REVISTA CAMINHOS DE GEOGRAFIA ISSN 1678-6343
http://www.seer.ufu.br/index.php/caminhosdegeografia/ DOI: https://doi.org/10.14393/RCG259769228

HOW THE BRAZILIAN CERRADO IS CHANGING OVERTIME IN NORTHERN MINAS GERAIS?
SPATIAL ANALYSIS AND PREDICTION

Vicente Paulo Santana Neto
Federal University of Vigcosa — UFV, Department of Forest Engineering, Vigosa, MG, Brasil
vipsneto@gmail.com

Reginaldo Arthur Gloria Marcelino
Federal University of Vicosa — UFV, Department of Forest Engineering, Vi¢osa, MG, Brasil
regisarthursc@hotmail.com

Emanuelly Canabrava Magalhées
Federal University of Vigcosa — UFV, Department of Forest Engineering, Vigosa, MG, Brasil
emanuellymagalhaes1@gmail.com

Polyanne Aparecida Coelho
Federal University of Lavras — UFLA, Department of Forest Science, Lavras, MG, Brasil
pcoelho.ufla@gmail.com

Aretha Franklin Guimaraes
Biodiversity Coordenation, National Institute for Amazonian Research, Manaus, AM, Brazil
areguimaraes@gmail.com

Fausto Weimar Acerbi Junior
Federal University of Lavras — UFLA, Department of Forest Science, Lavras, MG, Brasil
fausto@ufla.br

Alexandre Simdes Lorenzon
Federal University of Vicosa — UFV, Department of Forest Engineering, Vigosa, MG, Brasil
alexandre.lorenzon@ufv.br

ABSTRACT

Deforestation is a complex problem worldwide caused mostly by the increase in farming
activities. Despite the Brazilian Cerrado being the most biodiverse savanna in the world, this
biome is threatened by high deforestation rates. The present study aimed to evaluate
deforestation in in S&o Francisco municipality — Minas Gerais state in Brazil's southwestern
region, analyzing changes in land cover between 2012 and 2020 focusing on forest, savanna,
and grassland physiognomies, and predicting changes in the land cover for the year 2030. It
was evaluated metrics of density and size, edge, shape, core area, and proximity. The forest
and savanna fragments suffered a reduction in area (0.92% and 12.60%, respectively) and
core area, and also increased its proximity. On the other hand, the grassland physiognomy
increased its total area (12.72%), nuclear area, and distance from the other fragments. In
general, the forest fragment and savanna fragments tended to be elongated and irregular. For
2030, a scenario is predicted with increasing grassland and decreasing forest and savanna.
Those changes in the landscape can threaten the region's biodiversity, so public policy
attention is needed to the conservation of the fragmented areas.

Keywords: Deforestation. Landscape Metrics. GIS. Landscape Ecology. MapBiomas.

COMO O CERRADO BRASILEIRO ESTA MUDANDO AO LONGO DO TEMPO
NO NORTE DE MINAS? ANALISE ESPACIAL E PREDICAO

RESUMO

O desmatamento é um problema complexo em todo o mundo causado principalmente pelo
aumento das atividades agricolas. Apesar do Cerrado Brasileiro ser a savana com maior
biodiversidade do mundo, esse bioma tem sido ameacado devido as altas taxas de
desmatamento. O presente trabalho teve como objetivo avaliar o desmatamento em uma
regido de Cerrado no no municipio de S&do Francisco (Minas Gerais), analisando mudancas
na cobertura da terra entre 2012 e 2020 para as fisionomias florestais, savanicas e
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campestres e prevendo mudangas na cobertura da terra para o ano de 2030. Foram avaliadas
métricas de densidade e tamanho, borda, forma, area central e proximidade. Os fragmentos
de floresta e savana sofreram redugédo de area (0,92% e 12.60%, respectivamente) e area
nuclear, além de aumento de sua proximidade. Por outro lado, a fisionomia campestre
aumentou sua area total (12,72%), area nuclear e distancia dos demais fragmentos. Em geral,
os fragmentos de florestais e savanicos tenderam a ser alongados e irregulares. Para 2030,
€ previsto um cenario de aumento de pastagens e diminui¢do de florestas e savanas. Essas
mudangas na paisagem podem ameacar a biodiversidade da regido, por isso é necessaria
atencdo das politicas publicas para a conservacéo das areas fragmentadas.

