. However, even before the 
creation of the EPA, eucalyptus plantations had already been suppressed (Leite; Almeida; Silva, 
2012), primarily due to the lack of state investment in the sector. In subsequent years, part of the 
abandoned areas was converted into Savanna Formation, confirming the remarkable regenerative 
capacity of Cerrado (Dias; Moschini; Trevisan, 2017). In other nuclei, successive deforestation cycles 
occurred, leading to the predominance of pasture. 

In the Tablelands, a crucial factor to be considered is the climatic condition, as the local semi-arid 
context contributed to the action of planation processes (Costa et al., 2024). The widespread 
occurrence of lateritic crusts supporting the Tablelands in elevated areas and on fluvial terraces 
reflects the complexity of Cenozoic paleoclimatic dynamics, marked by alternation between dry and 
humid periods (Penteado; Ranzani, 1973; Silva, 2016). During humid phases, reducing conditions 
favor the mobilization and removal of iron from the soil profile, whereas during dry phases oxidation 
and precipitation of Fe³⁺ predominate, promoting the hardening and stabilization of lateritic crusts 
(Gidigasu, 2012; Sprafke et al., 2024). 

This unit was the most anthropogenically transformed over the analyzed period, exhibiting intense loss 
of native vegetation. Between 1985 and 2024, natural vegetation decreased by 69.64 km², resulting in 
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an average annual loss rate of approximately 1.79 km² year⁻¹. In this region, irrigated livestock 
production is organized within a complex paddock system, indicating high level of technological input 
and management intensity. Consistent with patterns observed in other Cerrado regions, agricultural 
and livestock activities expanded rapidly, influenced by the municipality of Chapada Gaúcha, a 
regional reference in meat and grain production (da Silva Brandão; Sobrinho, 2025). Moreover, 
pedogenesis is favored in these environments, promoting the formation of deep and well-drained soils 
such as Latosols (Assis et al., 2016). Thus, in addition to institutional and economic drivers, soil quality 
and topographic conditions enable the development of mechanized and continuously expanding 
agricultural systems (Fig. 8). 

 

Figure 8 - Interaction between geomorphological units and land use in the study area: (A) Pasture in a 

former eucalyptus area within the Lowered Plateau unit. (B) Area prepared for Agriculture on the 

Tablelands. (C) Deforested Forest Formation area in the São Francisco Depression, with a residual 

massif in the background. (D) Transition between Savanna Formation and Forest Formation on 

escarpments. (E) Pasture in the Fluvial Plains unit. (F) Anthropogenic activities carried out in the 

Dissected Valleys unit 

 

Source: The authors, 2025. 

 

Escarpments and Erosional Retreats occur mainly along a relief break that may exceed 80 m in height 
difference, between Posse Formation and the overlying Serra das Araras Formation, both belonging to 
the Urucuia Group. The dynamics of escarpment retreat are still active, intensified by the action of 
drainage lines showing evidence of gully erosion, associated with the loss of natural vegetation cover. 
The low presence of anthropogenic activities and the small temporal variation observed are related to 
the limitations imposed by relief on human occupation. Historically, flatter areas became priority zones 
for settlement, whereas regions with steeper slopes maintained higher rates of natural vegetation 
cover (How Jin Aik et al., 2021). 



Geomorphological constraints and land use dynamics in a Brazilian 
Cerrado protected area: the Rio Pandeiros Environmental Protection 
Area 

Wallace Vinicius Martins Ruas 
Lucas Augusto Pereira da Silva 

Aldenice Barbosa Alves 
João Paulo Sena-Souza 

Ana Clara Medeiros de Souza 
Marcelo Antonio Nero 

Carlos Henrique Jardim  

 

Caminhos de Geografia Uberlândia v. 27 2026 e2748 Página  16 

 

Near the river channels occur Fluvial Plains, flat surfaces located adjacent to the riverbed and still 
subject to its current dynamics, and Fluvial Terraces, inactive surfaces positioned at higher elevations 
relative to the alluvial plain. In the middle and upper basin, these terrains are associated with the 
dynamics of Pandeiros River and its tributaries, whereas in the downstream sector, near the outlet and 
in the so-called “Pandeiros Wetland”, they are directly influenced by São Francisco River (de Oliveira 
et al., 2022). The proximity and abundance of watercourses favor not only agriculture, but also other 
socioeconomic activities (Chen et al., 2024). Although this growth has not been as pronounced as in 
other areas, the anthropization of these environments raises serious concerns, particularly regarding 
wetland conservation. Despite showing limited variation, this remains a fragile ecosystem, threatened 
by human pressure and climatic variability (Durigan et al., 2022). 

The weathering of carbonate rocks of Sete Lagoas Formation strongly characterizes the relief features 
of São Francisco Depression. In this context, landform development is associated with dissolution 
processes of both covered and exposed karst of the Bambuí Group, with the presence of limestone 
cliffs, lapies, dolines, and poljes. Thus, the main forest remnants within this unit are concentrated near 
small residual hills, which tend to prevent or hinder deforestation. The Dissected Valleys result from 
the uncommon outcropping of the basement in the region, exposing granitoids and gneisses of the 
Januária Complex. In this case, dissection is controlled by rock fracturing associated with low 
permeability, which favors surface runoff and the consequent shallow incision of the drainage network. 

