
 DOI: 10.14393/SN-v38-2026-81443x 

Received: February 18, 2026 | Accepted: June 10, 2026 | Published: August 05, 2026 

1 
1Universidade Federal do Rio Grande do Norte – UFRN, RN, Brazil. silvio.braz@ufrn.edu.br  
2Universidade Federal do Rio Grande do Norte – UFRN, RN, Brazil. daniel.santos.702@ufrn.edu.br  

³Universidade Federal do Rio Grande do Norte – UFRN, RN, Brazil. rodrigo.freitas@ufrn.edu.br  

 

Soc. Nat. | Uberlândia, MG | v.38 | e81443| 2026 | ISSN 1982-4513 

 

Papers 

 

Methodology for the Selection of Springs for 

Revitalization in Watersheds 
 

Silvio Braz de Sousa1  

Daniel Carlos Alves Santos²  

Rodrigo de Freitas Amorim³  
 

Keywords 

Spring Restoration 

Water Resources 

Geotechnologies 

Multicriteria Analysis 

Watersheds 

 

Abstract 

The degradation of springs compromises water security, particularly in 

strategic regions such as the transition zone between the Atlantic Forest and 

the Caatinga in northeastern Brazil. This study aims to present a methodology 

for prioritizing springs for restoration in four river basins located between the 

states of Rio Grande do Norte and Paraíba (Traíri, Jacu, Curimataú, and 

Mamanguape). To achieve this, a cartographic approach was adopted using 

geospatial data from multiple sources, geoprocessing techniques, including 

Digital Image Processing (DIP), and a Multicriteria Decision Analysis 

(MCDA). A Restoration Priority Index (RPI) was proposed, considering 

accessibility, environmental sensitivity, conservation status, and the land 

tenure and social context of the springs. Out of a total of 696 springs, 511 were 

selected due to the strong presence of agricultural land use and a low Water 

Security Index (WSI). The results indicate that most springs are under 

significant anthropogenic pressure, primarily driven by agricultural 

expansion and the reduction of native vegetation cover. A total of 135 springs 

(26.4%) were classified as high priority for restoration, being concentrated 

mainly in areas subject to intense human pressure. The proposed methodology 

proved to be an effective and replicable tool for supporting public policies and 

spring restoration programs aimed at strengthening water resilience and 

promoting sustainable territorial development. 
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INTRODUCTION 

 

 

The debate surrounding environmental issues 

in Brazil has been intense over the past 20 

years, marked by the strengthening of the 

National Environment Council (CONAMA), a 

body established in 1981, and by a vigorous 

public discussion that culminated, in 2012, in a 

new social pact for Brazilian forests, known as 

the "New" Forest Code, established by Law No. 

12,651/2012 (BRASIL, 2012). 

Over the past five years, discussions 

regarding global warming have been gradually 

replaced by an agenda addressing Climate 

Change, and Brazil, a tropical country of 

continental dimensions, has experienced events 

that intensify this debate. Such events include 

the floods that occurred in May 2024 in the state 

of Rio Grande do Sul, affecting 475 

municipalities and 2,390,556 people, resulting 

in 172 deaths and 42 missing individuals, and 

displacing 616,800 people from their homes, 

according to the State Civil Defense (RIO 

GRANDE DO SUL, 2024). While Rio Grande do 

Sul was experiencing this tragedy, the National 

Congress was debating a Proposed 

Constitutional Amendment (PEC) that would 

allow the privatization and sale of coastal public 

lands (terrenos de marinha). This proposal is 

viewed as critical from an environmental 

perspective, primarily because it endangers 

mangroves and restinga ecosystems, as well as 

exacerbating socio-environmental problems 

driven by sea-level rise. 

Although environmental problems in Brazil 

exhibit highly diverse characteristics, water-

related issues are consistently a central factor. 

This connection manifests either through 

extreme events, characterized by heavy rainfall 

and significant high-magnitude urban impacts, 

such as floods, or through water scarcity, 

including prolonged dry spells and severe 

droughts. These conditions directly impact the 

population, livestock watering, and economic 

activities such as agriculture and industry. In 

this context, the watershed serves as the ideal 

unit for environmental planning, a standard 

that has been adopted by the scientific 

community, environmental protection agencies, 

and Brazilian legislation (Botelho, 2007; Brasil, 

1997; Tundisi; Matsumura-Tundisi, 2011). 

From this perspective, watershed 

revitalization, including both perennial and 

intermittent springs, has emerged as an 

excellent approach to regulate surface runoff, 

prevent erosion, combat the siltation of 

watercourses, sustain water flow within the 

system, mitigate flooding, and ultimately, 

enable the full development of economic 

activities such as agriculture, livestock farming, 

and industry. 

