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Abstract: The degradation of natural ecosystems triggers global environmental, economic, and social
problems. To prevent this, it is necessary to identify the aptitude of priority areas for conservation or
use by considering land fragility from multiple environmental and spatial perspectives. We applied
the concept of environmental fragility to a hydrographic basin in southeastern Brazil that establishes
(i) potential fragility levels according to slope, soil classes, geological domains, drainage hierarchy,
and rainfall information using an algebraic map, and (ii) emerging fragility levels via the addition
of the land-use parameters. The methodological approach involved the integration of the analytic
hierarchy process (AHP) and weighted linear combination (WLC) into a geographic information
system (GIS). The medium and slightly low fragility classes predominated in terms of potential
(~60%), and emerging (~70%) environmental fragility models used to model the basin. The model
indicated that high and extremely high potential fragilities were concentrated in the upper basin,
a region that is considered a global biodiversity hotspot. The areas with high/extremely high classes
of emerging fragility in the upper basin decreased, indicating that the natural cover classes and land-
use types are not in danger. We also introduce acceptable conservation practices for land management
and use according to the environmental fragility categories established in the present work. The
methodology applied in this study can be replicated in other global ecoregions. It provides low-cost
territorial and environmental zoning and flexible replication and can be adjusted by administrators
who are interested in land-use planning.

Keywords: multi-criteria analysis; analytic hierarchy process; ecosystem management; environmental
planning; Jequitinhonha River; ecological restoration

1. Introduction

Disturbances to natural ecosystems, especially those that are anthropic, can introduce
real threats to a habitat’s health and to the functioning of the global system [1,2]. Land
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degradation affects the well-being of 1.5 billion people worldwide [3,4]. This process, which
is related to the long-term loss of ecosystem services and functions, is prejudicial to society
and development.

Scientific investigations evaluating the environmental fragility of natural and anthropic
landscapes are fundamental to local to global mitigation plans and to minimize the adverse
impacts of these disturbances. However, few studies have focused on understanding
the environmental fragility (EF) of natural and anthropized landscapes. Environmental
fragility (EF) originates from a landscape’s ecodynamic units [5] and links the susceptibility
of environments to soil erosion, sedimentation, and ground ruptures and, consequently,
ecosystem degradation [6]. In this sense, natural ecosystems are in a dynamic balance
concerning the exchange of energy and matter and can be altered by human intervention,
which generates temporary or permanent imbalances [7].

Potential environmental fragility (PEF) enables the assessment of a geosystem’s natural
dynamic balance. It only considers the landscape’s natural attributes (e.g., geological
domains, soil, rainfall, slope, river hierarchies), and emergent environmental fragility (EEF)
is the result of applying potential fragility and land-use cover [6]. Usually, studies consider
qualitative parameter analysis and map algebra [8].

PEF and EEF models can be combined with multi-criteria approaches to improve
their accuracy, an example of such a combination being the analytic hierarchy process
(AHP) [9]. The model assigns weights to spatial data, ensuring greater consistency during
analyses [10]. AHP allows different stakeholders to evaluate different criteria to deter-
mine relative importance based on weighted and paired comparisons [11]. Moreover, the
methodological geographic information system (GIS) approach has established a set of
powerful tools related to fragility and has served as a breakthrough to support public
policymakers [7,12] in determining geohazards and creating prevention measures [13–15].

GIS-AHP integration results in geographic intelligence models for complex decision-
making related to the environment [14]. We based this paper on the assumption that
potential and emerging environmental fragilities affecting territorial unity could be identi-
fied in landscapes when analyzed by multi-criteria decision algorithms in GIS-AHP.

The contributions of this study are related to the proposal of a methodological frame-
work that is applied to map fragile areas in Brazil. Due to a lack of scientific research, this
research is fundamental to help solve problems related to the management and conserva-
tion of watersheds that are at risk of environmental degradation. We conducted the study
on a sizeable hydrographic basin in the Espinhaço Range Biosphere Reserve (ERBR), Brazil,
an important global biodiversity hotspot for species, endemism, and conservation priorities.

Therefore, the main contributions of this study are the proposition of landscape
indicators and the introduction of methodological approaches that are focused on the
environmental fragility model that has been applied to the hydrographic basin in the
Jequitinhonha River in southeastern Brazil.

