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Abstract 

Assessment of environmental fragility in watersheds is an important tool to assist 

managers in planning and interventions for sustainable production and 

environmental conservation. The objective of this work was to use Fuzzy logic and 

the Analytic Hierarchy Process (AHP) method to classify environmental fragility 

using data obtained from public institutions. The Marreco River watershed in 

western Paraná, Brazil, was the study model. To classify areas, a geographic 

information system (GIS) and data from a digital elevation model (DEM), as well 

as data on soil occupation and type were used. The analysis found that 71.3% of the 

basin area has average fragility. Compared to two other forms of weighing elements 

of the slope map, the three presented statistical difference, but all indicated that 

the basin under study mostly has average environmental fragility. The use of fuzzy 

logic allowed application of a continuous variation of weights according to the 

variation of environmental characteristics, which may more effectively represent 

the reality and, therefore, provide more reliable results. This method may represent 

a useful tool to appropriately manage sustainable production and environmental 

conservation in watershed areas. 
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INTRODUCTION 

 

 

Watersheds constitute a balanced natural 

system where any change may compromise their 

functionality (CHRISTOFOLETTI, 1980; 

REGGIANI AND HASSANIZADEH, 2016). As 

an example, the removal of vegetation cover can 

affect temperature, soil structure, resistance to 

rainfall erosion, and water regime (TRICART, 

1977). In this context, environmental fragility 

embodies the vulnerability of the environment 

that can suffer erosive processes, silting, and 

floods (SPÖRL, 2007). 

Tricart (1977) noted that the environment 

remains in dynamic equilibrium through its 

natural relations of exchange, and he suggested 

a model to assess the degree of instability using 

information about pedogenesis and 

morphogenesis. Ross (1994) adapted this model 

with information about human intervention, 

geomorphology, soils, vegetation cover, and 

climate by establishing different importance for 

each of these variables. Crepani (2001) used 

variables such as relief dissection index, rock, 

soil, and vegetation cover and established an 

equal weighting for environmental variables in 

the fragility study. Different results for fragility 

were obtained by each of these models. Dalla 

Corte et al. (2015) researched weighting 

variables and concluded that the methodology of 

environmental fragility analysis is highly 

dependent on the choice of weighting factors and 

is related to the context in which it is performed. 

Recent studies point to the importance of 

analyzing environmental fragility in watershed 

such as dos Santos and Nascimento (2021) for 

the Rio de Janeiro watershed in Bahia, 

Albuquerque and de Medeiros (2017) in Ceará, 

dos Santos et al. (2021) for the Piracuruca River 

watershed in Piauí, in the northeast region of 

Brazil, and Abrão and Bacani (2018) for the 

Santo Antônio River watershed in Mato Grosso 

do Sul, in the midwest region of Brazil. 

In this work, fuzzy logic was used with the 

objective of better representing the variation of 

environmental characteristics. With the 

mathematical structure and the property of 

inaccuracy of boundaries between objects, fuzzy 

logic can treat problems that have imprecision 

and abstraction in their models and concepts. 

Fuzzy logic can represent the variation and 

relative importance of each criterion in the 

phenomenon being studied, allowing more 

reliable results (BURROUGH ,1992; 

BURROUGH; MCDONNELL, 1998; 

ROSENDO, 2019). Fuzzy set theory began to be 

applied using geographic data in the 1980s and 

1990s in the works of Burrough (1989), Kollias 

and Voliotis (1991), and Burrough et al. (1992), 

as it has become useful for data where the 

classification of a certain element is a matter of 

interpretation (BANAI, 1993). Recent research 

involving fuzzy logic and geographic data can be 

found in the Cornwell et al. (2020), Parsian et al. 

(2021) and Madhu et al. (2021) studies. 

A multicriteria analysis method, Analytic 

Hierarchy Process (AHP) developed by Thomas 

L. Saaty, was used to support the study. AHP is 

a method of choice based on pairwise 

comparison and a predefined scale to express 

the importance of one criterion over the other in 

relation to decision-making (SAATY, 1990; 

SAATY, 1991; SAATY E VARGAS, 2012). In 

addition, it is concerned with the level of 

consistency of the calculations and can be 

applied to quantitative or qualitative 

information (SAATY, 1987). 

