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ABSTRACT
Population growth has driven the exploitation of water resources, often accelerating their eutrophication, the magnitude of which is associated with land 

use and land cover in their drainage area. This study aims to determine which tributaries exert the greatest influence on the eutrophication of an artificial 

reservoir used for public supply. To this end, the evolution of land use and cover, and the water quality of its main tributaries, were evaluated. Two land use 

and land cover maps were generated using MapBiomas (years 2000 and 2022), and the Global Rate of Change (Mahamba et al. 2022) was calculated 

for them. Water quality parameters historically linked to eutrophication were also evaluated using descriptive statistics, and the results were compared. 

The sub-basins with predominant human activities were identified as having the highest concentrations of nutrients. However, the tributary identified 

as the main predictor of total phosphorus concentration in the reservoir is less polluted. Because it has a higher flow rate, it still satisfactorily dilutes the 

contributions of the others, so that, after treatment in accordance with the legislation, the reservoir’s waters can be used for supply. The analysis of the 

available qualitative parameters highlights total phosphorus concentration as the main factor compromising reservoir quality. Therefore, it is essential to 

control its contributions by managing land use and cover in the drainage area to ensure its continuity as a source of public supply.
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 INTRODUCTION
The preservation and conscious use of water resources, especially surface fresh-
water available for human use, is essential for the long-term maintenance of 
life (Barbosa; Novo and Martins, 2019). However, intensified use by humans 
due to population growth has resulted in the pollution and degradation of 
aquatic systems, disrupting natural ecosystems, threatening their availability, 
and making it difficult to treat them for human consumption (Muñoz-Nájera 
et al., 2020; Osti et al., 2024).

One of the effects of human pollution that affects water resources is the 
acceleration of the eutrophication process, defined as the enrichment of a 
water body with nutrients (Brasil, 2014). Eutrophication can occur natu-
rally, on a geological scale, or be accelerated to a scale of decades by human 
action, generally associated with sewage release (Osti et al., 2024). Once 

present, nutrients stimulate the growth of phytoplankton and aquatic plants 
(Khan and Mohammad, 2014) and may lead to restrictions on the possible 
uses of water (Osti et al., 2024). The main nutrients associated with eutro-
phication are nitrogen and phosphorus (Von Sperling, 1996). While nitro-
gen can be fixed from the atmosphere, phosphorus primarily enters aquatic 
systems through soil erosion and leaching. As a result, phosphorus is often 
the limiting nutrient in eutrophication, making it a more effective target for 
management interventions aimed at controlling eutrophication (Khan and 
Mohammad, 2014). According to Von Sperling (1996), the degree of eutro-
phication of a water body is usually associated with predominant land use 
and land cover (LULC) in its drainage area, making knowledge of these char-
acteristics relevant when analyzing water quality. Different forms of LULC 
and their changes over time are important drivers of environmental change 
(Demissie, 2022; Mahamba et al., 2022; Wang; Munkhnasan and Lee, 2021), 
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directly influencing the quality and quantity of water in a river basin (Preis; 
Franco and Varela, 2021). 

Several studies on LULC reveal an increase in impermeable areas to the 
detriment of vegetation areas: Borges and Oliveira (2021), Wang, Munkhnasan 
and Lee (2021), Davis and Bhaskar (2022), Mahamba et al. (2022), Demissie 
(2022), and Shekar and Mathew (2023), contributing to a decline in soil and 
water quality (Davis and Bhaskar, 2022). The reduction of natural areas such 
as forests and wetlands, which are essential for nutrient cycling, results in their 
loss on a larger scale, favoring eutrophication of water resources (Khan and 
Mohammad, 2014). According to Wieczorek et al. (2024), knowledge about a 
water body’s tributaries in terms of the inputs they carry is equally important 
for qualitative assessment.

Data obtained through monitoring routines or specific analyses, both in 
natura and as water quality indices, when associated with knowledge about 
land use, favor the identification of sources of anthropogenic pressure and/or 
natural conditions that may influence water source quality (Costa et al., 2022).