2. Materials and Methods
2.1. The Jequitinhonha River Hydrographic Basin: Physical Environment

We analyzed the Jequitinhonha River Hydrographic Basin (JRHB), which has an area
of 66.319 km2 and is located in the state of Minas Gerais in southeastern Brazil (Figure 1).
According to the Köppen classification, the climate varies between Cwb (dry winter and
temperate summer), Cwa (dry winter and hot summer), and As (dry summer) [16]. The
region has an altitudinal gradient that ranges from 100 m (downstream) to more than
1800 m (upstream) (Figure 1B). The estimated population is 789,862, and most of the
population lives in rural areas. The Jequitinhonha River and its tributaries supply 70 of the
82 municipalities around the basin [17].

We present the landscape characterization in Figure 2 and highlight the heterogeneity
in the physiography along the basin. Images (a), (b), and (c) feature of the rocky outcrops
and the “Campos Rupestres” of the Upper Jequitinhonha; images (d), (e), and (f) show the
areas of the Upper Jequitinhonha with eucalyptus forests; image (g) shows the sloping area
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of the Upper/Middle Jequitinhonha as well as the forests on the upland or plateau areas
and the agricultural areas on the slopes; image (h) shows a sloping site in the Upper/Middle
Jequitinhonha areas, which experiences problems related to erosion processes caused by
the highways installed on top of the hill; image (i) shows local livestock activity in the
Low Jequitinhonha area; images (j), (k), (l), and (m) show the semiarid zone between
the Middle/Low Jequitinhonha areas that experience intense anthropic use; images (n)
and (o) show sloping areas with low or no vegetation cover; images (q) and (r) show the
ornamental rock mining activity in the Low Jequitinhonha area; images (s) and (t) show
human-influenced forested areas in the Low Jequitinhonha area.
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2.2. Geo-Spatial Data Layers and Processing

The study determined the potential environmental fragility (PEF) and emerging en-
vironmental fragility (EEF) using the methods adapted from [6,18]. We used five free
information plans (geospatial data layers) from the databases of government agencies
for the PEF: (i) the digital elevation model (DEM/SRTM) obtained from Earth Explorer
(USGS); (ii) soil classes obtained from the State Environment Foundation (FEAM);
(iii) geological domains obtained from Geological Survey of Brazil (CPRM); (iv) precipita-
tion from the Isoietas of Average Annual Precipitation between 1977 and 2006 obtained
from CPRM; (v) fluvial hierarchy obtained from the DEM/SRTM and collected using the
Strahler method. For EEF mapping, we added the (vi) land use land cover information
plan for the year 2018 from MapBiomas. We processed and analyzed the data in a GIS
environment using ArcGIS 10.5 software [19]. WGS 1984 was used as the geodesic reference,
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and the Universal Transverse Mercator projection system was used for the 23S zone. Table 1
shows the acquisition sources of the geospatial data layers used in this study.
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Figure 2. Landscape features of the Jequitinhonha River Hydrographic Basin, Brazil. (a–c) feature
of the rocky outcrops and the “Campos Rupestres” of the Upper Jequitinhonha; (d–f) the areas of
the Upper Jequitinhonha with eucalyptus forests; (g) sloping area of the Upper/Middle Jequitin-
honha as well as the forests on the upland or plateau areas and the agricultural areas on the slopes;
(h) sloping site in the Upper/Middle Jequitinhonha areas, which experiences problems related to
erosion processes caused by the highways installed on top of the hill; (i) local livestock activity in
the Low Jequitinhonha area; (j–m) the semiarid zone between the Middle/Low Jequitinhonha areas
that experience intense anthropic use; (n) and (o) sloping areas with low or no vegetation cover;
(p) rocky outcrops; (q) and (r) ornamental rock mining activity in the Low Jequitinhonha area;
(s) and (t) human-influenced forested areas in the Low Jequitinhonha area.

The slope presented five subdivisions for the JRHB (Figure 3A). Rugged terrain (12 to
30%) was the predominant class, covering 25.4% of the total area (16,606.84 km2). Declivi-
ties in the slope from 6 to 12%; from 0 to 6%; from 20 to 30%; greater than 30% represent
territorial extension percentages of 24.2%, 22.8%, 18.3%, and 9.2%, respectively (Figure 3A).
Seven lithological classes were formed by Precambrian and Cambrian rocks and by Ceno-
zoic detrital lateritic cover (Figure 3B).

The fluvial hierarchy was up to the seventh order, and first and second-order streams
were predominant, accounting for 11,058.10 and 5491.64 km, respectively (Figure 3C).
For the soil classes, red ultisols make up 22.98% of the area (~15,238.04 km2), red-yellow
ultisols make up 19.98% of the area (~13,253.57 km2), and lithic entisols make up 14% of the
area (~9035.3 km2) (Figure 3D). The isohyets indicate average annual precipitation, with
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historical series ranging from 800 mm in the Middle/Low Jequitinhonha area to 1300 mm
in the Upper Jequitinhonha area (Figure 3E).