Palavras-chave: Desmatamento. Métricas de paisagem. SIG. Ecologia da Paisagem.
MapBiomas.

INTRODUCTION

Rapid population growth has led to an increased demand for natural resources, leading to the
degradation and fragmentation of natural areas, mainly due to the expansion of agricultural borders and
urban projects (SCARANO & CEOTTO, 2015; SERTEL et al., 2018; SAHA et al., 2020; YANAI et al.,
2020). Anthropic activities in natural areas have a direct influence on habitat fragmentation (HANSEN
et al., 2020; SOUZA et al., 2020). The main consequences of habitat fragmentation are the decrease in
species richness, changes in the floristic and forest structural composition, interspecific interactions,
social relations, movement of individuals, nutrient flow, and genetic composition of populations
(FAHRIG, 2003; CLAUDINO; GOMES; CAMPQOS, 2015; CARVALHO et al., 2016; LIRA et al., 2016;
SCHURLER et al., 2020). In addition, forest fragmentation is also responsible for the loss of plant
biomass, carbon stock, seed bank, and reduction of flora, fauna and an overall decreased genetic
diversity (ACHARD et al., 2014; PUTZ et al., 2014; SOUSA et al., 2017).

The Cerrado biome in Brazil is a vegetation complex composed of a wide range of physiognomies,
including forest, savanna, and grasslands (RIBEIRO & WALTER, 1998). Due to its irreplaceable
biodiversity and the threat faced by native vegetation loss, the Cerrado is considered a “hotspot” for the
conservation of global biodiversity (KLINK & MACHADO, 2005). The Brazilian savanna is considered
the richest in the world regarding the number of species, with approximately 11,046 species of
phanerogams (40% endemic from the biome) (ANDRADE et al., 2022) and a remarkable diversity of
endemic animal species. Also, the Cerrado covers an area of 2,036,448 km2, about 23.9% of the
Brazilian territory, and the high diversity of species found in the biome can be linked to the habitat
heterogeneity, where soil geochemistry has a fundamental role in plant’s life (ANDRADE et. al., 2022).
From 2012 to 2020, the biome accumulated an area of native vegetation loss covering approximately
79,660.1 km2, mostly converting natural areas to farming areas (INPE, 2021).

In this context, landscape ecology indexes have been widely used in the landscape (MCGARIGAL &
MARKS, 1995). These indexes make it possible to quantify the fragmentation impact on the
environment, evaluating and monitoring anthropogenic effects and their consequences on ecosystems
on a temporal and spatial scale (WANG; HAMANN; CUMMING, 2012). Several studies addressed this
problem by using landscape indexes as geospatial analysis tools, using those metrics to access
changes in the environment (CASTILLO et al., 2015; PIROVANI; SILVA; SANTOS, 2015; SAITO et al.,
2016; FERREIRA et al., 2018). In addition to evaluating Land use/Land cover (LULC) changes over a
certain period, an alternative is to use prediction tools to map future change scenarios for exploration,
conservation, preservation, and/or environmental sustainability (LI et al., 2020). One tool that stands out
in predicting changes in the landscape is the Land Change Modeler (LCM), which allows for the design
and evaluation of modifications in the landscape structure, as well as planning of LULC when
considering a before and after image (EASTMAN & TOLEDANO, 2018; LCM, 2021). This tool has been
widely utilized and deployed to predict changes both in natural areas (ABURAS et al., 2018; AIRES et
al. 2018; ANSARI & GOLABI, 2019; LI et al., 2020; KHOSHNOOD MOTLAGH et al., 2021), and urban
areas (JAIN; JAIN, ALI, 2017; KIM; NEWMAN; GUNERALP, 2020).

Understanding how variations in landscape affect vegetation over time and predicting future changes in
land uses is crucial for implementing effective Biome conservation policies. Therefore, the aim of our
study was to examine the spatial changes in a Cerrado area in S&o Francisco County, Minas Gerais
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State, from 2012 to 2020 and predict LULC for the year of 2030. Our hypothesis was that all
physiognomies (i.e., forest, savanna and grassland) in S&o Francisco County, would present an
increased area of small fragments and a decrease in the area of larger fragments.