Remote sensing has been widely used in mapping LULC for different appli-
cations (Da Silva and Orlanda, 2024; Leandro, 2021; Obaid; Adam and Ali, 
2023; Pinheiro, 2024; Santos et al., 2024; Zhang et al., 2022), including moni-
toring aquatic systems, for which it overcomes the limitations of conventional 
methods (Barbosa; Novo and Martins, 2019; Malthus et al., 2019; Wieczorek 
et al., 2024). However, association with traditional in situ sampling methods 
remains necessary to improve the accuracy of remote sensing (Gholizadeh; 
Melesse and Reddi, 2016). An important tool for remote sensing is the Google 
Earth Engine (GEE) platform (Gorelick et al., 2017; Wang et al., 2020). It has 
an extensive public database, and it is possible to develop and implement inter-
active applications (Gorelick et al., 2017, Kumar and Mutanga, 2018), such as 
the MapBiomas Platform for GEE (MapBiomas, 2023). 

The lack of hydrodynamic data for the study area motivated the use of 
machine learning to estimate which tributary would be the largest contribu-
tor to total phosphorus concentration in the reservoir. This approach is pos-
sible because some machine learning methods, such as those implemented in 
the Caret package for R, inherently rank the importance of each predictor in 
a regression analysis. Given the absence of flow measurements at any of the 
sampling points studied, this metric was used to estimate the influence of each 
tributary on phosphorus concentration at the intake, since phosphorus load-
ing could not be calculated directly.

Therefore, this study aims to provide a comprehensive overview of the 
eutrophication process in a major water supply reservoir located in Southern 
Brazil. This is achieved by considering the influence of LULC in its drainage 
area by mapping its predominant LULC classes and statistically analyzing the 
qualitative contribution of its main tributaries. We expect this approach to 
confirm that sub-basins draining areas with greater human activity contribute 
more significantly to reservoir eutrophication.

METHODS
The city of Pelotas, encompassing an area of 1,608.780 km2 and an estimated 
population of 325,689 inhabitants, is situated in southern Brazil between lati-
tudes 31°28’S and 31°48’S and longitudes 52°00’W and 52°45’W (IBGE, 2022). 
The municipality is within the Pampa biome (Brasil, 2022), its climate is classi-
fied as temperate, mild mesothermal, super-humid, and without a defined dry 

season, with an average temperature ranging from 10 to 15°C (IBGE, 2002). 
The accumulated annual rainfall recorded at the Pelotas Agroclimatic Station 
(Capão do Leão) was 1,382.4 mm (INMET, 2023). Santa Bárbara Dam Reservoir 
(BSB) is located in an urban area. The dam is an artificial surface reservoir used 
for public water supply (Sanep, 2024). This reservoir is subject to blooms of 
cyanobacteria and dinoflagellates, organisms that proliferate more frequently 
in eutrophic environments (Khan and Mohammad, 2014).

The study area comprises two aquifer systems: the Crystalline Basement 
Aquifer System II (fractured type, with a predominance of Argisols) and the 
Quaternary Coastal Aquifer System II (granular type, with a predominance of 
Planosols) (IBGE, 2021; Machado and Freitas, 2005). The area surrounding 
the reservoir is characterized by urban-industrial expansion and agricultural 
activities (Korb and Suertegaray, 2014). The main tributaries of the BSB are the 
Epaminondas (EPA) and Passo do Cunha (PC) rivers, and the Sítio Floresta (SF), 
Sanga da Barbuda (SgB), and Santa Terezinha (ST) streams. Figure 1 shows the 
location of the cities of Pelotas and Arroio do Padre, the Santa Bárbara stream 
basin – upstream (BHASB-M; upstream of the dam that originated BSB), the 
sub-basins delimited in this study, the reservoir itself, the location of the water 
intake point, and BSB tributaries.