Table 1. Databases, acquisition sources, and methods applied to the data set.

Geo-Spatial Data Layers Database Data Type or Method

Digital Elevation
Model (DEM/SRTM)

Earth Explorer (USGS)
(https://earthexplorer.usgs.gov/)

(accessed on 2 March 2018)
Raster

Soil Classes 1

State Environment Foundation
(FEAM) (http://idesisema.
meioambiente.mg.gov.br/)
(accessed on 2 March 2018)

Polygons

Geological Domains
Geological Survey of Brazil (CPRM)

(http://www.cprm.gov.br/en/)
(accessed on 2 March 2018)

Polygons

Rainfall 2
Rainfall atlas (CPRM)

(http://www.cprm.gov.br/en/)
(accessed on 2 March 2018)

Inverse Distance
Weighted (IDW)

Fluvial Hierarchy
Derived from the DEM/SRTM

(https://earthexplorer.usgs.gov/)
(accessed on 2 March 2018)

Strahler method

Land Use Land Cover 3
MapBiomas

(https://mapbiomas.org/)
(accessed on 23 January 2020)

Raster

1 Converted to international nomenclature; 2 Isoietas of Average Annual Precipitations between 1977 and 2006;
3 base year 2018.
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Regarding the land use cover, the following classes are predominant: pastures (39.18%
or 25,576.02 km2), savanna formations (21.07% or 13,758.73 km2), forest formations (17.25%
or 11,262.93 km2), mosaics of agricultural areas and pastures (6.90% or 4506.01 km2), semi-
perennial crops (5.79% or 3780.69 km2), forest plantations (4.20% or 2745.19 km2), and
grasslands (4.20% or 2745.19 km2) (Figure 3F).

The weights attributed to each information plan were implemented according to
technical fundamentals and specialized literature [6,12,18,20,21]. The weights followed
a five-degree scale: 1 (low), 2 (slightly low), 3 (medium), 4 (high), and 5 (extremely high),
that determined fragility related to soil resistance, erosion processes, sedimentation, and
the risk of degradation (Table 2).

Table 2. Fragility classes and their respective weights and descriptions. Adapted from [6,12,18,21].

Class Coefficient Description

Low 1 High potential for resilience and dynamic balance.

Slightly Low 2
Stable morphodynamical conditions in the
landscape with at least one environmental

characteristic not included in low/weight 1 class.

Medium 3

Fragility in the transition from the lower to the upper
classes; an alert category for the risk of environmental

degradation. They have moderate restrictions on the use
of natural resources and anthropic use. Some of the

analyzed parameters determine this level of fragility.

High 4

High restrictions on the use of natural resources and
land; more susceptible to forms of degradation than

class 3. A combination of conditioning factors
determines this level of environmental fragility, and

careful evaluations are required before implementing
any enterprise or anthropic interventions to minimize
the impact and prioritize conservation or protection.

Extremely High 5

Unstable areas with extreme environmental sensitivity.
They have severe restrictions on the use of natural

resources and land. The combination of biogeophysical
or morphodynamical parameters can lead to soil erosion

and environmental degradation. These areas are of
relevant interest to forest conservation and biodiversity.

2.3. Determination of Weight by AHP and Consistency Check

We used the AHP method for multi-criteria decision-making and compared pairs of
components based on a scale from 1 to 9 [9,22,23]. We checked the consistency rate of the
AHP assessment using the consistency index calculation [23] (Equation (1)), where CI =
consistency index; n = number of indicators evaluated; λMax = eigenvector.

IC =
λMax − n

n− 1
(1)

The arithmetic mean of the eigenvector (λMax) was calculated [10,24]. The consistency
ratio (CR), which is the ratio value of the consistency index (CI) and the random index (RI),
was determined (Equation (2)). The RI is a constant value and depends on the following
matrix dimension: the number of evaluated indicators (n) [9,23].

CR =
IC
IR

(2)

The method must respect three mathematical assumptions: reciprocity (if aij = x, then
aji = 1/x, with 1/9 ≤ x ≤ 9); homogeneity (if the elements i and j are considered equally
important, then aij = aji = 1; in addition, ai = 1 for all i); the matrix must be consistent if
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the ratio is ≤0.1 or 10% (9.23). The results will also be consistent if the primary paired
comparison matrix is λmax ≥ n [25].

The collected data were data from the pairwise comparison of all of the elements in
the suggested hierarchical model. Three decision makers were gathered for an interview
session where they were given a questionnaire survey to fill out. Each question on the
survey was a pairwise comparison comprising two elements at the same level. An example
is “How important is Criterion 1 compared to Criterion 2?”. This applied to all of the
criteria and sub-criteria. The step-by-step procedure for the AHP is described in [10].