In this work, characteristics such as slope, 

altitude, soil type, and land use/occupation were 

considered for the analysis of environmental 

fragility using the Marreco River watershed as 

a case study. The watershed is in western 

Paraná, Brazil, in a region with high grain, pig, 

and fish production and belongs to the Paraná 3 

watershed, whose effluents release water at the 

Itaipu Hydroelectric Power Plant (SEAB, 2018; 

PMRH, 2017; PLANO DA BACIA 

HIDROGRÁFICA DO PARANÁ 3, 2014). 

Therefore, a study on the fragility of this 

environment is necessary to provide information 

for proper management. 

The data obtained were processed using a 

Geographic Information System (GIS). GIS was 

developed in the 1980s and its main feature is 

the ability to integrate and transform spatial 

data with applications in several areas (SILVA, 

2003; MIRANDA, 2005).   

Hence, this study aimed to use fuzzy logic 

and the AHP method to classify environmental 

fragility using the Marreco River watershed as 

a base. Furthermore, to present the importance 

of using fuzzy logic to represent the variation of 

environmental characteristics and verify its 

influence on the final fragility map, a 

comparison was made between three different 

forms of weighing elements of the map with the 

higher weight. 

 

 

MATERIAL AND METHODS 

 

 

The Marreco River watershed lies in the 

municipalities of Toledo, Quatro Pontes, 

Marechal Cândido Rondon, and Pato Bragado 

(Figure 1) in western Paraná, in the southern 

region of Brazil, and is approximately 338.8  km2 
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in area. The source of the Marreco River is in the 

urban area of Toledo and its mouth is on the São 

Francisco River located on the border between 

the municipalities of Pato Bragado and 

Marechal Cândido Rondon. According to 

Köppen’s climate classification system, the 

basin is in a region of Cfa climate, i.e., 

subtropical climate with hot summer (IAPAR, 

2020). 

 

Figure 1 - Geographic location of the Marreco River watershed. 

 
Source: The authors (2021).  

 

The analysis methodology included the 

following steps (Figure 2): 

• Define the environmental criteria, the 

fragility intensity scale, acquisition of data, 

and processing in a GIS; 

• Weigh the elements and classes within 

maps based on scientific literature and using 

fuzzy logic; 

• Weigh each criterion using the AHP 

method; 

• Weigh overlay of criteria; 

• Compare three different ways of 

weighting elements from the most important 

map in the fragility calculation. 
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Figure 2 - Workflow representing data manipulation. 

 
Source: The authors (2021). 

 

Software  

 

This study used data provided free by public 

institutions that were organized through 

information plans represented by maps. All data 

were analyzed and processed in the QGIS Las 

Palmas software, version 2.18.28. 

 

Data acquisition 

 

The delimitation of the basin as well as the 

information on slope and altitude were obtained 

through the acquisition of two images 

(SRTM1S25W054V3 and SRTM1S25W055V3) 

using digital elevation model (DEM) from 

Shuttle Radar Topography Mission (SRTM), 

with spatial resolution of 1Arc-Second 

equivalent to 30 m. The scenes were acquired 

from the United States Geological Survey 

(USGS, 2019) and were processed through the 

QGIS software. To delimitate the watershed, 

hydrological analyses based on DEM were 

performed using the Terrain Analysis Using 

Digital Elevation Models (TauDEM) tool from 

QGIS according to Tarboton (2011). 

The cartographic data in vector format (shp) 

of the region soil type were obtained directly 

from the Empresa Brasileira de Pesquisa 

Agropecuária (EMBRAPA, 2020), it is a 

brazilian corporation responsible for the 

agricultural research and development, on a 

1:250,000 scale, Universal Transverse 

Mercator (UTM) projection, Zone 22 South, 

Reference System: Córrego Alegre. The classes 

of the second categorical level were considered 

to reclassify and identify soil types. 

Information on land use and occupation was 

obtained in raster format from the Mapbiomas 

collection 5, on a 1:100,000 scale and at a spatial 

resolution of 30 m (MAPBIOMAS, 2020). 