This research focuses on watersheds located 

in Northeastern Brazil, between the states of 

Paraíba (PB) and Rio Grande do Norte (RN), due 

to their strategic importance for urban water 

supply and agricultural and livestock 

development. These basins are situated in the 

transition zone between the Atlantic Forest and 

Caatinga biomes, a region characterized by a 

diversity of land use and land cover types that 

reflect its environmental variability. 

Specifically, the study area comprises the 

watersheds of the following rivers: Trairi (BHRT 

- RN), Jacu (BHRJ - RN and PB), Curimataú 

(BHRC - PB), and Mamanguape (BHRM - PB).  

These watersheds have been subjected to 

intense occupation and exploitation since the 

18th century, resulting in the widespread 

degradation of watercourses due to the removal 

of vegetation cover and the destruction of 

springs and wetlands. In this context, a 

methodology for identifying and classifying 

restoration priorities is essential for better 

water resources management in the area. Such 

an approach can undoubtedly enhance the 

quality of life for local populations, support 

economic activities, and ensure the 

sustainability and quality of public water supply 

services, alongside the environmental benefits 

provided in the form of ecosystem services. 

Therefore, this article aims to present a 

methodological approach for identifying and 

prioritizing springs for restoration. The specific 

objectives are: 1) to define and build a database 

that enables the identification and analysis of 

the environmental condition of springs at the 

watershed scale; 2) to develop a classification 

system to define priority springs for restoration, 

based on variables that provide a favorable cost-

opportunity ratio relative to their level of 

degradation; and 3) to present the results of 

applying this identification and selection 

methodology, contextualizing the scenario for 

watersheds in the transition zone between the 

Atlantic Forest and the Caatinga. 

 

 

STUDY AREA 

 

 

The watersheds of the Trairi (RN), Jacu (RN and 

PB), Curimataú (RN and PB), and Mamanguape 

(PB) rivers cover an area of approximately 

13,263.2 km² (Figure 1) and extend across 92 

municipalities in the states of Rio Grande do 

Norte and Paraíba - Brazil. In terms of 

population, the four basins were home to 



SOUSA et al.                                                                                                                   Methodology for the Selection 

3 
Soc. Nat. | Uberlândia, MG | v.38 | e81443| 2026 | ISSN 1982-4513 

1,034,366 inhabitants in 2022 (IBGE, 2024a). 

The principal cities include São José do Mipibu, 

Canguaretama, Santa Cruz, Nova Cruz, 

Goianinha, and Monte Alegre in RN. In PB, 

representative municipalities include 

Guarabira, Esperança, Lagoa Seca, Solânea, 

Alagoa Grande, Areia, Rio Tinto, and 

Bananeiras. Together, these cities account for 

437,973 inhabitants, representing 

approximately 42% of the total population of the 

watersheds.  

 

Figure 1 – Location of the watersheds of the Trairi (RN), Jacu (RN and PB), Curimataú (RN and 

PB), and Mamanguape (PB) rivers 

 
Source: Prepared by the authors (2025). 

 

This area is characterized by significant 

social and economic dynamics relevant to the 

region, driven by activities and facilities such as 

an automotive assembly plant (Goianinha), 

cachaça distilleries (Areia and surrounding 

areas), sugarcane production (several coastal 

municipalities, notably Canguaretama, Areia, 

and Alagoa Grande), and ethanol refineries 

(Arês and Mamanguape). Consequently, these 

are strategic watersheds for the economic and 

social development of the states of Rio Grande 

do Norte and Paraíba. 

 

 

METHODOLOGICAL PROCEDURES 

 

 

This research relied on the use of secondary data 

(statistical and census data); official geospatial 

data collected from various public agencies; and 

the generation of original cartographic products 

at scales compatible with the study's objectives. 

For all spatial data processed in this article, the 

South America Lambert Conformal Conic 

reference system was adopted. The 

methodological workflow is illustrated in the 

schematic flowchart of the research (Figure 2), 

which details all sources, products, and 

processes. 
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Figure 2 – Schematic flowchart of the methodological procedures adopted in this research 

 
Source: Prepared by the authors (2025). 

 

Data Sources 

 

Spring Locations  

 

The location of the springs was acquired through 

the download database of the National System 

of the Rural Environmental Registry (SICAR) 

(BRASIL, 2024). These data are part of the 

national public records of the Rural 

Environmental Registry (CAR), which is 

mandated by the Brazilian Forest Code (Federal 

Law 12,651/2012). From this same source, data 

regarding the boundaries of registered rural 

properties, their land use and land cover, and 

the mapping of Permanent Preservation Areas 

(APPs) were also obtained.  