2.4. Input Data and Multi-Criteria Analysis (MCA)

There were many steps that were performed in GIS to determine the final layers
required for the study (e.g., clip, extract, overlay, convert, reclassify, map algebra, etc.).
In GIS, each criterion was classified into different classes, and each class was assigned
a suitability score value based on the views of experts and previous literature in the field.

We prepared the PEF and EEF synthesis maps by establishing the AHP and multi-
criteria analysis (MCA) weights by considering the weighted overlap for the criteria. The
weighted linear combination (WLC) was used as the multi-criteria process due to its
convenience and efficiency [26,27]. Each standardized criterion was multiplied by its
respective weight obtained via the AHP model and then added (operations conducted
pixel by pixel) to perform the WLC and create the final maps. The output information plan
for the PEF and EEF (Raster Calculator function), with five fragility classes was determined
according to Equation (3):

S =
n

∑
i=1

wi × xi (3)

S = the final EF value (for PEF and EEF); wi = the weight of the factor for the i-th criterion
obtained via the AHP method; xi = the normalized or standardized cell value of the
i-th criterion.

We used the Jenks method to reclassify the output map, identifying small breaks in the
data sets by grouping similar values [27,28]. We generated the input maps for the analysis
in the multi-criteria model for JRHB using its appropriate classes, quantified areas, and
other pertinent information to understand the characteristics that condition environmental
fragility. The steps related to this study’s methodological procedures are in Figure 4. The
step-by-step procedure for hybrid GIS-AHP is available in [10].

We also introduced an environmental zoning proposition section with the best prac-
tices for land use that are focused on conservation according to the results of the EEF map-
ping. The risk of degradation and the potential for landscape resilience subside and offer
alternatives related to environmental conservation and socioeconomic progress [7,12,29–31].
Table 3 presents a description of the abbreviations used throughout the study.

Table 3. Informative auxiliary table with a description of the abbreviations used in the study.

Abbreviation Description

PEF Potential Environmental Fragility
EEF Emergent Environmental Fragility
AHP Analytic Hierarchy Process
MCA Multi-Criteria Analysis
WLC Weighted Linear Combination
CR Consistency Ratio
CI Consistency Index
RI Random Index

JRHB Jequitinhonha River Hydrographic Basin
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3. Results
3.1. Plan Information’s Weights

The categories weighted on the scale that ranged from low to extremely high fragility
are related to soil resistance, erosion processes, sedimentation, and the risk of degradation
(Table 2).

We scored the individual characteristics for each criterion and the external factors that
may have a greater or lesser influence on it. The PEF and EEF weights for each information
plan are in presented Table 4 and were implemented according to technical fundamentals
and specialized literature for each criterion [18,32].

Table 4. Classes and weights for the environmental fragility in the Jequitinhonha River Hydrographic
Basin according to different criteria and sub-criteria.

Environmental
Fragility
Classes

Criteria and Sub-Criteria

Slope
Degree 1

(%)
Geological Domains

River
Hierarchy
(Orders)

2 Soil Classes
3 Rainfall

(mm)
4 Land Use Cover

(1) Low 0–6 Granitoids; gneisses;
deformed granitoids 5 st, 6 st, 7 st Red oxisols 800–899

899–999 Forest formation

(2) Slightly
Low 6–12

Gneisses and
migmatites;

metasedimentary
and metavolcanic

rocks

—
Yellow and
red-yellow

oxisols
— Other non-forest

natural formations

(3) Medium 12–20 (Meta)
sedimentary rocks 3 st, 4 st Yellow-red

ultisols 999–1098

Forest plantations;
savanna formations;

annual and
perennial crops;

semi-perennial crops
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Table 4. Cont.

Environmental
Fragility
Classes

Criteria and Sub-Criteria

Slope
Degree 1

(%)
Geological Domains

River
Hierarchy
(Orders)

2 Soil Classes
3 Rainfall

(mm)
4 Land Use Cover

(4) High 20–30 Detrital
lateritic covers 2 st Alfisols; haplic

inceptisols
1098–1198
1198–1300

Pastures; mosaics of
agricultural areas

and pastures

(5) Extremely
High >30 — 1 st

Red ultisols;
lithic entisols;

rocky outcrops
—

Rocky outcrops;
mining; urban
infrastructure;

grassland; other
non-vegetated areas

(—) No occurrence; (st) Represents the orders of the drainage hierarchy. 1 slope degree: adapted from [6,18]; 2 soil
classes: adapted from [6,18,32]; 3 rainfall (mm): adapted from [18]; 4 land use land cover. Adapted from [6,18,33].