 

Data standardization  

 

The data were reprojected to SIRGAS 2000 

(Geodesic Reference System for the Americas 

2000), UTM (Zone 22 South). After converting 

the soil type to the raster format, all files were 

standardized: spatial resolution with 30 m 

(pixel), a signed 16-bit datatype, row, and 

column dimensions with 464 and 1564 pixels, 
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respectively, and a value was set for no data 

area to hide undesirable border. The objective of 

these procedures was to simplify metric 

quantifications and standardize parameters for 

performing multicriteria analysis (FRANCISCO 

et al., 2019). 

 

Fuzzy modeling 

 

In this work, a classification was employed that 

attributes values (weights) to a region according 

to the variation of a given characteristic. This 

classification is described by fuzzy sets and 

defined as a generalization of Boolean algebra 

(ZADEH, 1965). 

Let 𝐺  is a space of objects represented by 

points and 𝑥 an element of  𝐺. A fuzzy set 𝐴 in 𝐺 

is characterized by the membership function 

𝑓𝐴(𝑥), which associates each point 𝑥 in 𝐺, a real 

number in the interval [0.1], where the value 

represents the grade of membership of 𝑥 in 𝐴. 

That is, 
𝐴 = (𝑥, 𝑓𝐴(𝑥)), 𝑥 ∈  𝐺 

and 
𝑓𝐴: 𝐺 → 𝐴: [0.1] 

Thus, the nearer 𝑓𝐴(𝑥) is to 1, the higher the 

grade of membership of 𝑥 in 𝐴; the nearer 𝑓𝐴(𝑥) 
is to 0, the lower the grade of membership of 𝑥 

in 𝐴 . The function 𝑓𝐴(𝑥)  can be discrete or 

continuous. (ZADEH, 1965). 

In the model called Boolean, the membership 

function is expressed with values 0 or 1, if 𝑥 ∉ 𝐴 

or if 𝑥 ∈ 𝐴 , respectively. Inferences based on 

Boolean rules are often inefficient due to their 

rigid classification (MEIRELLES, 1997). 

Fuzzy modeling can be represented by 

different membership functions depending on 

the characteristics of the set in the problem 

(BURROUGH ET al., 1992). The choice of this 

function is not arbitrary, but it is subjective and 

reflects the context in which the problem is 

inserted and how it is treated (KANDEL, 1986). 

Linear, quadratic, gaussian, or sigmoid 

functions are the most used. 

 

 

 

 

Determining weights using fuzzy modeling 

 

The information plans used were slope, soil type, 

land use and occupation, and altitude maps. To 

facilitate the calculations, we decided to use the 

interval [0.10]  instead of [0.1]  for the 

membership function. 

Each point 𝑥  represents an environmental 

element or class in a certain space on the map. 

A value (weight) in the interval [0.10]  was 

assigned for the soil and land use and 

occupation classes; for the slope and altitude 

elements, continuous membership functions 

were used. This weighting was empirically 

performed based on Crepani et al. (2001), Ross 

(1994), and Spörl (2001). 

The degree of fragility was adapted to fuzzy 

modeling based on Crepani et al. (2001) and 

Ross (1994) with five intensities: very low, low, 

average, high, and very high fragility, expressed 

by values in the interval [0.10]   (Table 1). 

Therefore, the closer to 10, the greater 

environmental vulnerability. 

 

Table 1- Degrees of fragility. 

Degree of fragility Values 

Very low up to 2 

Low 2 to 4 

Average 4 to 6 

High 6 to 8 

Very high 8 to 10 

Source: Adapted from Ross (1994). 

 

Environmental fragility in terms of soil 

type and land use and occupation  

 

The classification of environmental fragility of 

different soil types and land use/occupation was 

based on Ross (1994) (Table 2). For soil 

classification, this author considered the diffuse 

and concentrated surface runoff of rainwater. To 

classify land use and occupation, he considered 

the protection capacity they offer to the soil. To 

apply the weights, a reclassification of the raster 

data was performed using the r.reclass 

algorithm in the QGIS software according to 

Westervelt and Shapiro(2022).  
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Table 2 - Classes in the soil and land use maps, degrees of environmental fragility and weights. 