MATERIALS AND METHODS
Study area

The study was conducted in the S&o Francisco County, in northern Minas Gerais State (Figure 1),
Southeast Brazil. This county is located in the microregion of Januéria, S&o Francisco River basin. The
county has approximately 3,308.1 km2 of area and an 56,625 estimated population (IBGE, 2021).
According to the Embrapa slope classification, the county has a mostly Flat, Smooth-wavy, and Wavy
relief (EMBRAPA, 2006). Also, it has four types of soils, namely: Red Argisol, Haplic Cambisol, Fluvial
Neosol, Quartzarian Neosol (EMBRAPA, 2001). The climate is classified as Aw, characterized by a
tropical climate (rainy season from September to March and a dry winter with low temperatures from
April to August) (MARTINS et al., 2018). The region is known for an intense agropastoral activities, and
between 2012 and 2020 the area occupied by farming activities increased from 121,216.30 ha to
145,596.53 ha, an increment of more than 20% (MAPBIOMAS, 2021).

Figure 1 - Map from South America, with Brazil highlighted on the left. In the right, Minas Gerais state
and the County of Sao Francisco (in red), Southeast Brazil in red, 2023.
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Source - Prepared by the authors.

Land cover dataset

Land cover data was obtained from the MapBiomas Project (MAPBIOMAS, 2021) at a 30 meters
resolution. Details of Land Use/Land Cover (LULC) classification methodology can be verified in
Mapbiomas (2020). The temporal analysis was conducted from 2012 to 2020, an eight years interval.
This period was chosen due to the changes made in the Brazilian Forest Code, as outlined in Law No.
12,651, of May 25, 2012, commonly referred to as the New Forest Code (BRASIL, 2012), modifying
land use and conservation policies in the Country.
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The preprocessing stage was carried out in the Geographic Information System (GIS) environment,
specifically using ArcMap 10.8 (ESRI, 2011). Initially, the images were clipped to the study area
boundary, and then they were converted into a vector format. We utilized three main
phytophysiognomies to distinguish the vegetation in the county and perform the landscape analysis:
forest, savanna and grasslands. These selected physiognomies were categorized into four different size
classes based on Fernandes & Fernandes (2017) methodology: very small (<5 ha) (VS), small (5-10
ha) (S), medium (10-100 ha) (M), and large (> 100 ha) (L), and then converted to a raster format.

Landscape metrics were calculated using Fragstats 4.2 (MCGARIGAL & MARKS, 2015). To avoid
redundant landscape metrics, we chose the ones that were most effectively in illustrating the structural
aspects of the environment. The metrics were associated to their ecological function (INKOOM et al.,
2018; KELLY; TUXEN; STRALBERG, 2011) and were classified into six groups (area, density and size,
edge, shape, core area and proximity) as detailed in Table 1. We utilized a total of eight metrics, since
isolated metrics may be considered insufficient to understand the phenomenon (DALLOZ et al., 2017).
Unlike other metrics, the MNN was calculated without distinguishing size classes to find proximity values
of fragments of the same physiognomy. In this work, the distance from the edge was considered to be
60 meters from the outer boundary of the fragment, following the recommendation of DODONOQV;
HARPER and SILVA-SANTOS (2013). This distance was found to detect variations in microclimate,
regardless of the phytophysiognomy and matrix analyzed (DODONOV; HARPER; SILVA-SANTOS,
2013).

Table 1 - Landscape metrics used on the landscape structure quantification.

Group Acronym Metric Description
(units)
Area CA (ha) Class Area  Area sum of all fragments of the LULC class.
Density and NumP Number of Total number of fragments by LULC class.
Size patches

MPS (ha) Mean patch Mean fragment size by LULC class type.

size
Edge ED (m/ha)  Edge density Relationship between the total edge size
and the total landscape area.
Shape MSI Mean shape  Expresses how close the fragment is to a
index regular square. The closer to 1, the more
regular the fragment.
Core area TCA (ha) Total core Sum of the core area of all fragments of a
area given LULC class, considering a 60 m edge.
TCAI (%) Total core Relationship between the core area and the
area index total area of the corresponding class (CA) in

percentage.