Owing to the lithological characteristics of both units, these regions exhibit relevant fragments of 
Forest Formation, possibly related to the presence of deeper soils and humid microenvironments 
within fractures and outcrops (Fagundes et al., 2020). Nevertheless, these remnants have been 
gradually suppressed over recent decades. During the analyzed period, both the Dissected Valleys 
and the São Francisco Depression presented similar transition patterns, marked by the advance of 
anthropogenic classes. Pasture expansion was more pronounced, whereas agriculture expanded in a 
more localized manner, mainly in areas with eutrophic soils derived from limestone (Zhang; Zhang, 
2023). 

It is important to highlight the occurrence of pastures under different contexts, ranging from 
rudimentary systems to irrigated and large-scale systems, as well as degraded pastures. Previous 
studies, such as those by Magalhães Filho (2020) and Couto and Fonseca (2019), classified the 
sparser vegetation formations within the basin as grassland vegetation or sparse vegetation. However, 
the analysis of historical image time series and field observations allowed the identification of these 
areas to be more closely related to degraded pastures. This degradation is largely associated with 
deforestation cycles following the eucalyptus cultivation period in the region, as well as with the 
recurrence of annual fires, as corroborated by Silva (2022). 

The analysis of the dynamics revealed a recurrent pattern in most geomorphological units: natural 
vegetation initially reduced in 1985 showed a marked increase in 2000, and subsequently declined in 
2010 and 2024. This pattern was also observed in other studies, such as Magalhães Filho (2020), who 
discusses the complexity of maintaining conservation in the PRB EPA, especially due to the presence 
of villages, communities, and a town within its boundaries. The vegetation peak observed in 2000 may 
be associated with the creation of the EPA in 1995, which initially restrained the intense anthropogenic 
pressure previously affecting the area. Considering the exceptional regenerative capacity of Cerrado, 
the gain in Savanna Formation cover is entirely plausible. However, the complexity of managing and 
enforcing protection in conservation areas with human occupation helps to explain the subsequent 
decline in vegetation in later periods. 

 

CONCLUSIONS 

The study revealed that relief plays a fundamental role in land use and land cover transformations within 
Rio Pandeiros Environmental Protection Area. The identified geomorphological units strongly determined 
land occupation patterns, especially in flatter areas. The Lowered Plateaus and Tablelands remained 
preferential regions for the expansion of agro-pastoral activities, with gentle topography and low slope 
values acting as facilitating factors for occupation. Particularly in Tablelands, pasture and mechanized 
agriculture grew exponentially from 2010 to 2024, resulting in reduction of savanna and forest 
formations. In contrast, more dissected areas with higher slopes acted as refuges for native 
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vegetation, with Escarpments and Erosional Retreats presenting the lowest rates of conversion to 

anthropogenic activities. 

The other geomorphological units, such as Fluvial Plains and Terraces, Dissected Valleys, and São 
Francisco Depression, showed greater resistance to conversion; nevertheless, the increase in 
anthropogenic areas from 1985 to 2024 raises concerns about the effectiveness of the territory as an 
Environmental Protection Area. The increase in native vegetation from 1985 to 2000 directly coincides with 
the creation of the APA in 1995; however, the subsequent expansion of anthropogenic activities may be 
related to a relaxation of monitoring and enforcement. 

The results reinforce the importance of considering geomorphology as a central variable in studies 
involving territorial planning in protected areas. By identifying where anthropogenic pressures are 
concentrated, the study provides support for improving management and enforcement strategies in Rio 
Pandeiros Environmental Protection Area. Thus, understanding geomorphological controls becomes 
fundamental to ensure a sustainable relationship between human activities and conservation, aiming at the 
maintenance of this important hydrographic basin. In addition, it is worth highlighting the importance of 
validating the obtained results, which was done through the application of the overall accuracy and Kappa 
Coefficient, considering that future studies may apply other validation indices for thematic maps. Finally, 
although the results are robust, the influence of overfitting at some classification levels cannot be 
entirely ruled out. Therefore, it is recommended that future studies adopt additional strategies, such as 
spatially independent validation, to reduce potential biases associated with the model. 

 

ACKNOWLEDGMENTS 

The first author would like to thank Minas Gerais Research Support Foundation (FAPEMIG) for granting 
the Master's scholarship through the Graduate Program in Geography at the Federal University of Minas 
Gerais (UFMG). 

 

REFERENCES 

AIK, D. H. J.; ISMAIL, M. H.; MUHARAM, F. M.; ALIAS, M. A. Evaluating the impacts of land use/land 
cover changes across topography against land surface temperature in Cameron Highlands. PloS one, v. 
16, n. 5, p. e0252111, 2021. https://doi.org/10.1371/journal.pone.0252111. 