Variables 

Degrees of Environmental Fragility and Weights 

Very low Low Average High Very high 

2 4 6 8 10 

Soil 

Red and 

Red-Yellow 

Latosol, 

clayey 

texture 

Yellow and 

Red-Yellow 

Latosol, 

medium/ 

clayey 

texture 

Red Nitosol, 

Red Argisol, 

clayey texture 

Red-Yellow 

Argisol, 

medium 

texture 

Neosol, 

Cambisol, 

Gleysol 

Land use 
Forest 

formation 
Pasture 

Agriculture-

pasture 

mosaic 

Agriculture 
Urban 

area 

Source: Adapted from Ross (1994). 

 

Environmental fragility in terms of slope  

 

The term slope is defined as the degree of 

inclination of the relief in relation to the 

horizontal plane; the greater the slope of the 

terrain, the greater the speed and transport 

capacity of rainwater, contributing to the soil 

erosion process (CREPANI et al., 2001; 

GEMITZI et al., 2011; WU, 2014). In this work, 

the slope value was treated in terms of 

percentage. 

The distribution of slope values in the 

fragility scale was based on Crepani et al. (2001) 

and Ross (1994). Fragility values closer to 0 

(zero) were associated with lower slope, i.e., 

regions where soil-forming processes 

predominate. Values closer to 10 were 

associated with greater slope, i.e., regions where 

erosive and landslide processes predominate. 

To elaborate the membership function 𝑓(𝑥) 
that attributed weights to the elements of the 

slope map, the minimum and maximum slope 

(51.46%) values found in the basin, the limits of 

the hierarchical categories of Ross (1994), and a 

linear interpolation of these limits were used 

(Figure 3): 

𝑓(𝑥)  =  

{
 

 
0.325 𝑥 + 0.1;        0 ≤ 𝑥 ≤ 12
   0.25  𝑥 +  1;    12 < 𝑥 ≤ 20
       0.2 𝑥 + 2;    20 < 𝑥 ≤ 30

                 
20 𝑥  + 1120

215
;    30 < 𝑥 ≤ 51.4609

(1) 

 

Figure 3 - Graph of the function 𝑓(𝑥) applied to the elements of the slope map. 

 
Source: The authors (2021). 
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To apply the function to each element of the 

slope map, the raster calculator from QGIS 

software was used according to QGIS Project 

(2019). 

 

Environmental fragility in terms of 

altitude 

 

Signs of changes in certain altitudes, such as 

temperature and precipitation patterns, are 

clear (LÓPEZ et al., 2011). Fritzons et al. (2008), 

through a regression analysis between 

temperature and altitude for the entire set of 

stations in Paraná, concluded that 74% of the 

temperature variation can be explained by the 

altitude difference. Ávila et al. (2016) presented 

a relationship between precipitation and 

altitude in the South region, Brazil. Wischmeier 

(1959) related the amount of soil loss and energy 

of rains, and dos Santos and Nascimento (2021) 

used rainfall as one of the factors to estimate soil 

loss in a watershed. In addition, de Mello et al. 

(2020) connected rainfall erosivity and altitude. 

Waltrick et al. (2015) calculated an estimated 

rainfall erosivity in the state of Paraná and 

observed that the highest values occurred in the 

period of planting the summer crop and in the 

winter when there is less vegetation cover on the 

soil in the western and southwestern regions of 

the state. This result indicates the importance 

of using this feature in environmental studies in 

the region. 

De Mello et al. (2013), through multivariate 

models, concluded that the erosivity can be 

explained by geographic coordinates and 

altitude and, in the South and Southeast regions 

of Brazil, the higher the altitude the lower the 

average annual rainfall erosivity. Studies such 

as those by Nel et al. (2010) and Hoyos et al. 

(2005) presented similar relationship in other 

countries with different environmental 

characteristics. 

Based on this information, a linear 

membership function with negative angular 

coefficient was used to distribute weights to the 

elements in the altitude map. The fragility 

values closer to 0 (zero) were associated with 

maximum altitude (596 m), in regions with 

lower erosivity caused by rainfall. Fragility 

values closer to 10 were associated with the 

minimum altitude (216 m), according to  𝑔(𝑥) 
function (Figure 4).  

𝑔(𝑥)  =  −0.025 𝑥 +  15.4              (2) 

 

Figure 4 - Graph of function 𝑔(𝑥) for weighting elements of the altitude map. 

 
Source: The authors (2021). 