Proximity MNN (m) *  Mean nearest Mean of the sum of all the shortest euclidean
neighbor distances between one fragment and
distance another of the same physiognomy.

* Calculated for the entire physiognomy. Source: Adapted from McGarigal (2015).
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Land Cover 2030 prediction

We analyzed landscape changes and trends using LULC images from the Mapbiomas (MAPBIOMAS,
2021) for the years 2012 to 2019, and for model validation and prediction, we used the Mapbiomas 2020
classification image. The images were selected and grouped for analysis in the Land Change Modeler
(LCM) tool. For the prediction of the LCM sub model, we considered forest, savanna, and grassland
classes under the other changes influence in the landscape. The LCM modeling included the following
steps: change analysis, transition potentials, change prediction for validation, and prediction as
stipulated by LCM modeling (LCM, 2021). In addition, LCM modeling allowed us to include the Digital
Elevation Model (DEM) as an input to enhance the modeling and area characterization. We chose to
set the years of 2012 to 2019 to see if the variations observed in this period will hold for future analyses
and prediction of changes in Sao Francisco County in the year of 2030.The year of 2030 stands out due
to the 2030 Agenda, created in 2015, which established mandatory requirements to achieve World
Sustainability in 17 Sustainable Development Goals (SDGs), regarding soil and vegetation management
(SDG BRAZIL, 2022).

The LCM compared the observed changes in each land cover class (forest, savanna, grassland) and
their contributions, as well as the relationships between them. To determine the validation accuracy, we
used the Kappa statistic (LANDIS & KOCH, 1977) to measure the agreement/disagreement between
the model and observed data, and the Root Mean Square (RMS) statistic error for training and model
testing. After validating the 2030 image, we calculated landscape metrics to compare the scenarios
across the evaluated time periods.

RESULTS
First Period (2012 - 2020)
Landscape Metrics

Forest and savanna lost 0.92% and 12.60% of total area, respectively, while the grassland increased
by 12.82% in study area. In addition, a predominance of fragments in the VS class was observed in all
physiognomies, as well as an increase in MPS, MSI, TCA, and TCAI metrics as the size classes
increase. The very small fragments presented higher edge values in relation to the other classes, except
the savanna physiognomy, where the small fragments class stood out in the aforementioned metric.
Savanna also presented a larger area and greater number of fragments in the landscape for years,
representing approximately 52.88% of the total area in 2012 and 43.76% in 2020 (Tables 2, 3 and 4).

Table 2 - Landscape metrics for the forest size classes for the years 2012 and 2020. CA: class area;
NumP: number of patches; MPS: mean patch size; ED: edge density; MSI: mean shape index; TCA:
total core area; TCAI: total core area index; MNN: mean nearest neighbor.

Size classes
Metric Year Verysmall Small Medium Large
2012 2,320.92 728,55 2,026.44 873.18
CA (ha)
2020 2,591.01 641.88 1,919.52 742.05
2012 2,229 103 83 6
NumP
2020 2,295 93 81 5
2012 1.0412 7.0733 24.4149 145.53
MPS (ha)

2020 1.129 6.9019 23.6978 148.41
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2012 5.3149 0.9405 1.9446  0.5032
ED (m/ha)
2020 5.855 0.8222 1.7933 0.4638
MS 2012 1.4007 2.0867 2.8536 4.9601
2020 1.4121 1.9977 2.8067 4,705
2012 25.2 68.31 488.61  380.97
TCA (ha)
2020 34.65 63.36 459.72 343.44
Size classes
Metric Year Verysmall Small Medium Large
2012 1.0858 9.3762 24.1117 43.6302
TCAI (%)
2020 1.3373 9.871 23.9497 46.2826
2012 228.8715
MNN (m)*
2020 228.3124

*Calculated for the entire physiognomy. Source Prepared by the authors.

Table 3 - Landscape metrics for the savanna size classes for the years 2012 and 2020. CA: class
area; NumP: number of patches; MPS: mean patch size; ED: edge density; MSI: mean shape
index; TCA: total core area; TCAI: total core area index; MNN: mean nearest neighbor.