ANA - Agência Nacional de Águas e Saneamento Básico. Conjuntura dos Recursos Hídricos no Brasil. 
2025. Brasília: ANA. Disponível em: https://www.snirh.gov.br/hidroweb/. Acesso: 4 out. 2025. 

AUGUSTIN, C. H. R. R.; OLIVEIRA, D. A. D.; FONSECA, B. M.; LIMA, A. C. P. D.; ARANHA, P. R. A.; 
COSTA, R.D.D. Influências geológicas e geomorfológicas na formação da bacia do rio Pandeiros–
MG. Revista Cientifica MG. Biota, v. 15, n.1, p. 6-34, 2022.  

ASSIS, T.; JÚNIOR, A. F. C.; MARTINS, É. D. S. Relações entre o relevo e os agroecossistemas na 
ecorregião Paraná-Guimarães. Revista Brasileira de Geografia Física, v. 9, n. 2, p. 498-510, 2016. 

AZIZ, G.; MINALLAH, N.; SAEED, A.; FRNDA, J.; KHAN, W. Remote sensing based forest cover 
classification using machine learning. Scientific reports, v. 14, n. 1, p. 69, 2024. 
https://doi.org/10.1038/s41598-023-50863-1. 

BABU, S. S.; CHATTORAJ, S. L. Synergetic Usage of Different Landslide Susceptibility Maps to Assess 
Landslide Hazard Potential in Wayanad District, Kerala. Journal of the Indian Society of Remote 
Sensing, v. 53, n. 3, p. 647-651, 2025. https://doi.org/10.1007/s12524-024-02091-x. 

BETHUEL, C.; ARVOR, D.; CORPETTI, T.; HÉLIE, J.; DESCALS, A.; GAVEAU, D.; CHÉRON-BESSOU, 
C.; GIGNOUX, J.; CORGNE, S. Applying the Dempster–Shafer fusion theory to combine independent 
land-use maps: A case study on the mapping of oil palm plantations in sumatra, Indonesia. Remote 
Sensing, v. 17, n. 2, p. 234, 2025. https://doi.org/10.3390/rs17020234. 

BOLFE, E. L.; PARREIRAS, T. C.; SILVA, L. A. P. D.; SANO, E. E.; BETTIOL, G. M.; VICTORIA, D. D. C.; 
SANCHES, I. D.; VICENTE, L. E. Mapping agricultural intensification in the Brazilian savanna: A machine 

https://doi.org/10.1371/journal.pone.0252111
https://www.snirh.gov.br/hidroweb/
https://doi.org/10.1007/s12524-024-02091-x
https://doi.org/10.3390/rs17020234


Geomorphological constraints and land use dynamics in a Brazilian 
Cerrado protected area: the Rio Pandeiros Environmental Protection 
Area 

Wallace Vinicius Martins Ruas 
Lucas Augusto Pereira da Silva 

Aldenice Barbosa Alves 
João Paulo Sena-Souza 

Ana Clara Medeiros de Souza 
Marcelo Antonio Nero 

Carlos Henrique Jardim  

 

Caminhos de Geografia Uberlândia v. 27 2026 e2748 Página  18 

 

learning approach using harmonized data from Landsat Sentinel-2. ISPRS International Journal of Geo-
Information, v. 12, n. 7, p. 263, 2023. https://doi.org/10.3390/ijgi12070263. 

BORGES, M. G.; NUNES, Y. R. F.; LEITE, M. E. Veredas do Norte de Minas Gerais: identificação e 
caracterização por meio do sensoriamento remoto. Revista GeoNordeste, n. 1, p. 44-59, 2021. 
https://doi.org/10.33360/10.33360/RGN.2318-2695.2021.i1.p.44-59. 

BORGES, M. G.; RODRIGUES, H. L. A.; LEITE, M. E. Sensoriamento remoto aplicado ao mapeamento 
do Cerrado no Norte de Minas Gerais e suas fitofisionomias. Caderno de Geografia, v. 29, n. 58, p. 819-
835, 2019. https://doi.org/10.5752/P.2318-2962.2019v29n58p819-835.  

BRANDÃO, J. O. D. S.; SOBRINHO, Fernando Luiz Araújo. Uma leitura geográfica sobre o território, os 
sujeitos da ação e os paradoxos que se impõem em chapada Gaúcha, Minas Gerais, Brasil. Territorium, 
n. 32 (II), p. 85-95, 2025. https://doi.org/10.14195/1647-7723_32-2_6. 

BRASIL. Regulamenta o art. 225, § 1º, incisos I, II, III e VII da Constituição Federal, institui o Sistema 
Nacional de Unidades de Conservação da Natureza e dá outras providências. Lei Federal nº 9.985, de 18 
de julho de 2000. Disponível em: http://www.planalto.gov.br/ccivil_03/leis/L9985.htm Acesso em 16 de 
jan. 2026. 

BREIMAN, L. Random forests. Machine learning, v. 45, p. 5-32, 2001. 
https://doi.org/10.1023/A:1010933404324.  