 

To apply the function to each element of the 

altitude map, the raster calculator from QGIS 

software was used according to QGIS Project 

(2019). 

 

The AHP method 

 

The AHP method developed by Saaty (1977) was 

used due to its ability to analyze a problem 

through the construction of hierarchical levels 

and weight assignment to multiple criteria, 

while performing an intuitively and consistently 

paired comparison through a predefined scale 

(SAATY, 1987; PINESE JÚNIOR; 

RODRIGUES, 2012; SCHMIDT, 1995).  

 

Determining weights using AHP 

 

In the judgment stage, a paired comparison of 

the criteria was performed resulting in the 

weight of each, representing its importance in 

the classification map of environmental 

fragility. This importance was attributed based 

on the professional opinion of the authors and 
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the scientific literature, including Tricart 

(1977), Ross (1994), Crepani (2001), Leandro 

(2013), Cereda Junior and Röhm (2014), Pinese 

Júnior and Rodrigues (2012), and Spörl (2001). 

For this comparison, the scale of relative 

importance developed by Saaty (1977) was used 

(Table 3). The comparison square matrix of 

reciprocal values and unit diagonal was 

constructed through the pairwise comparison. 

 

Table 3 - Scale of relative importance between two criteria. 

Less important 

Extremely 
1
9⁄  

1
8⁄  

Very strongly 
1
7⁄  

1
6⁄  

Strongly 
1
5⁄  

1
4⁄  

Moderately 
1
3⁄  

1
2⁄  

 Equally 1 

More important 

Moderately 
2 

3 

Strongly 
4 

5 

Very strongly 
6 

7 

Extremely 
8 

9 

Source: Adapted from Hossain and Daz (2010). 

 

The subjectivity of judgments based on 

researchers’ experiences can result in 

inconsistencies in the final matrix. The 

inconsistency is measured through the 

consistency ratio (CR) that relates the 

consistency index (CI) of the matrix in question 

with the consistency index obtained from the 𝑛-

order reciprocal matrix with non-negative 

elements randomly generated (RI) (Table 4). 

The value of CR must be less than 0.1 or 10% for 

satisfactory consistency and for the experts’ 

judgment to be considered reliable. (SAATY, 

1990). 

 

Table 4 - Random Consistency Index (RI). 

𝒏 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 

Source: Saaty (1990). 

 

To compare each of the criteria (slope, 

altitude, soil, and land use/ occupation), the 

AHP method was combined with GIS technology 

using the Easy AHP complement of the QGIS 

software to perform a weighted linear 

combination according to Malczewski (2000). 

 

Comparison of methods 

 

A comparison was made between three different 

forms of weighing elements of the map with the 

higher weight (slope) to verify its influence on 

the final fragility map. The first technique is 

described throughout the work and determined 

only by the application of the continuous 

membership function 𝑓(𝑥) ; the second is 

determined using the function 𝑓(𝑥)  and 

subsequent reclassification of the resulting 

raster file; the third is determined by the 

reclassification of the raster file using the 

hierarchical categories of Ross (1994) (Figure 5). 

The three ways are called Fuzzy (FZ), Modified 

Fuzzy (ModifiedFZ), and Modified Ross 

(ModifiedR), respectively. 
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Figure 5 - Implementation flowchart of the three ways to attribute weights to the elements of a slope 

map. 

 
Source: The authors (2021). 

 

The results of each of the three techniques 

were used together with the other three maps 

(altitude, soil, and land use/ occupation) and 

their respective weights for the generation of 

fragility maps.   

In each fragility map, sampling points were 

distributed equally spaced (30 m) using the 

QGIS Regular Points tool. Subsequently, the 

points were determined in relation to the 

boundary layer of the Marreco River watershed, 

concentrating the points within the polygon. The 

Point Sampling tool algorithm was used to 

extract the values contained in each of the 

fragility maps at the specified sampling points. 

The extracted values resulting from each 

method were put into a spreadsheet and then 

statistical analysis was performed (Analysis of 

Variance of Main Effects) using the R software 

(RCORE TEAM, 2020). 

 
RESULTS 

 

 

In the first step, the characteristics of the region 

of the Marreco River basin were analyzed. 