Size classes
Metric Year Verysmall Small Medium Large
2012 6,249.42 2,371.7 8,590.32 174,942.09
CA (ha)
2020 7,725.96 3,076.9 12,374.4 144,759.60
2012 7549 342 328 41
NumP
2020 11966 437 459 62
2012 0.9854 6.9347 26.19 4,266.88
MPS (ha)
2020 1.0234 7.041  26.9594 2,334.83
2012 2.1994 0.3496 1.0413 9.7437
ED (m/ha)
2020 2.8343 0.458 1.4481 9.8724
2012 1.3182 1.8866 2.5935 6.87
MSI
2020 1.327 1.9101 2.6357 6.3346
2012 110.52 326.16 2746.26 131,809.59
TCA (ha)
2020 144.81 405 3963.69 108,825.30
2012 1.7685 13.752 31.9692 75.3447
TCAI (%)
2020 1.8743 13.163 32.0314 75.1766
2012 99.5723
MNN (m)*
2020 104.9667

*Calculated for the entire physiognomy. Source — Prepared by the authors.
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Table 4 - Landscape metrics for the grassland size classes for the years 2012 and 2020. CA: class
area; NumP: number of patches; MPS: mean patch size; ED: edge density; MSI: mean shape
index; TCA: total core area; TCAI: total core area index; MNN: mean nearest neighbor.

Size classes

Metric Year Very small Small Medium Large
2012 1,058.67 236.61 704.07 2,061.72
CA (ha)
2020 1,264.14 21555 953.91 2,148.12
2012 934 35 23 5
NumP
2020 1266 33 28 4
2012 1.1335 6.7603 30.6117 412.344
MPS (ha)

2020 0.9985 6.5318 34.0682 537.03

Size classes

Metric Years Very small Small Medium Large
2012 2.189 0.326 0.7351 1.3762

ED (m/ha)
2020 2.7164 0.3577 1.0176  1.5851
VS| 2012 1.4026 2.1885 3.3008  7.0905
2020 1.3745 2178 3.3591  7.5623
2012 12.51 17.91 185.04 926.37
TCA (ha)
2020 12.24 16.47 2529 1,006.83
2012 1.1817 7.5694 26.2815 44.9319
TCAI (%)
2020 0.9682 7.6409 26.5119 46.8703
2012 332.1319
MNN (m)*
2020 341.1656

*Calculated for the entire physiognomy. Source - Prepared by the authors.

Most of the forest is distributed in very small fragments class, whilst savanna and grassland
predominated in the small fragments class. In addition, the savanna scored higher values for class area
(CA), total core area (TCA), and total core area index (TCAI) for all size classes and underwent
significant changes in the analyzed period, with emphasis on the large fragments class responsible for
100% of AC losses in the physiognomy. In contrast to the savanna, the forest and grassland had fewer
changes over the study period. However, there was a tendency towards fragmentation in the forest,
while the grassland presented an opposite pattern (Tables 2, 3 and 4). Regarding the fragment’s
isolation, the mean nearest neighbor (MNN) metric showed minor changes in the analyzed period, and
the grassland presented the highest value, followed by forest and savanna for both years.

Landscape dynamics and future prediction by LCM

The model with the best fit achieved an accuracy of 96.13% and a Kappa index of 0.9494, being most
of the area designated for farming activities, followed by savanna, grassland, and forest, showing an
increase in the county’s eastern region. Farming activities was responsible for a significant portion of
the landscape changes, with an increase of approximately 24.86% between 2012 and 2030 (as shown
in Figure 2). In the period between 2020 and 2030, The area covered by forest and savanna decreased
by 27.4% and 2.17%, respectively, while grassland increased by 5.53% (as indicated in Table 5).
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Figure 2 - Land use/Land cover for the selected physiognomies of 2012 (top left), 2020 (top
right), and predicted for 2030 (bottom of the figure in the left), for the county of Sdo Francisco,
Southeast Brazil. The different colors in the bottom right of the figure represent Land use/Land

cover (dark green: forest; light green: Savanna; yellow: grassland; pink: farming).