3.2. Analytical Hierarchy Process (AHP)

The importance of each criterion in the AHP model was organized according to the
priority hierarchy. The results of the paired comparison matrix are presented in Table 5. We
identified land use land cover as the most relevant EF criterion, with an importance of 40%
(weight = 0.40). In order of importance, the order was slope (27% or weight = 0.27), rainfall
(16% or weight = 0.16); fluvial hierarchy (10% or weight = 0.10); soil classes (5% or 0.05),
and geological domains (2% or weight = 0.02).

Table 5. Pairwise comparison matrix between the indicators of the Jequitinhonha River Hydrographic Basin.

C1 C2 C3 C4 C5 C6 EIGENVECTOR ANV.
C1 1 6 2 9 5 4 3.60 40%
C2 1/7 1 1/7 5 1/5 1/3 0.44 5%
C3 1/3 7 1 9 3 3 2.40 27%
C4 1/9 1/5 1/9 1 1/9 1/7 0.18 2%
C5 1/5 5 1/3 9 1 3 1.44 16%
C6 1/5 3 1/3 7 1/3 1 0.88 10%

Sum (∑) 1.99 22.20 3.92 40.00 9.64 11.48 8.93 100%
Criteria nomenclature: C1: land use land cover; C2: soil classes; C3: slope; C4: geological domains; C5: rainfall;
C6: river hierarchy. (A.N.V = auto-normalized vector or weights of importance).

The consistency index (CI) and the consistency ratio (CR) were 0.09 and 0.07, respec-
tively, acceptable coherence and reliability values (<0.10). The λmax value of 6.45 (n = 6)
corroborated the adequacy of the weightings after they had been performed once λmax ≥ n.
The other criteria and their weights in order of importance are presented in Table 6.

Table 6. Criteria (n) and weight coefficients in priority hierarchy obtained after AHP implemntation.

Order of Importance Criteria (n) Weight wij Priority Importance Scale

1 Land Use Land Cover 0.40 40%
2 Slope 0.27 27%
3 Rainfall 0.16 16%
4 Fluvial Hierarchy 0.10 10%
5 Soil Classes 0.05 5%
6 Geological Domains 0.02 2%

3.3. Potential and Emergent Environmental Fragility

We created MCA models and generated the PEF (Figure 5A) and the EFF (Figure 5B)
maps for the Jequitinhonha Basin. The medium-class PEF areas were the most representative,
corresponding to 30% (19,244.07 km2) of the total JRHB (Table 7A).The extremely high-class
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PEF areas occurred in a smaller proportion, totaling 5.3% (3416.15 km2). High-class PEF sites
occupied 16.4% (10,519.63 km2) of the basin. The low and slightly low classes corresponded
to 12,430.57 km2 and 18,540.93 km2, respectively.
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Table 7. Area and percentage of (A) PEF classes and (B) EEF classes.

Fragility Classes
(A) PEF (B) EEF

Area (km2) Percentage (%) Area (km2) Percentage (%)

Low 12,430.57 19.38 1646.90 2.57

Slightly Low 18,540.93 28.90 21,399.14 33.36

Medium 19,244.07 30.00 34,503.55 53.78

High 10,519.63 16.40 6305.45 9.83

Extremely High 3416.15 5.33 296.27 0.46

Total 64,151.35 100 64,151.35 100
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PEF mapping highlighted that the slope criterion is a conditioning factor for fragility.
In the JRHB, 12 to 20% slopes occupy 25.4%. Considering the entire area, 9.2% showed
declines above 30%, meaning that they were classified as having extremely high fragility.

The final EEF map (Figure 5B), which was generated from the overlap analysis be-
tween the PEF data and the land use cover criterion, provides a better perspective on the
environmental impact that anthropic actions have on the area. Figure 5B shows the spatial
distribution of the EEF. Table 5 displays the quantification of the EFF areas in the JRHB.

Medium-class EEF areas are predominant in the basin, occupying approximately
34,503.55 km2 or 53.78% of the total area. Medium-class areas remained predominant in
both EF mappings, with 30% for PEF and an increase to 53.78% for EEF (Table 7). This class
is directly related to the degree of land protection.