Thematic maps were generated for slope, 

altitude, soil type, and land use/occupation, 

(Figure 6, a – d). The predominant slopes of the 

basin are classified as slightly wavy and wavy 

(Figure 6a). The lowest altitude is located near 

Marechal Cândido Rondon city, and the 

beginning of the basin in Toledo city has an 

altitude of 596 m (Figure 6b). The soil types 

found are Red Latosol, Red Nitosol, and Neosol 

(Figure 6c). The studied area is widely used for 

agriculture (Figure 6d). 

Figures 6 e – h present reclassified maps 

according to the degree of fragility provided in 

Tables 1 and 2 and the membership functions 

𝑓(𝑥) and 𝑔(𝑥). The soil types in the basin mostly 

have average fragility regions (54.5%) with the 

Red Nitosol. Land use and occupation mostly 

contain high fragility regions (57.1%) 

represented by agriculture (Table 5). According 

to slope and altitude, the predominant degree of 

fragility is low, with 50.4% and 25.7%, 

respectively (Table 6). 
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Figure 6 - Thematic maps of the Marreco River watershed: a) Slope; b) Altitude; (c) Soil types; d) 

Land use and occupation; Fragility scale maps: e – h, respectively. 

 
Source: The authors (2021). 
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Table 5 - Degrees of environmental fragility related to soil types as well as land use and occupation 

found in the Marreco River watershed. 

Degree of 

fragility 

Soil Land use and occupation 

 Area(km²) %  Area(km²) % 

Very low 
Red 

Latosol 
93.5 27.6 Forest formation 63.9 18.9 

Low - 0.0 0.0 Pasture 8.1 2.4 

Average 
Red 

Nitosol 
184.6 54.5 

Agriculture-

pasture mosaic 
59.2 17.5 

High - 0.0 0.0 Agriculture 193.3 57.1 

Very high Neosol 60.7 17.9 Urban area 14.3 4.2 

∑  338.8 100  338.8 100 

Source: The authors (2021). 

 

Table 6 - Degrees of environmental fragility in the Marreco River watershed calculated for slope and 

altitude using the membership functions 𝑓(𝑥) and 𝑔(𝑥), respectively. 

Degree of fragility 
Slope Altitude 

Area (km²) (%) Area (km²) (%) 

Very low 70.2 20.7 9.6 2.8 

Low 170.6 50.4 86.9 25.7 

Average 65.6 19.4 85.4 25.2 

High 24.7 7.3 83.7 24.7 

Very high 7.7 2.3 73.2 21.6 

∑ 338.8 100 338.8 100 

 Source: The authors (2021). 

 

The most important parameter through the 

AHP method was slope (51.42%), followed by 

land use and occupation (29.55%), soil (12.14%), 

and altitude (6.89%) (Table 7). 

 

Table 7 - Paired comparison matrix used to evaluate the relative importance of each criterion in 

relation to environmental fragility. 

 
Comparison matrix Normalized comparison matrix a 

(𝝎) b 

S T U A S T U A 

S 1 4 2 7 0.5283 0.4706 0.5581 0.5000 0.5142 

T 1
4⁄  1 1

3⁄  2 0.1321 0.1176 0.0930 0.1429 0.1214 

U 1
2⁄  3 1 4 0.2642 0.3529 0.2791 0.2857 0.2955 

A 1
7⁄  1

2⁄  1
4⁄  1 0.0755 0.0588 0.0698 0.0714 0.0689 

∑ 1.893 8.5 3.583 14     1 

   𝝀𝒎𝒂𝒙 c CI d RI e CR f    

   4.02285 0.0076 0.90 0.0085    

S=slope; T=soil type; U=land use/occupation; A=altitude. ª The normalized comparison matrix is 

obtained by dividing each element of the comparison matrix by the sum of all elements in its column. 
b The eigenvector (𝜔) is the weights of each criterion and is obtained by averaging values of each row 

of the normalized comparison matrix. c  𝜆𝑚𝑎𝑥 is the highest eigenvalue of the comparison matrix. d 

The CI consistency index is calculated as 
𝜆𝑚𝑎𝑥 − 𝑛

𝑛 − 1
 , where 𝑛 is the matrix order. e The RI random 

consistency index is 0.90 for 𝑛 = 4.  f  The consistency ratio is defined by 𝐶𝑅 = 𝐶𝐼 𝑅𝐼⁄ . 