Land Use/Cover

O8 rorest (% Grassland
63 Savanna Cﬁ Farming

Source - Prepared by the authors.

Table 5 - Landscape metrics for all physiognomies size classes for 2030. CA: class area; NumP:
number of patches; MPS: mean patch size; ED: edge density; MSI: mean shape index; TCA: total core
area; TCAI: total core area index; MNN: mean nearest neighbor.

Size classes

Physiognomies  Metric -
Very small Small Medium Large

CA (ha) 1,306.62 493.83 1,365.39 1,113.66
NumP 1329 69 53 5
MPS (ha) 0.9832 7.157 25.7621 222.732
ED (m/ha) 2.6759 0.5946  1.2227 0.5828

Forest

MSI 1.3761 2.007 2.8204 5.616
TCA (ha) 14.4 54.81 355.95 489.33
TCAI (%) 1.1021 11.099 26.0695 43.9389
MNN (m)* 252.8431
CA (ha) 8,335.62 2,405.97 8,413.2 145,145.07
Savanna NumP 12748 341 311 46

MPS (ha) 0.6539 7.0556 27.0521 3,155.33
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ED (m/ha) 2.6676 0.4304 0.8088 6.7775
MSI 1.257 1.9161 2.5095 6.5552
Size classes
Very small Small Medium Large
TCA (ha) 111.33 323.46 2992.86 113,545.98
Savanna TCAI (%) 1.3356  13.4441 35.5734 78.2293

Physiognomies  Metric

MNN (m)* 95.0136
CA(ha) 95058  258.39 1047.15 2,578.86
NumP 926 38 32 6

MPS (ha)  1.0265  6.7997 32.7234  429.81
ED (m/ha) 2.2652  0.3778 1.0807  1.9135
MSI 1.3727 20752  3.17 7.1963
TCA (ha)  13.32 30.78 316.98 1,187.64
TCAI (%) 1.4012 11.9122 30.2707 46.0529

MNN (m)* 347.1046
*Calculated for the entire physiognomy. Source — Prepared by the authors.

Grassland

The forest physiognomy presented a similar pattern to previous years, with a predominance of very
small fragments. However, the number of these fragments in the landscape has decreased, as
evidenced by the analysis of CA and NumP metrics, as well as an increase in area in the large fragments
when evaluating CA and TCA. The savanna follows the same pattern for the CA, TCAI, and TCA metrics
in the large fragment class. There is a reduction in the core area in the smaller size classes, indicating
that the large class was responsible for the entire physiognomy expansion, with an increase of 4,720.68
ha. In the grassland, the number of very small fragments decreased while the number of the other
classes increased, indicating the grouping of the physiognomy. According to the proximity index, an
increase was predicted in the forest and grassland and a reduction in the savanna (Figure 3).

Figure 3 - Physiognomies classified by size for the years 2012, and 2020 and predicted for
2030, for the county of S&o Francisco, Southeast Brazil. In the scale we can see very small
fragments (blue), small (green), medium (yellow) and large (pink).
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DISCUSSION

Our study aimed to investigate the effects of fragmentation in a Cerrado area located in Minas Gerais
State and to provide insights on the potential impacts of further agricultural expansion in this region. The
study’s hypothesis was accepted, as we observed an increase in the area covered by small and very
small fragments across all fragment classes, along with a decrease in the area of larger fragments. In
the following sections, we discuss the specific changes observed for each physiognomy and their
potential implications for S&o Francisco County in the future.

The landscape responses varied depending on the impact suffered by different classes and
physiognomies. In the forest physiognomy, we observed an increase in the area covered by very small
and small fragments, and a decrease in medium and large fragments, indicating an increasing
fragmentation in the region. These results suggest that larger fragments may be converted into smaller
ones, which can have negative consequences for the ecosystem, since larger fragments are essential
to maintain the biodiversity and ecological processes on a large scale (FORMAN & GODRON, 1986).