The collected data comprised a total of 918 

springs. To ensure the precision and accuracy of 

the analysis, a data verification and quality 

assessment procedure were conducted. This 

evaluation was necessary due to the inherent 

nature of the dataset; since the information 

available on the SICAR platform is primarily 

provided by rural landowners, the vector data 

may present various types of topological 

inconsistencies. 

This evaluation procedure was conducted in 

two stages. First, spatial duplication errors were 

identified, that is springs with identical and 

overlapping coordinates (x and y). From each set 

of overlapping points, only one was retained, 

and the duplicates were discarded. The second 

stage involved identifying locational patterns 

that were incompatible with the nature of these 

hydrographic features. Figure 3 illustrates an 

example of such inconsistency in the 

municipality of Solânea (PB), where 152 points 

registered as springs were arranged in a regular 

geometric pattern. These points were likely 

uploaded to the system by mistake and, in 

reality, represent the boundary vertices of a 

rural property. 
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Figure 3 – Identification of errors in the spring data sourced from SICAR/CAR 

 
Source: Prepared by the authors (2026). 

 

Following the correction of spatial 

duplication errors and locational 

inconsistencies, a total of 696 springs were 

retained and validated across the four 

watersheds. These are distributed as follows: 39 

in the Trairi River basin, 92 in the Jacu River 

basin, 155 in the Curimataú River basin, and 

410 in the Mamanguape River basin. 

 

Land Tenure Structure 

 

In addition to the CAR dataset, land tenure 

data—specifically, property boundaries—were 

obtained from the National Institute for 

Colonization and Agrarian Reform (INCRA). 

The complete dataset of rural properties from 

the Land Management System (SIGEF) and the 

National Property Certification System (SNCI) 

were acquired. These data were used to derive 

the property size variable (INCRA, 2024). 

 

Territorial and Environmental 

Boundaries, and Drainage Networks 

 

Territorial and environmental boundaries from 

two different sources were utilized, all in their 

latest available versions and in ESRI Shapefile 

format. Specifically, municipal boundary data 

(2024 version, 1:250,000 scale) (IBGE, 2024b) 

and Brazilian biome boundaries (2019 version, 

1:250,000 scale) were obtained from the 

Brazilian Institute of Geography and Statistics 

(IBGE, 2019). Drainage networks and other 

auxiliary data were also acquired from IBGE; 

these are part of the Continuous Cartographic 

Base (2023 version, 1:250,000 scale) (IBGE, 

2023). 

The watershed boundaries were obtained 

from the National Water and Sanitation Agency 

(ANA) via the National Water Resources 

Information System portal (SNIRH). 

Additionally, data regarding the Water Security 

Index (ISH) were collected from the SNIRH 

portal. This index evaluates micro-watersheds 

by categorizing their water security levels as 

minimum, low, medium, high, or maximum 

(ANA, 2025).  

These datasets were utilized to understand 

the territorial context, establish relationships, 

verify the consistency of the CAR spring data, 

and enable spatial analysis. 

 

Satellite Imagery 

 

Free multispectral data from the Sentinel-2 MSI 

sensor, with a 10-meter spatial resolution, 

provided by the European Space Agency and 

Copernicus (ESA, 2025), were utilized. 

Additionally, RapidEye data, featuring a 4.7-

meter spatial resolution, were acquired. 

Although typically commercial, these images 

were temporarily made available free of charge 
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via the Planet website through a partnership 

involving Norway's International Climate and 

Forest Initiative (NICFI), Kongsberg Satellite 

Services, and Airbus (Planet, 2025). These 

datasets were used to compile the research 

database and, primarily, to serve as the basis for 

land use and land cover mapping. 

Both the Sentinel-2 and RapidEye datasets 

were acquired using the Google Earth Engine 

(GEE) cloud computing platform (Gorelick et al., 

2017). To mitigate atmospheric noise in the 

imagery, such as clouds and shadows, a 

temporal mosaic was generated for the year 

2024. This mosaic was created by applying a 

statistical reduction metric (median reducer) 

across all available pixels throughout the year. 

This is a well-established methodology in 

literature (Pekel et al., 2016; Souza et al., 2020), 

as it effectively removes extreme reflectance 

values caused by clouds (very bright) and 

shadows (very dark). Furthermore, a pre-filter 

was applied to ensure that only scenes with less 

than 15% cloud cover were selected, ultimately 

resulting in a cloud-free composite. 

For terrain modeling and the identification of 

slope patterns within the watersheds, radar 

data from the Shuttle Radar Topography 

Mission (SRTM) with a spatial resolution of 30 

m, were acquired (USGS, 2024). 