CABALLERO, C. B., BIGGS, T. W., VERGOPOLAN, N., WEST, T. A. P., & RUHOFF, A. (2023). 
Transformation of Brazil's biomes: The dynamics and fate of agriculture and pasture expansion into 
native vegetation. Science of The Total Environment, v. 896, p. 166323, 2023. 
https://doi.org/10.1016/j.scitotenv.2023.166323 

CAMPOS-SILVA, J. V.; PERES, C. A.; HAWES, J. E.; LOPES, P. F. M. Sustainable-use protected areas 
catalyze enhanced livelihoods in rural Amazonia. Proceedings of the National Academy of Sciences, v. 
118, n. 40, p. e2105480118, 2021. https://doi.org/10.1073/pnas.2105480118. 

CHEN, T.; ZHOU, S.; KANG, R.; KAUFMANN, H.; WANG, Y.; CHEN, H. Impact of land transformation 
processes in Eastern China on the long-term development of land surface temperatures. Geocarto 
International, v. 39, n. 1, p. 2322063, 2024. https://doi.org/10.1080/10106049.2024.2322063. 

CHIMPLIGANOND, C. N. Estudos sobre a sismicidade de Caraíbas-Itacarambi, Minas Gerais: causas e 
características. Tese (Doutorado em Geologia) – Brasília: UnB. 2013. http://repositorio. unb. 
br/bitstream/10482/13391/1/CristianoNaibertChimpliganond. pdf 

COSTA, L. R. F. D.; SENA SOUZA, J. P.; BAGGIO FILHO, H.; CAVALCANTI, J. A. D.; LEITE, M. R. 
Geomorfologia da Mesorregião Norte de Minas Gerais –Brasil. Revista Da Angepe, v. 19, n. 40, 2024. 
https://doi.org/10.5418/ra2023.v19i40.17870. 

COUTO, T. F.; FONSECA, B. M. Dinâmica do uso e cobertura da terra da bacia hidrográfica do Rio 
Pandeiros/MG. In: SIMPÓSIO BRASILEIRO DE SENSORIAMENTO REMOTO, 19., 2019, Santos-SP. 
Anais [...]. INPE, 2019. p. 2450-2453. Disponível em: https://www.researchgate.net/profile/Braulio-
Fonseca/publication/336679097_DINAMICA_DO_USO_E_COBERTURA_DA_TERRA_DA_BACIA_HIDR
OGRAFICA_DO_RIO_PANDEIROSMG/links/5dac7afb299bf111d4bf5586/DINAMICA-DO-USO-E-
COBERTURA-DA-TERRA-DA-BACIA-HIDROGRAFICA-DO-RIO-PANDEIROS-MG.pdf. Acesso em: 13 
dez. 2025.  

CPRM - Serviço Geológico Brasileiro. Mapa Geodiversidade do Estado de Minas Gerais. 2010. 
Disponível em: http://rigeo.cprm.gov.br/jspui/handle/doc/14704. Acesso em: 03 set. 2025. 

DE OLIVEIRA, D. A.; AUGUSTIN, C. H. R. R.; DE LIMA, A. C. P. Caracterização e dinâmica das unidades 
hidrogeomorfológicas do Pantanal do rio Pandeiros, Minas Gerais, Brasil. Revista Cientifica MG. Biota, 
v.15, n. 1, p. 92-115, 2022.  

DIAS-FILHO, M. B. Diagnóstico das pastagens no Brasil. Belém, PA: Embrapa Amazônia Oriental, 
2014. 36 p. Disponível em: http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/986147. Acesso em: 
08 set. 2025. 

https://doi.org/10.3390/ijgi12070263
https://doi.org/10.33360/10.33360/RGN.2318-2695.2021.i1.p.44-59
https://doi.org/10.5752/P.2318-2962.2019v29n58p819-835.
https://doi.org/10.14195/1647-7723_32-2_6
http://www.planalto.gov.br/ccivil_03/leis/L9985.htm
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1016/j.scitotenv.2023.166323
https://doi.org/10.1073/pnas.2105480118
https://doi.org/10.1080/10106049.2024.2322063
https://doi.org/10.5418/ra2023.v19i40.17870
https://www.researchgate.net/profile/Braulio-Fonseca/publication/336679097_DINAMICA_DO_USO_E_COBERTURA_DA_TERRA_DA_BACIA_HIDROGRAFICA_DO_RIO_PANDEIROSMG/links/5dac7afb299bf111d4bf5586/DINAMICA-DO-USO-E-COBERTURA-DA-TERRA-DA-BACIA-HIDROGRAFICA-DO-RIO-PANDEIROS-MG.pdf
https://www.researchgate.net/profile/Braulio-Fonseca/publication/336679097_DINAMICA_DO_USO_E_COBERTURA_DA_TERRA_DA_BACIA_HIDROGRAFICA_DO_RIO_PANDEIROSMG/links/5dac7afb299bf111d4bf5586/DINAMICA-DO-USO-E-COBERTURA-DA-TERRA-DA-BACIA-HIDROGRAFICA-DO-RIO-PANDEIROS-MG.pdf
https://www.researchgate.net/profile/Braulio-Fonseca/publication/336679097_DINAMICA_DO_USO_E_COBERTURA_DA_TERRA_DA_BACIA_HIDROGRAFICA_DO_RIO_PANDEIROSMG/links/5dac7afb299bf111d4bf5586/DINAMICA-DO-USO-E-COBERTURA-DA-TERRA-DA-BACIA-HIDROGRAFICA-DO-RIO-PANDEIROS-MG.pdf
https://www.researchgate.net/profile/Braulio-Fonseca/publication/336679097_DINAMICA_DO_USO_E_COBERTURA_DA_TERRA_DA_BACIA_HIDROGRAFICA_DO_RIO_PANDEIROSMG/links/5dac7afb299bf111d4bf5586/DINAMICA-DO-USO-E-COBERTURA-DA-TERRA-DA-BACIA-HIDROGRAFICA-DO-RIO-PANDEIROS-MG.pdf
http://rigeo.cprm.gov.br/jspui/handle/doc/14704
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/986147