Source: The authors (2021). 

 

Environmental fragility was calculated by 

weighted overlay of the four fragility maps 

(result of using Table 2 and functions 𝑓(𝑥) and 

𝑔(𝑥)) using Easy AHP and equation 3 in QGIS. 

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑓𝑟𝑎𝑔𝑖𝑙𝑖𝑡𝑦 =  0.5142 ×  (𝑆𝑙𝑜𝑝𝑒)  +
 0.1214 ×  (𝑆𝑜𝑖𝑙)  +  0.2955 ×  (𝐿𝑎𝑛𝑑 𝑢𝑠𝑒/
𝑜𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛)  +  0.0689 ×  (𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒)        (3) 

The result of this calculation indicates that 

71.3% of the basin area was considered to have 

average fragility, followed by 15.1% with low 
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fragility, and 13.2% with high fragility (Figure 7 

and Table 8). 

 

 

Figure 7 - Environmental fragility classification map for the Marreco River watershed. 

 
Source: The authors (2021). 

Table 8 - Area of the different degrees of environmental fragility in the Marreco River watershed. 

Degree of fragility Area (km²)  (%) 

Very low 0.5 0.2 

Low 51.2 15.1 

Average 241.6 71.3 

High 44.7 13.2 

Very high 0.8 0.2 

∑ 338.8 100 

Source: The authors (2021). 

 

The comparison of three different forms of 

weighing the elements of the slope map 

indicated that the basin mostly has average 

environmental fragility (Table 9). The FZ 

method classified a larger area as very low 

(0.2%) and low (15.1%) fragility than the 

ModifiedFZ (0% and 3.4%, respectively) and 

ModifiedR method (0% and 4.6%, respectively). 

This difference can be explained by the variation 

of weights according to variation of the elements 

on the slope map in the FZ method in contrast 

to the other two that classified different 

elements with the same weight (Figure 5). 

The extraction fragility map values from 

each method resulted in three spreadsheets 

with each having 845,209 data, totaling 

2,535,627 data. To compare the results, the R 

software was used to calculate 999 analyses of 

variance of the main effects, each performed for 

a sampling of 999 points in each spreadsheet. 

The analysis was performed based on the mean 

of the values found, considering a significance 

level of 5%. Thus, it was possible to infer that 

there is a significant difference between the 

methods and the geographical position. The  

method used to apply the weights on the slope 

map influences the degree of environmental 

fragility calculated ( 𝑭𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏 = 𝟖. 𝟖𝟎𝟕, 𝒑 −

𝒗𝒂𝒍𝒖𝒆𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏 = 𝟏. 𝟑𝟖𝟑 ∙ 𝟏𝟎
−𝟑𝟏𝟎 and 𝑭𝒎𝒆𝒕𝒉𝒐𝒅 =

𝟒𝟖𝟒. 𝟎𝟏𝟓, 𝒑 − 𝒗𝒂𝒍𝒖𝒆𝒎𝒆𝒕𝒉𝒐𝒅 = 𝟏. 𝟑𝟗𝟏 ∙ 𝟏𝟎−𝟏𝟒𝟔 ; 𝒑 −
𝒗𝒂𝒍𝒐𝒓 = statistical significance and 𝑭 = F 

statistic). 

 



LIRA; FRANCISCO; FEIDEN Classification of environmental fragility 

13 

Soc. Nat. | Uberlândia, MG | v.34 | e62872 | 2022 | ISSN 1982-4513 

Table 9 - Effect of methods to assign weight to the elements on the slope map on the degree of 

environmental fragility. 

Degree of fragility 

Method of assigning weight to slope map 

elements 

 FZ ModifiedFZ ModifiedR 

 Area (%)  Area (%) Area (%) 

Very low 0.2 0 0 

Low 15.1 3.4 4.6 

Average 71.3 57.2 63.1 

High 13.2 37.7 31.1 

Very high 0.2 1.7 1.3 

∑ 100 100 100 

Mean calculated for degree 

of fragility * 
5.94𝑐 6.80𝑎 6.60𝑏 

*Different letters on the same line indicate a significant difference between the means by the Tukey 

test at 5% of significance. 

Source: The authors (2021). 