To assess the reservoir’s eutrophication status, LULC were evaluated. 
This evaluation incorporated historical water quality data provided by Pelotas 
Autonomous Sanitation Service (SANEP), the municipal basic sanitation 
agency. Additionally, the most impactful source of total phosphorus (TP) was 
investigated (see Figure 2).

In the analysis of LULC, BHASB-M and sub-basins were initially delimited 
using the SAGA (System for Automated Geoscientific Analyses) tools of the 
free software QGIS (QGIS Development, 2022), version 3.16.16 with GRASS 
7.8.5, Shuttle Radar Topography Mission (SRTM) digital elevation model 
made available by the United States Geological Survey (USGS, 2022), shapefiles 
from the Brazilian Institute of Geography and Statistics (IBGE, 2019), and ras-
ter “Occurrence” from the Global Surface Water database, from 1984 to 2021, 
provided by the Joint Research Centre (Pekel et al., 2016). After delimitation, 
BHASB-M and sub-basins were subjected to unsupervised classification accord-
ing to the MapBiomas Project, using the MapBiomas User Toolkit 1.19.0 – Land 
Use and Land Cover of the MapBiomas Platform for GEE (Siqueira, 2021) with 
the filters: Region: mapbiomas-brazil; Collection: collection8.0; Tables: biome; 
Properties: name_pt_br; Features: PAMPA; Data Type: Coverage; Buffer: none; 
Layers: “PAMPA 2000” and “PAMPA 2022” to select the years 2000 and 2022. 
Subsequently, 20 polygons were selected for comparison with Google Earth images 
(Google Earth, 2009) for visual comparison and reclassification, if necessary. To 
analyze the temporal evolution of the classes, the Global Rate of Change (GRC) 
was used (Mahamba et al., 2022). Additionally, the websites of the State Foundation 
for Environmental Protection (FEPAM) and the Secretariat of Environment and 
Infrastructure (SEMA) were consulted to verify which enterprises are registered in 
the area and their regulations for effluent disposal (FEPAM, 2023; SEMA, 2023).

Simultaneously, historical data on reservoir water quality and that of 
its contributors were tabulated and analyzed. The historical data on limno-
logical parameters came from samples collected and analyzed by the SANEP 
Laboratory Division (DLA) in accordance with APHA (2005) during the period 
from 2016 to 2022.

For the parameters Biochemical Oxygen Demand (BOD5,20), TP, Ammoniacal 
Nitrogen (AN), Dissolved Oxygen (DO), pH, and Turbidity, the mean, standard 
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deviation, maximum and minimum values, and percentage of samples outside the 
standard according to Class 2 of CONAMA Resolution 357/2005 (Brasil, 2005) 
were calculated. Boxplot graphs were also generated using Excel. Subsequently, 
using the Jamovi software (Jamovi, 2022), the presence or absence of statistically 
significant differences between groups was tested using one-way ANOVA, and 
correlation matrices were calculated using Spearman’s method after excluding 
cases with missing data.

To verify which tributary(ies) had the greatest influence on TP contribu-
tion to BSB, we chose machine learning, as hydrodynamic data was unavailable. 
Moreover, the small sample size of the TP dataset (n = 37) limits robust assess-
ment of seasonal variability. After training with cross-validation, the data were 
modeled using the Random Forest method, considering TP concentrations in the 
streams as predictors of TP concentration in the reservoir. Training and validation 
were performed using the trainControl and train functions of the Caret package 
within the RStudio software environment (R Core Team, 2021). We utilized the 
k-fold cross-validation method (k = 10) and the Random Forest method with 500 
trees (default parameters), respectively. Subsequently, the predictors were ranked 
according to their importance using a metric specific to the statistical package 
employed, referred to as “importance”. This metric indicates the relative signifi-
cance of predictors, aligning with our objective to determine the degree of influ-
ence of each variable. The integration of the two approaches described allowed us 
to estimate a comprehensive overview of the BSB reservoir’s eutrophication status.