Geomorphological constraints and land use dynamics in a Brazilian 
Cerrado protected area: the Rio Pandeiros Environmental Protection 
Area 

Wallace Vinicius Martins Ruas 
Lucas Augusto Pereira da Silva 

Aldenice Barbosa Alves 
João Paulo Sena-Souza 

Ana Clara Medeiros de Souza 
Marcelo Antonio Nero 

Carlos Henrique Jardim  

 

Caminhos de Geografia Uberlândia v. 27 2026 e2748 Página  19 

 

DIAS, L. C. C.; MOSCHINI, L. E.; TREVISAN, D. P. A Influência das Atividades Antrópicas na Paisagem 
da Área de Proteção Ambiental Estadual do Rio Pandeiros, MG – Brasil. Fronteiras: Journal of Social, 
Technological and Environmental Science, v. 6, n. 2, p. 85-105, 2017. https://doi.org/10.21664/2238-
8869.2017v6i2.p85-105. 

DUPIN, M. G.; ESPÍRITO-SANTO, M. M.; LEITE, M. E.; SILVA, J. O.; ROCHA, A. M.; BARBOSA, R. S.; 
ANAYA, F. C. Land use policies and deforestation in Brazilian tropical dry forests between 2000 and 
2015. Environmental Research Letters, v. 13, n. 3, p. 035008, 2018. https://doi.org/10.1088/1748-
9326/aaadea. 

DURIGAN, G.; MUNHOZ, C. B.; ZAKIA, M. J. B.; OLIVEIRA, R. S.; PILON, N. A. L.; VALLE, R. S. T. D.; 
WALTER, B. M. T.; HONDA, E. A.; POTT, A. Cerrado wetlands: multiple ecosystems deserving legal 
protection as a unique and irreplaceable treasure. Perspectives in ecology and conservation, v. 20, n. 
3, p. 185-196, 2022. https://doi.org/10.1016/j.pecon.2022.06.002. 

ESPÍRITO-SANTO, M. M. D.; ROCHA, A. M.; LEITE, M. E., SILVA; J. O.; SILVA, L. A. P.; SANCHEZ-
AZOFEIFA, G. A. Biophysical and socioeconomic factors associated to deforestation and forest recovery in 
Brazilian tropical dry forests. Frontiers in Forests and Global Change, v. 3, p. 569184, 2020. 
https://doi.org/10.3389/ffgc.2020.569184. 

FAGUNDES, N. C. A.; PAIS, A. D. J. R.; SOUZA, C. R. D.; SANTOS, P. F.; ALMEIDA, H. D. S.; VIEIRA, F. 
D. A.; OLIVEIRA-FILHO, A. T. D.; BERG, E. V. D.; CARVALHO, D.; SANTOS, R. M. D. Floristic and 
structural relationships in seasonally dry tropical forests on limestone outcrops. Scientia Forestalis, v. 48, 
n. 127, p. 3294, 2020. https://doi.org/10.18671/scifor.v48n127.17. 

GEE. Google Earth Engine. 2024. Disponível em: https://earthengine.google.com/. Acesso 

em: 18 out. 2025.  

GIDIGASU, M. Laterite soil engineering: pedogenesis and engineering principles. (Ed.). Elsevier, 2012. 

GIRMA, W.; AWOKE, A. G.; HAILU, H.; MELESSE, A. M. Evaluation of water extraction indices for spatial 
mapping of surface water bodies using Sentinel-2: GIS and remote sensing approaches: the case of 
Ethiopia. H2Open Journal, v. 8, n. 5, p. 402-421, 2025. https://doi.org/10.2166/h2oj.2025.002. 

GORELICK, N.; HANCHER, M.; DIXON, M. ILYUSHCHENKO, S.; THAU, D.; MOORE, R. Google Earth 
Engine: Planetary-scale geospatial analysis for everyone. Remote sensing of Environment, v. 202, p. 18-
27, 2017. https://doi.org/10.1016/j.rse.2017.06.031. 