As previously mentioned, the multispectral 

imagery was utilized to characterize the study 

area in terms of land use and land cover, 

particularly regarding the spatial distribution of 

vegetation. These data were subjected to a 

digital image classification process, aiming to 

achieve a cartographic scale between 1:100,000 

and 1:25,000. In turn, the radar data were used 

to generate slope maps, enabling the 

identification of general patterns in areas with 

varying slopes at a scale close to 1:100,000. 

 

Precipitation Data 

 

The precipitation data utilized in this research 

were obtained from rainfall stations monitored 

by the National Institute of Meteorology 

(INMET), and the National Center for 

Monitoring and Early Warning of Natural 

Disasters (CEMADEN), Additionally, data were 

acquired from state-level agricultural research 

agencies, namely the Agricultural Research 

Corporation of Rio Grande do Norte (EMPARN) 

and the Paraíba State Company for Research, 

Rural Extension, and Land Regularization 

(EMPAER) (INMET, 2024; CEMADEN, 2024; 

EMPARN, 2024; EMPAER, 2024).  

These datasets were utilized to generate 

precipitation maps for the watersheds by 

interpolating data from meteorological stations 

distributed across the region for the period from 

2020 to 2023. 

The interpolation method applied to the 

precipitation point data was Topo to Raster 

(Hutchinson; Dowling, 1991), a technique widely 

used for interpolating climatological data and 

tested across various precipitation applications 

in the literature (Marcuzzo et al., 2011; Sousa et 

al., 2013; Santos et al., 2023). 

 

Products and Processes 

 

Land Use and Land Cover Mapping 

 

The land use and land cover mapping were 

conducted in two stages. The first stage involved 

an unsupervised classification using the k-

means algorithm. An unsupervised approach 

was chosen due to the extensive size of the study 

area. For this algorithm, a total of five initial 

classes were defined, with an acceptable error 

margin of 5% and ten iterations in the process.  

To reduce the noise generated during the 

unsupervised classification, three post-

classification filters were applied: sieve classes, 

majority analysis, and aggregation. The Sieve 

Classes filter targets isolated pixels in the 

classification through a neighborhood analysis, 

applying a filtering threshold of up to 10 pixels. 

The majority analysis filters, in turn, 

reclassified pixels according to the predominant 

classes within their vicinity. Finally, the 

aggregation filter was employed, which merged 

smaller pixel clusters into a larger group. 

The second stage involved a visual inspection 

of the classification results. Given the vast 

spatial dimensions and specific characteristics 

of the study area, which features longitudinal 

watersheds, as well as varying vegetation and 

distinct climatic patterns between the coastal 

and inland regions, a manual visual inspection 

approach was adopted. 

This inspection was conducted within a 500-

meter radius of all springs to ensure greater 

accuracy between classification and ground 

reality. To support the visual inspection, 

RapidEye data (4.7-meter spatial resolution) 

were utilized instead of Landsat OLI imagery 

(30-meter spatial resolution). This higher-

resolution imagery allows for on-scene object 

inference and identification with approximately 

41 times greater spatial detail, significantly 

enhancing the evaluation and validation of the 

classification.  

 

Selection of Hotspot Areas 

 

Based on the land use and land cover map, areas 

of interest (hotspots) were selected through the 
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intersection of the following criteria: (1) areas 

with significant agricultural activity; and (2) 

areas with a low or minimum ISH. 

Out of the 696 springs, 511 exhibit a low or 

minimum ISH and are situated in areas 

predominantly characterized by agricultural 

land use (agriculture or pasture). 

 

Ranking of Springs for Recovery and 

Revitalization: Recovery Prioritization 

Index (IPR) 

 

To identify the priority springs for recovery, a 

Recovery Prioritization Index (IPR) was 

developed for the 511 springs using Multi-

Criteria Decision Analysis (MCDA) an approach 

widely employed to integrate multiple spatial 

criteria into decision-making processes 

(Malczewski, 1999, 2006), the following 

variables were considered: 1) Relative amount of 

vegetation within the Permanent Preservation 

Area (APP) and the spring's vicinity, in hectares 

(500-meter radius); 2) Euclidean distance to 

paved roads, in meters; 3) Actual distance from 

the spring to a paved road, in meters; 4) Total 

distance from the nursery to the spring, in 

meters; 5) Travel time from the nursery to the 

spring, in minutes; 6) Property size in hectares 

(INCRA / Brazilian Forest Service); 7) Slope of 

the spring area, in percentage (SRTM); 8) Biome 

of the spring; 9) Mean annual precipitation 

(2020 to 2023), in millimeters. Consequently, 

these variables enabled the assessment of access 

conditions, environmental sensitivity, 

conservation status, and the socio-land tenure 

context. 