RESULTS AND DISCUSSION
The delimitation of BHASB-M revealed that the EPA, PC, SgB, and ST streams 
drain, respectively, the sub-basins of the Santa Bárbara river (SBASB), the Meio 
river (SBAM), the Sanga da Barbuda stream (SBSB), and the Santa Terezinha 
stream (SBST). There is no identification or monitoring of the tributary that 
drains the sub-basin of the industrial district (SBDI). According to Korb (2006), 
the EPA tributary is an intermittent stream with relatively well-preserved nature. 
The PC tributary is a perennial stream influenced by urbanization and agriculture, 

BHASB-M: Santa Bárbara Stream Basin – Upstream; BSB: Santa Bárbara Dam Reservoir; SBDI: Industrial District Sub-basin; SBASB: Sant a Bárbara River Sub-basin; SBAM: 

Meio River Sub-basin; SBSB: Sanga da Barbuda Stream Sub-basin; SBST: Santa Terezinha Stream Sub-basin.

Figure 1 – Location of the Santa Bárbara stream basin and its respective sub-basins.

BSB: Santa Bárbara Dam Reservoir.

Figure 2 – Methodology.
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used for recreational activities. The SgB stream receives sewage, urban drainage, 
and agriculture, and all the input from SF. The ST stream is highly urbanized, 
receiving sewage, urban drainage, and livestock waste. Occupying 87.54 km2, 
40.82% of BHASB-M’s area is covered by SBASB, 24.25% by SBSB, 12.96% by 
SBAM, 12.03% by SBDI, and 2.04% by SBST. The remaining 7.90% is occupied 
by the reservoir and direct drainages to it (diffuse contribution area, identified 
as “area” in Figure 1). BHASB-M is a 4th-order basin, characterized by a gently 
undulating relief (average slope = 4.67%), low drainage density (1.49 km.km-

2), and low flooding tendency (Kc = 2.01). Regarding altitude, 73.47% of its 
total area is below or equal to 40m, and 82.96% of its relief varies from flat to 
gently undulating. The sub-basins all share a gently undulating relief (3.32 to 
6.15%), low drainage density (1.06 to 1.70 km.km-2) and low flooding tendency 
 (Kc from 1.63 to 2.87), with SBST being of 2nd order and the others of 3rd order.

The characteristics of most of BHASB-M suggest a tendency toward low 
surface runoff velocity and good infiltration rates, conditions that contribute to 
reduced soil erosion. However, the sandy characteristics of the soil overlying the 
granular aquifer and the greater erodibility near the springs (Schumann; Beskow 
and Bressiani, 2021) highlight the need to protect the banks of watercourses. 
This concern is also cited by the Municipal Basic Sanitation Plan (PMSB) (Sanep, 
2018) in relation to the Santa Bárbara stream basin (BHASB). Furthermore, 
according to Tundisi and Matsumura-Tundisi (2008), particles of terrestrial ori-
gin transported to a reservoir undergo a sedimentation process involving adsorp-
tion/desorption of phosphate during displacement within the water mass and 
immobilization of nutrients in the bottom sediment. These nutrients become 

available to biogeochemical cycles according to their structural form – especially 
their oxidation state and degree of dissolution – thus favoring eutrophication.

Considering the classes proposed by the MapBiomas Project for the study 
area (MapBiomas, 2023), it was found that the polygons classified as “Forest 
Formation”, “Silviculture”, “Grassland Formation”, “Soybean”, “Other Temporary 
Crops”, “Other Non-Vegetated Areas”, “Urbanized Area”, “River, Lake, and Ocean”, 
“Mosaic of Uses” and “Flooded Field and Marshy Area” corresponded satisfactorily 
to the LULC observed in the satellite images for the years analyzed. Furthermore, 
in most of the polygons observed, the Mosaic of Uses class occurs close to the 
classes associated with Agriculture, primarily at the boundaries with other classes. 
It also occurs near the Forest and Grassland Formations, Silviculture, and Wooded 
Restinga, consisting, as its name suggests, of a mixture of different features.