Fragment size is important, since it correlates positively with species richness (EVJU & SVERDRUP-
THYGESON, 2016; LIRA et al., 2016; MOHANDASS et al., 2017). However, not only the area, but
also the characteristics and quality of the habitat contribute to greater wealth (LEE & CARROLL,
2018). Isolated small fragments are more susceptible to external factors, but a set of them they can
cover a greater variety of habitats than a single large fragment, as they may not contain all habitats in
a given region (SAUNDERS; HOBBS; MARGULES, 1991; FAHRIG, 2020). In addition, smaller
fragments are an important reservoir of phylogenetic diversity, serving as important sources for
reforestation and restoration projects, and also functioning as "springboards" between fragments
(MATOS et al., 2017; FERREIRA et al., 2018). In this sense, it is important to highlight that the number
of fragments of a given class constitutes a measure of the fragmentation degree in a landscape,
where larger numbers imply greater fragmentation, and smaller numbers indicate the union or
extinction of fragments (CALEGARI et al. 2010, SOUZA et al., 2014).

The forest physiognomy showed an increase in edge density in the very small class, while the savanna
and grassland showed an increase in edge density in all size classes. In general, as the fragment
number of a particular class increases, there is also an increase in the border density and landscape
fragmentation (CALEGARI et al., 2010), resulting in edge effect. This pattern has several implications,
such as isolation, decreased connectivity, and acting as an impenetrable barrier for some species (LIU
et al., 2019). These consequences may include an increase in the air temperature and greater thermal
variability throughout the day, promoting changes in the environmental balance, disruption of ecological
relationships between populations, and changes in species composition (PIROVANI; SILVA; SANTOS,
2014; TUFF; TUFF; DAVIES, 2016). A predominance of forest fragments with more elongated shapes
was observed (Figure 3), which can be explained by the predominance of forests on the edges of rivers
and/or drainage areas (OLIVEIRA et al., 1997), where agropastoral efforts are difficult to establish. In
addition, Zimbres, Peres & Machado (2017) found that forests with elongated shapes have a lower
functional richness than forests of other shapes, which reinforces the importance of larger and regular
fragments.

The savanna physiognomy showed small differences when assessing relative metrics (mean shape
index, edge effect, total core area index), compared to its huge loss on the total core area, indicating
that despite its high native vegetation loss, the patches did not show a significant change of behavior.
The larger grassland fragments presented a high mean shape index and low total core area index, as
well as a strong edge effect on the patches. Therefore, the core area of a forest fragment can be
considered a better indicator of fragment quality than their total area, since it is directly affected by its
shape and borders (MCGARIGAL & MARKS, 1995). Furthermore, the larger savanna fragments,
despite their reduction in MSI, presented a loss in their core area indexes, while the grasslands showed
the opposite pattern, which can indicate the loss and emergence of fragments respectively.

Changes in the metrics for the core area reflect the fragmentation and native vegetation loss, or even
an increase in natural vegetation when the changes are positive. However, the core area metrics depend
on several other metrics to be interpreted correctly. For example, the increase in edges leads to the loss
of nuclear area in the fragments, reducing the habitat quality, which highlights that fragment shape is
fundamental to ensure and preserve the biodiversity in a given area (REIS & NISHYAMA, 2017).
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Moreover, with the increase in the edge density, the fragment may become completely dominated by
edge effect, losing its entire nuclear area (JUVANHOL et al., 2011). This phenomenon explains the low
total core area index values for the smaller classes (very small and small), and, consequently, the small
changes in them.

The forest physiognomy presented a decrease in the mean nearest neighbor, in opposition to the
savanna and the grassland physiognomies. Higher values of mean nearest neighbor indicate a greater
degree of isolation, which directly influences the connectivity between fragments. This is especially
concerning in grassland areas because it is easier for humans to occupy those areas than it is to clear
a forest fragment. Understanding the physical characteristics of the fragments, aided by the mean
nearest neighbor, is essential because the biodiversity can be reduced in isolated fragments when
subjected to the effects of fragment size and/or habitat loss (MORAES; DE MELLO; TOPPA, 2015).
Furthermore, the landscape structure around the patches can help to control species diversity and patch
area, given the presence of strong connectivity between them (Metzger, 2000), a decreasing pattern in
the S&o Francisco County. Knowledge about isolation, combined with the fragments area, is an excellent
method to analyze plant species richness in fragmented habitats (LINDGREN & COUSINS, 2017).