Access conditions to the springs are a critical 

factor for the operational logistics of recovery 

actions, as they involve the transportation of 

seedlings and subsequent monitoring. Given the 

availability of four access-related metrics 

(variables 2 through 5), a composite variable 

named "access condition" was created through 

their normalized inverse combination. To 

determine the distances in meters for variables 

3 and 4, as well as the travel time for variable 5, 

the routing tool in Google Earth Pro (Google 

LLC, 2026) was utilized. This procedure was 

executed individually for all 511 analyzed 

springs. 

The continuous variables were normalized to 

a range of -1 to +1. A value of -1 indicates better 

environmental conditions and easier access, 

thus indicating a lower urgency for recovery 

priority. Conversely, a value of +1 signifies 

critical environmental conditions, equating to a 

higher priority for environmental recovery. This 

normalization process was carried out using 

Equation 1. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 = 2 ×  (
𝑋−𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛
) − 1 

       Equation 1 

  

An inverse normalization was applied to the 

variables "relative amount of vegetation within 

the APP and the spring's vicinity" and "access 

condition." This approach was taken because 

less vegetation cover indicates poorer 

environmental conditions, thus demanding 

higher intervention priority. Similarly, priority 

was given to springs located closer to roads; 

their greater accessibility ensures better 

logistical viability for planting operations. This 

logistical advantage is particularly crucial since 

local community involvement in these 

initiatives is anticipated. 

The categorical variable "Biome" was 

converted into a binary score. Springs in the 

Caatinga biome were assigned a value of 1 due 

to their inherent water vulnerability, whereas 

those located in the Atlantic Forest were 

assigned a value of -1.   

Regarding property size, an average fiscal 

module (módulo fiscal) of 27.5 hectares was 

adopted. The springs were assigned scores based 

on INCRA's official criteria for defining small 

and medium-sized properties:  Up to 110 ha (up 

to four fiscal modules): assigned a value of 1 

(indicating small properties with a lower 

capacity for recovery); Between 110 and 275 ha 

(four to ten fiscal modules): assigned a value of 

0; Greater than 275 ha (more than ten fiscal 

modules): assigned a value of -1. 

For 22 springs where reliable property size data 

were unavailable, even after cross-referencing 

datasets from INCRA and the Rural 

Environmental Registry (CAR), the decision was 

made to retain them in the database. To 

calculate the IPR for these specific units, a 

proportional redistribution of the variable 

weights was applied, effectively omitting the 

property size variable from the computation. 

Thus, the IPR was calculated using the 

weighted mean of the normalized variables 

(Equation 2). The weight assigned to each 

variable was determined through an analytical 

assessment, prioritizing conservation status 

and access conditions (Table 1). This weighting 

system reflects the direct impact that each 

factor exerts on both the urgency and the 

feasibility of the recovery efforts.  

 

𝐼𝑃𝑅 =  
(2,5×𝑉1)+ (1,5×𝑉2)+(1×𝑉3)+(1×𝑉4)+(1×𝑉5)+(1×𝑉6)

8
 

       Equation 2 
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Table 1 – Variables used to calculate the IPR 

Variable Criterion Weight Description Normalization 

V1 - 

Vegetation 

cover in the 

APP and 

surrounding 

areas 

Conservation 

state 
2.5 

Direct indicator of the 

spring's conservation state. 

Low vegetation cover 

compromises infiltration and 

protection against erosive 

processes. 

Inverse (less 

vegetation = higher 

score) 

V2 - Access 

condition 

Operational 

viability 
1.5 

Composite variable; 

represents the degree of 

operational accessibility of 

the spring. More accessible 

springs are more viable for 

implementation and 

monitoring by the project 

team. 

Inverse (easier 

access = higher 

score) 

V3 - Property 

size 

Land tenure and 

socioeconomic 

dimension 

1.0 

Smaller properties tend to 

present greater difficulty in 

maintaining conservation 

areas, while simultaneously 

being more sensitive to the 

positive effects of 

environmental recovery. 

Direct (smaller area 

= higher score) 

V4 - APP slope 

Environmental 

context and 

erosion 

susceptibility 

1.0 

Areas with greater slopes are 

more susceptible to erosion, 

making them sensitive areas 

to the effects of 

environmental recovery. 

Direct (greater slope 

= higher score) 

V5 - Biome Ecological context 1.0 

Considers the ecological 

context and environmental 

resilience. Springs located in 

the Caatinga received a 

higher score as they are 

situated in a biome more 

susceptible to water deficits. 