 

 

DISCUSSION 

 

 

The theory of fuzzy sets has been important for 

geographic data since the 1980s to deal with 

imprecision and abstraction in classifications 

(BANAI, 1993). 

The conventional classification through fixed 

values assigned to an area may propagate errors 

in landscape modeling. Geotechnologies and 

multicriteria analysis with fuzzy logic have 

played an important role in environmental 

studies because they allow representation of the 

variation and relative importance of each 

environmental characteristic in the 

phenomenon studied. (MEIRELLES, 1997; 

ROSENDO, 2019). 

Examples of studies include Junior et al. 

(2016), who used data such as soil, slope, 

population, altitude, and landforms to study the 

susceptibility to landslides in watersheds and 

concluded that fuzzy logic and AHP are essential 

for solving problems related to the empirical 

knowledge of experts. Cereda Junior and Röhm 

(2014) used the fuzzy model to determine 

environmental fragility employing variables 

such as soil, vegetation cover, and rainfall 

behavior, presenting satisfactory results 

compared to field research and previous studies. 

Miara and Oka-Fiori (2007) studied 

environmental fragility through AHP and fuzzy 

standardization with the erosivity, geology, 

soils, and slope variables; their results 

correlated with the reality on the ground. 

Guerrero et al. (2021) elaborated a natural 

vulnerability chart using fuzzy inference and 

AHP employing relief, geology, rainfall, land 

use, and slope variables, and they considered 

the method effective, with satisfactory results. 

Cheng et al. (2020) analyzed the health of the 

ecosystem of a desert using the fuzzy concept, 

physiological, ecological, and environmental 

criteria, and they obtained precision, objectivity, 

and reliability in the results. Rosendo (2019) 

analyzed socio-environmental vulnerability to 

drought in Brazilian regions using fuzzy sets 

and environmental variables such as rainfall 

anomaly index, crop areas, and degraded areas.  

Therefore, several variables can be added to the 

model to cover the proposed objectives. 

In this work, the weights of the elements 

within the slope and altitude maps using fuzzy 

logic through the functions 𝑓(𝑥)  and 𝑔(𝑥) , 

respectively, considered the potentials for 

landslides and erosivity caused by the rains. The 

function 𝑓(𝑥) classified 50.4% of the basin with 

low fragility in terms of slope, and the function 

𝑔(𝑥) classified approximately 25% of the basin 

for each degree of low, average, and high 

fragility in terms of altitude (Table 6). Linear 

interpolation was used to construct the 

functions due to the simplicity of execution and 

easy adaptation in other areas and contexts. The 

functions chosen depend on the dataset and in 

what context these data are treated 

(BURROUGH et al., 1992; KANDEL, 1986). 

The AHP method resulted in the slope as the 

most important criterion, followed by land use 

and occupation, soil, and altitude (Table 7). 

Spörl (2001) compared models and indicated the 

most detailed map supported by the slope map. 

Our analyses found the predominant degree of 

environmental fragility is average (71.3%) in the 

Marreco River watershed (Table 8). 

The ways of weighting the elements of the 

slope map elucidated a statistical difference, but 

all indicated that the basin under study has 

mostly average environmental fragility, 
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although the FZ method classified a larger area 

with a lower degree of fragility (Table 9). This 

can be explained by the fact that the FZ method 

allows representation of the variation of map 

elements while FZmodified and Rmodified 

assign fixed values to regions with different 

characteristics. 

 

 

FINAL CONSIDERATIONS  

 

 

This work considered the slope, soil type, 

altitude, land use and occupation to classify and 

analyze environmental fragility in the Marreco 

River watershed, located in western Paraná, 

Brazil. 

The use of fuzzy logic allowed representing 

the variation of environmental characteristics 

and their degree of importance in the analysis of 

fragility. Moreover, the AHP method 

established hierarchical levels for the criteria 

through consistent calculations. 

The analysis found that the basin mostly has 

average environmental fragility, indicating that 

the region requires adequate planning of 

actions. The discussions confirm that the 

combination of fuzzy logic, AHP method, and 

geotechnologies can be a promising tool to assist 

in decision making and adequate management 

of anthropic activities in watershed areas. The 

further deepening and exploration of fuzzy logic 

in analyzes at the level of environmental 

planning are suggested. 
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