The forecast for land use in 2030 indicates an increase in grassland areas, with a decrease in forest
and savanna areas. This shift may indicate the transformation of deforested areas in two directions.
First, one of the initial stages of environmental recovery in the Brazilian Cerrado is through the return of
the graminoid stratum, which may return the original vegetation if the environmental conditions are
suitable (SAITO et al., 2016). Additionally, the increase in grassland physiognomy may also indicate an
increase in pasture areas, as there is a predominance of the graminoid stratum in both, which makes it
easy to confound. Spectral differences between grassland physiognomies and pasture are among the
most difficult to distinguish, especially during dry seasons, together with the relative calibration of orbital
sensors related to the characterization and classification of the same object to the detriment of the set
of detectors (TEIXEIRA et al., 2018). However, the pattern observed in the physiognomies studied in
the region indicates the expansion of agricultural activities in the study area. IBGE (2017) indicates an
increase in farming areas in Sao Francisco County over the period of 11 years, since in 2006 there was
150,500 ha of farming areas and 180,163 ha in 2017, which represents a gain of 29,636 ha in farming
area.

If there are no changes in the management of soil and vegetation in S3o Francisco, the forest
physiognomy will suffer a high suppression of patches, due to the reduction of class area and number
of fragments in the three smallest size classes. The increase of the area in the large class is mainly
related to the appearance and clustering of a fragment in the eastern region of the municipality, caused
by the residues of the LCM modeling. This might indicate an overtrained parameter inserted in the
model, which is a principal operation of an Artificial Neural Network, such as Kroeger et al. (2019) and
Rebello et al. (2022) studies. However, these findings do not invalidate our results once the statistical
range of error proposed by the LCM tool fits the spatial validation of Landis & Koch (1977).

Regarding the savanna physiognomy, the results indicate an increase in fragmentation, as evidenced
by the higher in the number of fragments in the very small class and the reduction in the larger classes.
It is also important to highlight that there’s a reduction in area in the small and very small classes. Each
Cerrado physiognomy harbors specific species that depend on that habit to occur in the landscape.
Decreasing the Cerrado areas in S&o Francisco may cause a loss of the regional biodiversity and local
extinctions.

The work considered MapBiomas classifications as the main database for the study of the landscape
ecology, which makes the work easily replicable for any other areas in Brazil. In addition, more accurate
classifications, with field analysis, forest inventories, species identification, and native knowledge of the
area could be implemented for further studies on the subject. Our study calls for attention of researchers
to the question: Do the currently known landscape ecology indices provide sufficient knowledge of an
area, what are their limitations, and how can remotely conducted field studies be improved?

FINAL CONSIDERATIONS

Forest and savanna areas are decreasing over time and this trend may continue in the future if land
management practices remain unchanged. The expansion of grassland areas indicates an increase in
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farming activities, which is the major factor for the increased native vegetation loss and fragmentation
in the region.

In this sense, we suggest that some policy actions be taken to prevent long-term effects of the ongoing
fragmentation in the county such as 1) protection of forest areas with the creation of parks and
conservation units; 2) increase the connectivity of the fragments by creating corridors and stepping
stones and 3) creating effective fiscalization policies to prevent further illegal exploitation of the natural
areas. Create corridors and stepping stones will help to connect the smaller fragments, which would
increase landscape permeability and the mobility of fauna through the fragments. Also, developing
specific legislation, promote surveillance to prevent further conversion of natural areas in pasture and/or
habitations for humans and protection of the remaining forest fragments will benefit fauna and flora and
prevent further local extinctions. Additionally, we suggest that the remaining native Cerrado fragments
in the county can be used as a key element in reforestation plans, serving as a springboard, and
ecological corridors and increasing the connectivity of the fragments.

Finally, understanding how fragmentation processes will affect the native vegetation is crucial to prevent
further biodiversity losses and the mitigation and remediation of this situation. We suggest that futures
studies concerning biodiversity loss in S&o Francisco County and habitat fragmentation focus on using
in land metrics to access if the predictions made in our model are accurate and if the fragmentation
patterns found in our study will keep similar in the future.
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