Direct (Caatinga = 

1; Atlantic  

Forest = -1) 

V6 - 

Precipitation 

(annual 

average 2020–

2023) 

Climatic 

vulnerability 
1.0 

Represents the natural 

water availability in the 

spring area. Locations with 

lower average annual 

precipitation tend to be more 

vulnerable to water scarcity 

and are, therefore, 

prioritized for 

environmental recovery 

actions. 

Direct (lower 

precipitation = 

higher score) 

Source: Prepared by the authors (2025). 

 

Figure 4 illustrates the geospatial datasets processed and utilized to calculate the 

IPR. 
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Figure 4 – Geospatial data are used for IPR calculation 

 
Source: Prepared by the authors (2025). 

 

Finally, all 511 springs were classified into 

three categories based on their IPR scores: High 

Priority: IPR ≥ 0.4; Medium Priority: IPR 

between -0.4 and 0.4; Low Priority: IPR ≤ -0.4. 

These values were defined to maintain 

symmetry across the scale (-1 to 1) while 

establishing a broader medium class (a range of 

0.8, compared to 0.6 for the other classes). This 

methodological approach serves the managerial 

objective of isolating extreme conditions. By 

tightening the thresholds for the high- and low-

priority classes, it ensures that only springs in a 

clearly critical state or with an exceptional 

conservation status are highlighted at the 

extremes. Consequently, the index avoids the 

overestimation of critical hotspots and focuses 

the ranking on those springs that genuinely 

require immediate allocation of resources. 
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RESULTS AND DISCUSSION 

 

 

The unsupervised land use and land cover 

classification within the watersheds enabled the 

observation of land use dynamics and the 

distribution of natural land cover. A total area 

of 13,331 km² was mapped across 13 classes 

(Figure 5 and Table 2): water, intermittent 

wetland, agriculture, Apicum, aquaculture, 

urban area, mangrove, mining, mosaic of uses, 

clouds, pasture, bare soil, and vegetation.  

 

Figure 5 – Land use and land cover in the Trairí, Mamanguape, Jacu, and Curimataú watersheds 

(2024) 

 
Source: Prepared by the authors (2025). 

 

Anthropogenic land covers, such as 

agriculture and pasture, predominantly occupy 

the coastal portions of the watersheds, 

decreasing in extent moving inland. The 

agriculture (3,323 km², or 24.9%) and pasture 

(1,948 km², or 14.6%) classes are particularly 

notable. Among the four watersheds, only the 

Trairí basin exhibits a combined agriculture and 

pasture area of less than 1,000 km². In contrast, 

the Mamanguape watershed contains the 

largest extents of these land uses, with 1,140 

km² of agriculture and 504 km² of pasture, 

concentrated primarily in the central-eastern 

portion of the basin toward the coast. 

An analysis of the absolute and percentage 

values for each watershed (Table 2) reveals that 

among the natural land cover classes, 

vegetation occupies the largest area across all 

four basins: 1,753 km² in the Traíri, 1,580 km² 

in the Mamanguape, 1,242 km² in the Jacu, and 

2,658 km² in the Curimataú. Combined, 

vegetation covers 7,389 km², accounting for 

55.4% of the total watershed area. In addition to 

vegetation, the water class is notable, 

encompassing 196 km² (1.5% of the total area). 

This class is primarily characterized by river 

estuaries in the coastal regions, alongside 

reservoirs and water surfaces distributed 

throughout the study area. Of this total, the 

Curimataú watershed stands out significantly, 

containing 102 km² of the identified water 

bodies. 
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Table 2 – Land use and land cover in the Trairí, Mamanguape, Jacu, and Curimataú watersheds 

(2024) 

Class 
Traíri   Mamanguape   Jacu   Curimataú   Total 

km² %  
km² %  

km² %  
km² %  

km² % 

Water 13 0,4  44 1,3  35 1,3  102 2,5  196 1,5 

Intermittent 

wetland 
1 0  0 0  0 0  0 0  1 0 

Agriculture 648 23,1  1.140 33,0  625 23,1  831 20,4  3.323 24,9 

Apicum 0 0,0  0 0,0  0 0,0  0 0,0  0 0,0 

Aquaculture 7 0,2  0 0,0  0 0,0  0 0,0  7 0,1 

Urban area 52 1,9  88 2,6  44 1,6  47 1,2  238 1,8 

Mangrove 5 0,2  56 1,6  0 0  0 0  62 0,5 

Mining 0 0  0 0  0 0  0 0  0 0,0 

Mosaic of uses 50 1,8  40 1,2  3 0,1  1 0,0  98 0,7 

Cloud 0 0,0  0 0,0  48 1,8  17 0,4  67 0,5 

Pasture 274 9,8  504 14,6  711 26,3  408 10,0  1.948 14,6 

Bare soil 0 0  0 0  0 0  0 0  1 0 

Vegetation 1.753 62,5  1.580 45,8  1.242 45,9  2.658 65,4  7.389 55,4 

Total 2.803 100   3.453 100   2.708 100   4.066 100   13.331 100 

Source: Prepared by the authors (2025). 