4. Discussion
4.1. Thematic Layer and AHP Model Analysis

The AHP model in this study determined the importance of the different criteria in
the JRHB (Table 6). The qualitative and quantitative assessments supported the MCA-WLC
review. “Land use land cover” (40% importance) is directly related to the impacts of soil,
vegetation cover, and land resources [7,33,34]. In Brazil, pasture expansion has been very
intense in the last 40 years, causing concerns about food security, climate change, and
biodiversity loss [35]. The JRHB presents expansive pasture and silviculture areas that
consist of high capital and technology and that affect the land-use capability [36]. In terms
of the physical attributes, “slope” (27% model evaluation) relates to erosion processes and
mass movement [37] and is especially complemented by “rainfall” (16% importance) in
soil degradation processes [38]. “Fluvial hierarchy” (10% importance) and “soil classes”
(5%) have low levels of relevance due to the large scale in the mapping of Minas Gerais
(1:500,000), and “geological domains” (2%) have a low level of importance due to the static
and primary indicator. Nonetheless, geology is fundamental to understanding the levels of
stability when analyzed with altimetry and slopes. In this context, these criteria control the
runoff in a hydrographic basin and affect the intensity of the weather and soil erosion [39].

4.2. PEF and EEF Practical Implications

The PEF and EEF synthesis maps were obtained by the AHP based on data obtained
from the information from internal plans (Table 4) and the weights that were implemented
for the multi-criteria analysis (MCA) (Table 6). The weighted linear combination (WLC)
was used as the multi-criteria process (Equation (3)), and the Raster Calculation function
was used. The spatial modeling of the PEF and EEF index demonstrated that there are
sites that meet all of the criteria; there are cells that achieve the maximum index (5) and
minimum index (1) simultaneously.

The PEF analysis indicated that the JRHB presents a medium level of vulnerability to
soil erosion and environmental degradation. The medium class of PEF requires attention
regarding the development of anthropic land practices. The category accounted for 30%
of the PEF assessment territory, with the EEF being high due to direct influence from
important anthropic activities and the level of land protection.

The Upper Jequitinhonha area has high-level PEF classes due to the medium-textured
soils, such as entisols, and numerous peatlands area [40] as well as the exposed rocks
belonging to the Espinhaço Supergroup and Macaúbas Group. In this portion of the basin,
there are many first- and second-order streams. In this sector, rainfall is more intense,
and there is a rugged terrain slope. Many sites with high PEF classes are also related
to sloping terrain. Part of these sites make up areas of restricted use (ARU) (>25◦ and
<45◦) and permanent preservation areas (PPA) for slopes (>45◦) according to the Brazilian
Forest Code [41], which assigns these areas to be ARUs and PPs for the protection and
conservation of native vegetation due to their susceptibility to erosion processes.

The PEF is related to environmental susceptibility without the influence of anthro-
pogenic interventions or disturbances. When the dynamic balance is broken, the system
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may collapse, making it susceptible to environmental degradation [4,42]. The PEF criteria
are associated with stable environments (dynamic balance) that are therefore less affected
by the structure and function of human activities. Despite their stability, they have the
potential to become unstable given natural characteristics and anthropization, and this can
be better understood by the EEF analysis.

The study found that 53.78% of the areas in the basin have a medium EEF level and that
only 2.57% of the basin is classified as having a low EFF. Compared to the PEF mapping,
there was a significant increase in the medium class and a considerable reduction in the low
category. This result demonstrates the impact that changes in land use can have on the
environment, especially when there are agricultural and pasture activities occurring in the
region. Pastures represent the predominant land use by area in Brazil, with an estimated
167,478,780 ha, followed by agriculture, which covers 64,753,699 ha [43,44].

The second most prevalent EEF class is slightly low, occupying 33.36% of the basin and
found in areas with low natural susceptibility to erosion. Its occurrence is mainly associated
with agriculture (annual perennial and semi-perennial crops), natural vegetation (riparian
and natural forest fragments), planted forests, and savanna formations.

Medium-class EEF areas have a larger area compared to medium-class EEF areas due
to agriculture, pastures, and planted forests. The study also found areas with high and
extremely high fragility for PEF and EEF, especially in the Upper Jequitinhonha areas. Part
of this high fragility is associated with the rocky outcrop mosaic in the regions, which
includes shallow soils where the sensitive and fragile “Campos Rupestres” ecosystems are
located [27,45,46]. These complexes present a high level of species richness in the Espinhaço
Range, where there are more than 5000 vascular flora species [47] and numerous relict
populations and endemisms [48]. These areas have a high erosion rate, with significant
losses caused by leaching due to the high altitudes, undulating terrain, and the low soil
thickness associated with the source material’s inadequacy [49].