IBGE.  Instituto Brasileiro De Geografia e Estatística. Censo Demográfico. 2010. Disponível em: 
<ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_2010/>. Acesso: 4 out. 2025. 

JARDIM, C. H.; DE MOURA, F. P. Variações dos totais de chuvas e temperatura do ar na bacia do rio 
Pandeiros, norte do estado de Minas Gerais-Brasil: articulação com fatores de diferentes níveis escalares 
em área de transição climática de cerrado para semiárido. Revista Brasileira de Climatologia, 2018. 

KASAHUN, M.; LEGESSE, A. Machine learning for urban land use/cover mapping: Comparison of 
artificial neural network, random forest and support vector machine, a case study of Dilla 
town. Heliyon, v. 10, n. 20, p. e39146, 2024. https://doi.org/10.1016/j.heliyon.2024.e39146. 

KUHN, M. caret: Classification and regression training (version R package version 6.0-76). 2023. 

LANDAU, E. C.; RESENDE, R. M. S; MATOS NETO, F. D. C. Evolução da área ocupada por 
pastagens. In: LANDAU, E. C. (org.). Dinâmica da produção agropecuária e da paisagem natural no 
Brasil nas últimas décadas. Brasília, DF: Embrapa, 2020. p. 1555 – 1578. 

LEANDRO, G. R. D. S.; ROCHA, P. C. Expansão agropecuária e degradação ambiental na bacia 
hidrográfica do rio Sepotuba-Alto Paraguai, Mato Grosso-Brasil. Sociedade & Natureza, v. 31, p. e45603, 
2023. http://dx.doi.org/10.14393/SN-v31-2019-45603. 

LEITE, M. E.; ALMEIDA, J. W. L.; SILVA, R. F. Análise espaço-temporal do eucalipto no Norte de Minas 
Gerais nos anos de 1986, 1996 e 2010. GeoTextos, v. 8, n. 2, p. 59-74, 2012.  

MAGALHÃES FILHO, R. D. Sensoriamento remoto na análise de evolução do uso e cobertura do solo e 
impacto ecológico em veredas em unidades de conservação-APAS Rio Pandeiros, Cochá/Gibão e Parque 

https://doi.org/10.21664/2238-8869.2017v6i2.p85-105
https://doi.org/10.21664/2238-8869.2017v6i2.p85-105
https://doi.org/10.1088/1748-9326/aaadea
https://doi.org/10.1088/1748-9326/aaadea
https://doi.org/10.1016/j.pecon.2022.06.002
https://doi.org/10.3389/ffgc.2020.569184
https://doi.org/10.18671/scifor.v48n127.17
https://earthengine.google.com/
https://doi.org/10.2166/h2oj.2025.002
https://doi.org/10.1016/j.rse.2017.06.031
http://dx.doi.org/10.14393/SN-v31-2019-45603


Geomorphological constraints and land use dynamics in a Brazilian 
Cerrado protected area: the Rio Pandeiros Environmental Protection 
Area 

Wallace Vinicius Martins Ruas 
Lucas Augusto Pereira da Silva 

Aldenice Barbosa Alves 
João Paulo Sena-Souza 

Ana Clara Medeiros de Souza 
Marcelo Antonio Nero 

Carlos Henrique Jardim  

 

Caminhos de Geografia Uberlândia v. 27 2026 e2748 Página  20 

 

Estadual Veredas do Peruaçu. Dissertação (Mestrado em Geografia) - Montes Claros: UNIMONTES. 
2020. https://repositorio.unimontes.br/handle/1/549. 

MARTINS RUAS, W. V.; MARQUES, S. C. S.; LEITE, M. E.; DOS REIS, G. A. ESTRUTURA FUNDIÁRIA 
NO SEMIÁRIDO MINEIRO: Uma Análise Sobre o Cultivo do Eucalipto. Revista Tocantinense de 
Geografia, v. 14, n. 32, p. 21-36, 2025a. https://doi.org/10.70860/rtg.v14i32.18965. 

MARTINS RUAS, W. V.; SILVA, L. A. P. D.; DURÃES, N. V. S.; BORGES, M. G.; SOUZA, C. M. P.; 
ALVES, A. B.; LEITE, M. E. Uso e Cobertura da terra em Áreas de Preservação Permanente – Montes 
Claros, Norte do estado de Minas Gerais. Revista Brasileira de Geografia Física, v. 18, n. 4, p. 3101–
3113, 2025b. https://doi.org/10.26848/rbgf.v18.4.p3101-3113. 

MARTINS RUAS, W. V.; BORGES, M. G.; ALMEIDA, M. I. S. D.; LEITE, M. E. Caracterização das vazões 
e condicionantes fisiográficas da Bacia hidrográfica do rio Pandeiros (MG). Revista Geoaraguaia, v. 15, n. 
1, p. 1–25, 2025c. 