 

The urban area class accounts for a total of 

238 km² (1.8%) across all watersheds. However, 

the Mamanguape basin contains the largest 

urbanized extent, encompassing 88 km² of this 

class.     

An analysis of the land use and land cover 

classes within a 500-meter radius around the 

analyzed springs—measured in km² and 

percentages—identified nine distinct classes 

(Table 3): water, intermittent wetland, 

agriculture, aquaculture, urban area, mosaic of 

uses, pasture, bare soil, and vegetation.  

 

Table 3 – Land use and land cover within a 500-meter radius of the 511 springs in the Trairí, 

Mamanguape, Jacu, and Curimataú watersheds (2024) 

Class 
Traíri   Mamanguape   Jacu   Curimataú   Total 

km² %  km² %  km² %  km² %  km² % 

Water 0 0  0,01 0,7  0 0  0,01 1,8  0,02 0,7 

Intermittent 

wetland 
0 0  0 0  0 0  0 0  0 0 

Agriculture 0,12 41,7  0,16 16,1  0,03 9,2  0,09 11,7  0,41 13,6 

Aquaculture 0 0  0 0  0,00 0,5  0 0  0,00 0,1 

Urban area 0,00 0,4  0,14 14,1  0 0  0,04 5,8  0,19 6,2 

Mosaic of uses 0 0  0,08 8,5  0,01 1,9  0,01 1,7  0,11 3,5 

Pasture 0,01 3,8  0,92 91,3  0,06 17,4  0,09 11,0  1,08 35,8 

Bare soil 0 0  0,01 0,5  0,01 1,4  0 0  0,01 0,3 

Vegetation 0,16 54,2  0,25 25,4  0,25 69,5  0,53 68,0  1,20 39,8 

Total 0,29 100  1,01 100  0,37 100  0,78 100  3,01 100 

Source: Prepared by the authors (2025). 

 

The surroundings of the analyzed springs in 

this study demonstrate that they are embedded 

in areas whose uses are oriented toward 

anthropogenic activities, such as agriculture 

and pasture. This occurs because 35.8% (1.08 

km²) of the vicinity of these springs is occupied 

by pasture areas, 13.6% (0.41 km²) by 

agriculture, 6.2% (0.19 km²) by urban areas, and 

3.5% (0.11 km²) by a mosaic of uses. 

In contrast, 40.8% of the area within a 500-

meter radius of the springs consists of natural 

land cover. This cover is primarily represented 

by the vegetation class, which occupies an area 

of 1.2 km² (39.8%), followed by the water class 

with 0.02 km² (0.7%) and the bare soil class with 

0.01 km² (0.3%). This demonstrates the 

predominance of anthropogenic pressure in the 
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surrounding areas where the analyzed springs 

are embedded. 

Applying the methodology proposed in this 

study to calculate the IPR revealed that a large 

proportion of the springs located in areas with 

active land use within the analyzed watersheds 

require some degree of intervention for recovery. 

A total of 466 springs were classified as having 

medium or high priority for recovery (Figure 6), 

presenting IPR values ranging from -0.398 to 

0.750. Conversely, 45 springs were labeled as 

low priority for recovery, recording IPR values 

between -0.836 and -0.406. 

 

Figure 6 – Spring recovery priority based on the IPR 

 
Source: Prepared by the authors (2025). 

 

These figures indicate that, overall, the 

springs within the watersheds comprising the 

study area exhibit some degree of degradation 

and require intervention for environmental 

recovery. Of the 45 springs labeled as low 

recovery priority, 18 are in the Mamanguape 

River watershed, 15 in the Trairi River 

watershed, 11 in the Jacu River watershed, and 

one in the Curimataú River watershed. It is 

important to highlight that among these low-

priority springs, only 12 are located within the 

semiarid environment of the Caatinga biome, 

distributed across the Mamanguape (seven 

springs), Jacu (four springs), and Curimataú 

(one spring) watersheds. 

Of the total number of springs, 331 were 

classified as medium recovery priority (~64%), 

distributed across all four watersheds and 

occupying areas of both the Caatinga and 

Atlantic Forest. Finally, 135 springs were 

labeled as high recovery priority, concentrated 

primarily in the Mamanguape watershed with 

111 springs, followed by 14 in the Curimataú 

watershed, and seven and three springs in the 

Trairí and Jacu watersheds, respectively. 