The polygons classified as Wooded Restinga, however, correspond to 
Silviculture, considering the Google Earth Pro satellite images for the years under 
analysis. Knowing that restinga vegetation is characteristic of coastal regions, 
this spectral confusion may have occurred because Pelotas is part of the coastal 
municipalities of Brazil (CIRM, 1997), making this specific land use and occu-
pation class applicable to the region. Therefore, it was decided to reclassify the 
Wooded Restinga class as Silviculture and to combine the Soybean, Rice, and 
Other Temporary Crops classes into their previous classification level, called 
Agriculture, for the two years analyzed. The study area now comprises the fol-
lowing classes: “Forest Formation”, “Silviculture”, “Flooded Field and Marshy 
Area”, “Grassland Formation”, “Agriculture”, “Mosaic of Uses”, “Urbanized Area”, 
“Other Non-Vegetated Areas,” and “River, Lake, and Ocean” (see Figure 3).

Figure 3 – Land use and land cover of the Santa Bárbara stream basin after reclassification.

http://km.km
http://km.km
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Table 1 shows the areas (in km2) from the maps shown in Figure 3, the rela-
tive percentages for each LULC type, and the percentage of increase or decrease 
in the area of each class during the analyzed period (GRC, %).

Table 1 shows that, according to the GRC, the following classes had an 
area increase, in decreasing order: Flooded Field and Marshy area (83.33%), 
Urbanized area (80.01%), Mosaic of Uses (55.74%), Agriculture (14.04%), and 
Silviculture (11.91%). A reduction in area occurred for the classes: Grassland 
Formation (-25.83%), Other Non-Vegetated Areas (-15.65%), River, Lake, and 
Ocean (-10.20%), and Forest Formation (-7.52%). Although a reduction occurred 
during the evaluated period, Grassland Formation continues to be the predomi-
nant class in BHASB-M, covering 26.97% of its total area in 2022. The 80.01% 
increase in the Urbanized Area is worth highlighting. Even though the largest 
increase occurred in the Flooded Field and Marshy class, the other expanding 
classes are associated not only with greater soil impermeability but also with 
increased nutrient input, such as the Urbanized Area and Agriculture classes, 
due to domestic sewage and fertilizers. In addition, there was a reduction in 
the Forest Formation class, which is equally important in preventing sediment 
transport via surface runoff.

The Forest Formation, Flooded Field and Marshy Area, and Grassland 
Formation classes together occupied 51.15% of BHASB-M in 2000, corre-
sponding to an area of 44.94 km2. By 2022, this area had been reduced to 36.25 
km2, now occupying 41.28% of the basin. Disregarding the aforementioned 
classes and the River, Lake, and Ocean class, which experienced a reduction 
of less than 0.5 km2, the other classes together occupied 38.74 km2 (44.10%) in 
2000, increasing to 47.81 km2 (54.45%) in 2022. When considering the former 
as natural formations and the latter as anthropogenic formations, these results 
indicate an increase in the influence of human actions within BHASB-M, even 
with the relatively comfortable situation of retaining more than 40% of its area 
covered by natural formations.

Disconzi et al. (2016) compared land use and occupation in BHASB by 
applying supervised classification to single images from 1999, 2010 (Landsat 
5), and 2016 (Landsat 8). They concluded that between 1999 and 2016, there 
was an increase in the quarry, urban, crop, and field classes, and a decrease 
in the reservoir and forest classes. The authors attributed the increase in the 
urban class to the natural development of the region, and the increase in the 

crop and field classes and decrease in the forest class to the return of rural 
producers and deforestation of reforested eucalyptus. Regarding the decrease 
in the reservoir class, the authors believe that it is associated with the date of 
acquisition of the satellite images used – specifically, the 1999 image being 
from August (wet season) and the 2016 image from February (dry season). It 
is worth noting that the analysis by Disconzi et al. (2016) refers to the entire 
BHASB, whose outlet is located in the São Gonçalo Channel, and not only 
to BHASB-M, whose outlet is located near the dam that formed BSB. In any 
case, the increase in the quarry, urban, crop, and field classes, all considered 
to be under anthropic influence, agrees with the conclusions of this study, as 
mentioned in the previous paragraph.