High and extremely high EEF areas cover 9.83% and 0.46% of the basin, respectively,
and most of them are mainly associated with PEF regions with high fragility. Mosaics
of agriculture areas and pastures, urban agglomerations and naturally fragile and non-
vegetated soils, rural landscapes, mining sites, and rocky outcrops are the associated land
use land cover categories of these fragility classes. Drainages also who high levels of
PEF and EEF [50], reinforcing the importance of forest cover on the borders of water-
courses, which are considered permanent preservation areas (PPA) [41]. In the regions that
are most susceptible to environmental degradation, mining activities for diamond, gold,
quartz, colored stones, and ornamental rocks are predominant [51,52]. Moreover, there is
an industrial sector in which food, ceramic, and textile segments are predominant. Forestry
companies are located in the Upper and Middle Jequitinhonha areas and exert pressure on
rural landscapes [53].

All of these activities require plans to control and monitor environmental degradation.
Uncontrolled exploration can impact adjacent areas by increasing the impact of biodiver-
sity [54]. EEF highlights the importance of vegetation cover, especially in regions with
medium to extremely high EF. Vegetation cover is the inherent source of protection that the
terrain has against erosion [55,56], decreasing the chances of soil degradation by raindrops
by 95% [57]. Restoring forest cover, especially in degraded riverside areas, can reduce
EF [58].

Thus, it is evident that EF studies provide a better definition of the guidelines and
actions that should be implemented in the physical–territorial space, serving as a basis for
environmental zoning and providing land management subsidies [7,42]. These studies
are fundamental tools for strategic environmental assessments, especially in anthropic
interventions and defining priority areas for environmental conservation and conservation
units [59].

Using a joint analysis of the criteria considered to be determinants when mapping
the PEF and EEF of the JRHB, the interaction between the indicators in determining the
fragility was noticeable. However, the JRHB is heterogeneous and is composed of distinct
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sub-territories that require distinguished attention due to a desire to integrate areas with
soil that is more susceptible to erosion or because they have a greater slope, less water
availability, socio-cultural particularities, or a combination of several factors [17].

4.3. Method Evaluation: Advances and Challenges

We adopted an empirical ecodynamic approach in the study that combined the EF
assessment with GIS methods and the AHP decision-making model to map the JRHB.
We identified the highest and lowest priority areas for environmental protection and
conservation. The methodological framework is efficient for environmental zoning and
land-use planning, especially on a hydrographic basin scale. It is noteworthy that the
greater the incorporation of new factors related to EF, the more consistent with local reality
the results will be. We recommend evaluating and incorporating new elements with the
methodology and those presented in this study.

Our study contributes to the advancement of current knowledge by presenting the
possibility of combining AHP and GIS applied to environmental fragility modeling to
reduce problems related to subjectivity in the decision-making process and to increase the
realism of the mapping in relation to real-world instances. Our study offers a contribution
to a large hydrographic basin in Minas Gerais that is located in a strategic region of
Brazil, which is known as the Serra do Espinhaço Biosphere Reserve, a global hotspot for
biodiversity conservation. Our study also faced the challenge of scalability, as it is proposed
for an area of large territorial dimensions.

One of the fundamental challenges of modeling EF is the attribution of weights based
on specific technical and scientific knowledge. Studies on the development and techniques
for validating EF indexes are still necessary [60,61], especially large-scale trials on the actual
probability of soil erosion and sedimentation [62,63]. Furthermore, studies on reducing the
arbitrary bias in decision-making are required, such as machine learning techniques and
mathematical programming to estimate the weights of the parameters [27,64,65].

On the other hand, the definition of the weights based on studies in the literature
combined with AHP in this paper can be considered an improvement over conventional
multi-criteria analyses in GIS. AHP mathematically quantifies empirical assessments [10,66].
Additionally, the establishment of weights by specialists is essential because it represents
diverse landscape views. Therefore, MCA combined with AHP has been widely em-
ployed [24,44,67]. MCA is a modeling tool that can be implemented to support decision-
making for defining priority areas for hydrographic basin management [44]. It has proven
to be efficient in characterizing the areas that need more attention regarding EF in the JRHB.

Although the model considered in the present study does not directly incorporate the
“social fraction”; an indicator related to social sustainability [68], we believe it can assist in
understanding and asserting EF analyses under social perspectives. Future studies shall
consider social components in the zoning analysis at the hydrographic basin scale.

The methodology used here can be replicated for any other global region. It is flexible
in terms of use and in the classification of the specific criteria linked to the environment and
to the morphodynamics to which it applies. This adaptability does not alter the method’s
fundamental concept and provides more representative analyses of different settings [7].

4.4. Recommendations for Environmental Management

In the context of the JRHB zoning according to environmental criteria, we will propose
some conservation and land-use practices that are more appropriate to ensure environmen-
tal conservation and socioeconomic development (Table 8) according to [7,12,29–31].