The concentration of high-priority springs in 

the Mamanguape basin directly correlates with 

the land occupation dynamics evidenced by the 

land use mapping. This basin contains the 

largest extents of agricultural areas (1,140 km²) 

and urban areas (88 km²). This anthropogenic 

pressure on the surroundings of the springs 

translates directly into the index, 

demonstrating that the coastal transition zone 

has not only lost a significant portion of its 

natural cover but also exposes its water 

resources to heightened risk. In contrast, the 

more inland areas of the Curimataú watershed, 

despite the climatic vulnerability inherent to the 

Caatinga biome, retain a higher relative 

vegetation cover (65.4%). This attenuates the 

immediate structural urgency in the IPR 

ranking, distributing its springs primarily 

across the medium-priority categories. 

To evaluate the weighting scheme applied in 

the construction of the IPR, three weighting 
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scenarios were tested through a sensitivity 

analysis: 1) Conservative, reducing the weight of 

V1 (relative vegetation cover within APPs and 

surrounding areas) from 2.5 to 2.0; 2) 

Operational, increasing the weight of V2 (Access 

Condition) from 1.5 to 2.0; and 3) Ecological, 

increasing the weight of V5 (Biome) from 1.0 to 

1.5. In all scenarios, the remaining weights were 

kept constant. This approach allowed for the 

evaluation of the index's sensitivity to changes 

in the criteria deemed most strategic, yielding 

the outcomes presented below (Table 4). 

 

Table 4 – Sensitivity analysis of the IPR under different weighting scenarios 

Scenario Low Medium High Spearman 

correlation (ρ) 

with original IPR l 

Top-20 

overlap (%) 

Original 45 331 135 - - 

Conservative (V1 = 2,0) 23 348 140 0,97 85 

Operational (V2=2,0) 25 340 146 0,98 90 

Ecological (V5=1,5) 27 319 165 0,96 88 

Source: Prepared by the authors (2025). 

 

The differences between the original IPR and 

the scenario modeling indicate no significant 

alteration in the spring prioritization pattern, a 

finding confirmed by Spearman's correlation, 

with ρ = 0.97 in the conservative scenario, ρ = 

0.98 in the operational scenario, and ρ = 0.96 in 

the ecological scenario, which demonstrates the 

index's stability against moderate weight 

variations. When analyzing the top 20 springs 

with IPR values indicating a need for recovery 

intervention, an overlap exceeding 85% 

(between 17 and 18 springs) is observed across 

all scenarios. Therefore, no substantive changes 

occur in response to weight adjustments. 

Notably, in all alternative scenarios, the number 

of springs in the low-priority class decreases 

significantly, particularly in the conservative 

scenario, which reduces the weight assigned to 

the conservation of APPs and areas surrounding 

the springs. This highlights the importance of 

the conservation weight in effectively 

identifying the springs that most urgently 

require recovery. 

 

 

CONCLUSIONS 

 

 

This research developed a methodology for 

selecting priority springs for recovery within 

watersheds in the Brazilian Northeast, 

spanning the states of Rio Grande do Norte and 

Paraíba. The analysis was based on the creation 

of an index using Multicriteria Decision 

Analysis (MCDA) alongside geospatial, 

statistical, and cartographic data, enabling the 

identification of 135 springs, out of a total of 511, 

that present an urgent need for recovery 

intervention. 

The results demonstrated that the majority 

of the springs are subjected to anthropogenic 

pressures, primarily driven by agricultural and 

pasture expansion, as well as the reduction of 

vegetation cover in areas that should be 

dedicated to preservation, such as Permanent 

Preservation Areas (APPs) and their 

surroundings. These factors are exacerbated by 

the water scarcity contexts typical of the 

Caatinga biome. This scenario compromises the 

provision of ecosystem services linked to water 

resources, the maintenance of biodiversity, and 

the support for local economic activities. 

By combining environmental, land tenure, 

and operational variables, the proposed 

methodology emerges as a highly applicable 

technical-scientific tool to inform the creation of 

public policies and watershed environmental 

recovery programs, ultimately enhancing the 

quantity and quality of available water within 

these basins. Furthermore, the results and the 

approach can contribute to international 

commitments assumed by Brazil, such as the 

targets of the UN Decade on Ecosystem 

Restoration (2021–2030) and the Sustainable 

Development Goals (SDGs) (ONU, 2015, 2019). 

In this regard, this proposal puts forward a 

replicable protocol for other regions and biomes, 

while also reaffirming the importance of spring 

recovery as a central strategy to strengthen 

water security and promote the socio-economic 

development capacity of these territories, taking 

into account their endogenous characteristics 

and the conservation of ecosystem services. 
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