Table 2 shows a comparative summary of the results of the sub-basins, 
considering the same analysis logic used for BHASB-M.

Considering the Forest Formation, Flooded Field and Marshy Area, and 
Grassland Formation classes as having natural and semi-natural terrestrial 
vegetation, and the Agriculture, Silviculture, Mosaic of Uses, Urbanized Area, 
and Other Non-Vegetated Areas classes as anthropogenic areas, there was a 
decrease in natural cover and an increase in anthropogenic cover across most 
sub-basins. SBAM is an exception. It suffered minimal change, with natu-
ral cover remaining stable at approximately 45%, and anthropogenic cover 
was around 54% of its total area. Natural formations decreased from 45.24 to 
34.11% in SBDI, 69.78 to 58.21% in SBASB, 33.52 to 19.77% in SBSB, and 30.84 
to 18.37% in SBST. Concurrently, the increase in anthropogenic areas was from 
49.76 to 61.64% in SBDI, 29.40 to 41.45% in SBASB, 65.85 to 79.71% in SBSB, 
and 69.16 to 81.63% in SBST.

Siqueira et al. (2019) analyzed LULC dynamics between 1953 and 2018 in 
the EPA river basin (corresponding to SBASB in the present study) to support a 
pilot project for Payment for Environmental Services (PES). The authors reported 
that by 2018, 78% of the 33.2 km2 drainage area was occupied for anthropogenic 
uses (mining, urbanization, agriculture, pasture, and Silviculture) and 21% by 
natural cover (grassland, forest, water bodies). In contrast, our 2022 assessment 
indicates that natural cover (specifically the sum of the Grassland and Forest 
Formation classes) now exceeds 50% of the SBASB coverage.

Figure 4 illustrates the location of active mining processes and indus-
tries (SEMA, 2023), and the water bodies receiving treated industrial effluents 

Table 1 – Main results and temporal variation of land use and land cover classes.

LULC
2000 2022

GRC (%)
(A, km2) (A, %) (A, km2) (A, %)

Forest Formation 12.42 14.13 11.48 13.08 -7.52

Silviculture 12.73 14.49 14.25 16.22 11.91

Flooded Field and Marshy Area 0.59 0.68 1.09 1.24 83.33

Grassland Formation 31.93 36.34 23.68 26.97 -25.83

Mosaic of Uses 5.23 5.96 8.15 9.28 55.74

Urbanized Area 3.32 3.78 5.97 6.80 80.01

Other Non-Vegetated Areas 1.58 1.80 1.33 1.52 -15.65

River, Lake, and Ocean 4.18 4.75 3.75 4.27 -10.20

Agriculture 15.89 18.08 18.12 20.63 14.04

Total 87.86 100.00 87.82 100.00 -

LULC: land use and land cover. 

Source: MapBiomas (2023).
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Table 2 – Comparison of results across sub-basins. 

LULC SBDI SBASB SBAM SBSB SBST

Forest Formation ↑
↓

2ª (24.10%)

↓ 

(-40.39%)
↓ Not detected

Silviculture ↓ ↑
↓

1ª (38.68%)

↑
2ª (17.53%)

↑ 
(62.75%)

Flooded Field and Marshy Area ↑
↑ 

(127.03%)
↑ ↑ ↑

Grassland Formation
↓

2ª (26.05%)

↓
1ª (32.94%)

↑
2ª (35.71)

↓
↓

2ª (18.20%)