It is intuitive that land use and management can influence the magnitude of soil loss
and environmental degradation [62]. The development of human activities in areas with
high EF can intensify soil degradation processes and affect the quality of water resources
and the local ecosystem at a macro level [7]. These areas must prioritize implementing
conservation practices for land use, guarantee the adequacy of current anthropic uses, and
plan actions to restore degraded areas. For the lower EF classes, the land use is adequate.
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Nevertheless, we recommend implementing best land-use practices and conservation,
especially for sites classified as having a medium level of fragility or higher.

Table 8. Emerging environmental fragility classes; degradation risk and susceptibility scenarios;
recommendations/proposals for conservation, recovery, and sustainable land use.

EEF

(A) (B)

Degradation Risk/
Susceptibility

Resilience

Description Recommendations

Low
Resistant

(very resistant to
stress and stable)

Highly resilient

(1) Suitable for anthropic land use and
observations of the land use capability

(2) Areas of rapid recovery/regeneration

(3) Conservation of existing plant/forest remnants

Slightly Low Slight
(stress resistant and stable) Resilient

(1) Suitable for anthropic land use and
observations of the land use capability

(2) Conventional recovery techniques
with appropriate management

(3) Conservation of existing plant/forest remnants

Medium

Moderate
(susceptible to stress,

with the transition from
stable to unstable)

Moderately
resilient

(1) Requires attention to anthropic land use; preferably
agricultural and silvicultural minimum cultivation

(2) Correct pasture management

(3) Recovery through techniques and
the induction of natural regeneration

High
High

(highly susceptible to
stress and unstable)

Slightly or
low resilience

(1) Priority for conservation and/or restoration

(2) Reforestation with native species in riparian
forests with streams and around anthropized springs

(3) Slowly recoverable, even with land-use changes

(4) Use of conservationist practices in anthropic land-use
activities. Areas in use should prioritize family farming

Extremely
High

Extreme
(extremely susceptible

and fragile)

Low or no
resilience

(1) Areas for the conservation and protection
of natural vegetation, especially in the
Espinhaço Range Biosphere Reserve

(2) Effective recovery unlikely,
even with a change in land use

(3) Strict application of the Forest Code for PPA 1

of sloping land, hilltops, riverbanks, and springs

(4) Priorities for the implementation of conservation units
1 PPA: permanent preservation areas [41].

These land use and environmental conservation recommendations are indicated from
a regional perspective, and local context analyses require specific attention. Nilsson and [34]
highlight that fragility can be considered an inherent property of an ecosystem; that is,
an ecosystem has a certain level of fragility, regardless of whether it is exposed to any
disturbances. The only effectively observable fragility is the one revealed because of the
disorder, both natural and human, that is operating in the ecosystem. Therefore, relating
ecosystems to disturbances and anthropic actions can provide helpful and fundamental
assessments in environmental zoning design. This approach is closely related to evaluating
environmental impacts [12,59].

The final indicators of this study are indispensable for understanding proper land-use
management concerning EF conditions. The following items are required: (i) consider the
use of EF classes as a landscape planning unit for conservation and economic production;
(ii) employ official and public databases to generate more reliable EF mappings to guide
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actions related to geographic intelligence and environmental and territorial planning;
(iii) increase attention to compliance with current legislation for the adequate protection of
more fragile ecosystems; (iv) promote management practices that consider compensation
and synergy among multiple ecosystem services; (v) encourage agricultural practices such
as crop rotation and diversity and integrated crop–livestock–forestry systems; (vi) create
specific policies and programs to control land degradation and biodiversity loss in highly
fragile sites; (vii) support local and regional landscape planning by considering sustainable
practices and the participation of decision makers and stakeholders.

5. Conclusions and Perspectives

• Models that improve our understanding of ecosystem fragility with or without human
intervention can support environmental and territorial planning by allowing for
the identification of suitable areas for human use and those that are a priority for
conservation or restoration.

• Spatial models of environmental fragility, regardless of whether they include human
intervention, are essential for understanding soil susceptibility. The PEF and EEF
maps presented here configure territorial and environmental intelligence tools for
the JRHB.

• The methodological framework was used efficiently, characterized the environmental
fragility of the JRHB, and can be replicated in other world ecoregions according to
specific characteristics and morphodynamic patterns.

• This methodology can support government agencies in decision-making processes for
managing land use, environmental services, and subsidizing environmental zoning in
hydrographic basins.

• Our results assist in prioritizing regions for comprehensive protection within the JRHB
once part of the study area is considered a global hotspot for biodiversity with endemic
and/or endangered species.
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