MAXWELL, A. E.; WARNER, T. A.; FANG, F. Implementation of machine-learning classification in remote 
sensing: An applied review. International journal of remote sensing, v. 39, n. 9, p. 2784-2817, 2018. 
https://doi.org/10.1080/01431161.2018.1433343. 

MELICHAR, M.; DIDAN, K.; BARRETO-MUÑOZ, A.; JIMÉNEZ-HERNÁNDEZ, E.; CRIMMINS, T.; LI, H.; 
TRAPHAGEN, M.; THOMAS, K. A.; NAGLER, P. L. Random forest classification of multitemporal Landsat 
8 spectral data and phenology metrics for land cover mapping in the Sonoran and Mojave deserts. Remote 
Sensing, v. 15, n. 5, p. 1266, 2023. https://doi.org/10.3390/rs15051266. 

MÉTAY, I. G. S.; BOCCO, G.; VELÁZQUEZ, A.; GAJEWSKI, K. On the relationship between landforms 
and land use in tropical dry developing countries. A GIS and multivariate statistical 
approach. Investigaciones Geográficas, Boletín del Instituto de Geografía, v. 2017, n. 93, p. 3-19, 
2017. https://doi.org/10.14350/rig.56438. 

NEVES, W. V. Avaliação da vazão em bacias hidrográficas com veredas, em diferentes estágios de 
conservação, na Apa do Rio Pandeiros MG. Dissertação (Mestrado em Produção Vegetal) – Montes 
Claros: UFMG. 2011. 

PANDYA, P. A.; GONTIA, N. K. Correlation vs. Kappa statistic: a new perspective on comparing 
meteorological drought indices. Theoretical and Applied Climatology, v. 156, n. 19, p. 19, 2025. 
https://doi.org/10.1007/s00704-024-05291-0. 

PENTEADO, M. M.; RANZANI, G. Relatório de viagem ao médio vale do rio São Francisco. Instituto de 
Geografia. Universidade de São Paulo, 40 – Geomorfologia, São Paulo, 1973. 

RESENDE, F. M.; CIMON-MORIN, J.; POULIN, M.; MEYER, L.; JONER, D. C.; LOYOLA, R. The 
importance of protected areas and Indigenous lands in securing ecosystem services and biodiversity in the 
Cerrado. Ecosystem Services, v. 49, p. 101282, 2021. https://doi.org/10.1016/j.ecoser.2021.101282. 

RODRIGUEZ-GALIANO, V. F.; GHIMIRE, B.; ROGAN, J.; CHICA-OLMO, M.; RIGOL-SANCHEZ, J. P. An 
assessment of the effectiveness of a random forest classifier classification. ISPRS for journal land-cover 
of photogrammetry and remote sensing, v. 67, p. 93-104, 2012. 
https://doi.org/10.1016/j.isprsjprs.2011.11.002. 

ROSS, J. L. S. O registro cartográfico dos fatos geomorfológicos e a questão da taxonomia do 
relevo. Revista do Departamento de Geografia, v. 6, p. 17-29, 1992. 

SENA-SOUZA, J. P.; CRESPO, T. V. SOARES, G. C. D. S.; DA COSTA, L. R. F.; LEITE, M. R. Influência 
do relevo na dinâmica temporal do uso e cobertura da terra no norte de Minas Gerais, Brasil. Revista 
Brasileira de Geografia Física, v. 15, n. 5, p. 2475-2485, 2022. 

SHIMABUKURO, Y. E.; ARAI, E.; SILVA, G. M. D.; HOFFMANN, T. B.; DUARTE, V.; MARTINI, P. R.; 
DUTRA, A. C.; MATAVELI, G.; CASSOL, H. L. G.; ADAMI, M. Mapping land use and land cover classes in 
São Paulo state, southeast of Brazil, using Landsat-8 OLI multispectral data and the derived spectral 
indices and fraction images. Forests, v. 14, n. 8, p. 1669, 2023. https://doi.org/10.3390/f14081669. 

SILVA, M. L. Mapeamento de superfícies aplainadas no norte de Minas Gerais. Revista Brasileira de 
Geografia Física, v. 9, n. 2, p. 526-545, 2016. 

https://repositorio.unimontes.br/handle/1/549
https://doi.org/10.70860/rtg.v14i32.18965
https://doi.org/10.26848/rbgf.v18.4.p3101-3113
https://doi.org/10.1080/01431161.2018.1433343
https://doi.org/10.3390/rs15051266
https://doi.org/10.14350/rig.56438
https://doi.org/10.1007/s00704-024-05291-0
https://doi.org/10.1016/j.ecoser.2021.101282
https://doi.org/10.1016/j.isprsjprs.2011.11.002
https://doi.org/10.3390/f14081669


Geomorphological constraints and land use dynamics in a Brazilian 
Cerrado protected area: the Rio Pandeiros Environmental Protection 
Area 

Wallace Vinicius Martins Ruas 
Lucas Augusto Pereira da Silva 

Aldenice Barbosa Alves 
João Paulo Sena-Souza 

Ana Clara Medeiros de Souza 
Marcelo Antonio Nero 

Carlos Henrique Jardim  

 

Caminhos de Geografia Uberlândia v. 27 2026 e2748 Página  21 

 

SILVA, N. L. Mudanças do uso e cobertura da terra e avaliação do potencial de impactos na Área de 
Proteção Ambiental do Rio Pandeiros-MG. Dissertação (Mestrado em Análise e Modelagem de Sistemas 
Ambientais) Belo Horizonte: UFMG. 2022. 

SOUZA-SENA, J. P.; MARTINS, E. S.; COUTO JUNIOR, A. F.; REATTO, A.; VASCONCELOS, V.; 
GOMES, M. P.; CARVALHO JUNIOR, O. A.; REIS, A. M. Mapeamento geomorfológico da bacia 
hidrográfica do rio São Bartolomeu, escala 1: 100.000. Boletim de Pesquisa & Desenvolvimento, 2013. 

SOUZA, C. M.; SHIMBO, J. Z.; ROSA, M. R.; PARENTE, L. L.; ALENCAR, A. A.; RUDORFF, B. F. T.; 
HASENACK, H.; MATSUMOTO, M.; FERREIRA, L. G.; SOUZA-FILHO, P. W. M.; OLIVEIRA, S. W.; 
ROCHA, W. F.; FONSECA, A. V.; MARQUES, C. B.; DINIZ, C. G.; COSTA, D.; MONTEIRO, D.; ROSA, E. 
R.; VÉLEZ-MARTIN, E.; WEBER, E. J.; LENTI, F. E. B.; PATERNOST, F. F.; PAREYN, F. C.; SIQUEIRA, 
J. V.; VIEIRA, J. L.; FERREITA NETO, L. C.; SARAIVA, M. M.; SALES, M. H.; SALGADO, M. P. G.; 
VASCONCELOS, R.; GALANO, S.; MESQUITA, V. V.; AZEVEDO, T. Reconstructing Three Decades of 
Land Use and Land Cover Changes in Brazilian Biomes with Landsat Archive and Earth Engine. Remote 
Sensing, v. 12, n. 17, p. 2735, 2020. https://doi.org/10.3390/rs12172735. 

SPRAFKE, T.; KADEREIT, A.; LAUER, F.; RODRIGUES, F. C. G.; SAWAKUCHI, A. O.; THIEL, C.; 
THUYNE, J. V.; RODRIGUES, L.; SANTOS, T. A.; ZIPF, LARS.; SZIDAT, S.; TCHOMGA, P.; NDJIGUI, P. 
D.; LOMBARDO, U.; VIDAL-TORRADO, P.; VEIT, H. Key processes and timescales of tropical earth 
formation. Earth-Science Reviews, v. 254, p. 104804, 2024. 
https://doi.org/10.1016/j.earscirev.2024.104804. 

TENENWURCEL, M. A.; MOURA, M. S. D.; COSTA, A. M. D.; MOTA, P. K.; VIANA, J. H. M.; 
FERNANDES, L. F. S.; PACHECO, F. A. L. An improved model for the evaluation of groundwater recharge 
based on the concept of conservative use potential: A study in the river Pandeiros Watershed, Minas 
Gerais, Brazil. Water, v. 12, n. 4, p. 1001, 2020. https://doi.org/10.3390/w12041001. 

TORRES, W. K. M.; OLIVERA, C. A. C. Multitemporal Analysis of Urban Expansion by Remote Sensing in 
the Area of Huacachina Lagoon in Ica, Peru. Chemical Engineering Transactions, v. 117, p. 1213-1218, 
2025. https://doi.org/10.3303/CET25117203. 

ZEFERINO, L. B.; SOUZA, L. F. T.; AMARAL, C. H. DO; FILHO, E. I. F.; OLIVEIRA, T. S. DE. 
Environmental data increase the accuracy of land use and land cover classification? International Journal 
of Applied Earth Observation and Geoinformation, v. 91, p. 102128, 2020. 
https://doi.org/10.1016/j.jag.2020.102128 

Zhang, H.; Zhang, W. Plant–Soil interactions in karst regions. Forests, v. 14, n. 5, p. 922, 2023. 

https://doi.org/10.3390/f14050922. 

ZHU, Z. Change detection using landsat time series: A review of frequencies, preprocessing, algorithms, 
and applications. ISPRS Journal of Photogrammetry and Remote Sensing, v. 130, p. 370-384, 2017. 
https://doi.org/10.1016/j.isprsjprs.2017.06.013. 

 

_______________________________ 

Recebido em: 18/02/2026 
Aceito para publicação em: 07/05/2026 

 

https://doi.org/10.3390/rs12172735
https://doi.org/10.1016/j.earscirev.2024.104804
https://doi.org/10.3390/w12041001
https://doi.org/10.3303/CET25117203
https://doi.org/10.1016/j.jag.2020.102128
https://doi.org/10.3390/f14050922
https://doi.org/10.1016/j.isprsjprs.2017.06.013