Mosaic of Uses ↑ ↑ ↓ ↑ It disappeared

Urbanized Area
↑ 

(122.89%)
↑

↑ 

(262.12%)

↑ 

(113.53%)

↑
1ª (75.54%)

Other Non-Vegetated Areas ↓ ↑ ↑
↓ 

(-56.29%)

↓ 

(-51.85%)

River, Lake, and Ocean
↓ 

(-15.15%)

↓ 

(-58.98%)
↓ ↓ Not detected

Agriculture
↑

1ª (43.08%)
↑ ↑

↓
1ª (32.22%)

It disappeared

SBDI: Sub-basin Industrial District; SBASB: Sub-basin Santa Bárbara river; SBAM: Sub-basin Meio river; SBSB: Sub-basin Sanga da Barbuda; SBST: Sub-basin Santa Terezinha; 

GRC: Global rate of change; (↑) increase; (↓) decrease; Numbering next to the increase or decrease symbols: largest increase and largest decrease; 1st: Predominant class; 2nd: 

Second largest occurrence.

Source: MapBiomas (2023).

SBASB: Santa Bárbara River Sub-basin; SBDI: Industrial District Sub-basin; SBAM: Meio River Sub-basin; SBSB: Sanga da Barbuda Stream Sub-basin; SBST: Santa Terezinha 

Stream Sub-basin; BSB: Santa Bárbara Dam Reservoir.

Figure 4 – Location of legally registered facilities within the study area.
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(FEPAM, 2023). Within the sub-basins, the industrial inventory comprises: a 
parboiled rice mill in SBDI; clay and granite mining, alongside plastics and 
grain-drying industries in SBASB; sand mining and a non-parboiled rice mill 
in SBAM; eight industrial units in SBSB, including parboiled and non-parboiled 
rice mills, grain-drying, a slaughterhouse, animal feed, fish and solid waste pro-
cessing plants. Vegetable oil production and refining are located within the dif-
fuse contribution area. Registered mining activities do not generate effluents 
(FEPAM, 2023). Notably, under CONAMA Resolution 430/2011 (Brasil, 2011), 
all registered industries are authorized to discharge treated liquid effluents into 
the public sewage network; three of these discharge points are highlighted in 
Figure 4. The plastics manufacturer is an exception, utilizing an on-site reser-
voir for effluent management.

LULC classification using MapBiomas and Google Earth imagery, inte-
grated with environmental records, revealed distinct sub-basin characteristics. 
SBDI and SBASB are characterized by a predominance of grassland and agri-
cultural areas, while SBAM is primarily composed of grassland. In contrast, 
SBST is highly urbanized. SBSB, which integrates agriculture, silviculture, and 
urban areas, concentrates the highest density of industrial facilities with high 
pollution potential. In this context, SBSB and SBST offer the greatest contami-
nation risks to BSB, particularly through surface runoff, which was not quan-
tified in this study due to data unavailability. Notably, the Urban Drainage 
Master Plan (Sanep, 2018), supplementary to the PMSB, proposes the imple-
mentation of several detention basins for runoff control in the Santa Bárbara 
Canal (downstream of the dam), encompassing part of the SBST drainage area. 
This project, once implemented, is expected to mitigate contamination risks 
to BSB waters via this pathway.

Table 3 summarizes descriptive statistics (mean, standard deviation, and 
maximum and minimum values) and the percentage of samples exceeding 
the Maximum Permissible Value (MPV) established for Class 2 waters under 
CONAMA Resolution 357/2005 (Brasil, 2005). Water quality data were col-
lected between 2016 and 2022 at the BSB intake and the EPA, PC, SgB, and ST 
streams. The monitored parameters included BOD5,20, DO, Turbidity (measured 
as Nephelometric Turbidity Units (NTU)), pH, TP, and AN. The EPA, PC, SgB, 
and ST streams drain, respectively, SBASB, SBAM, SBSB, and SBST sub-basins. 
The MPVs for each parameter are as follows: BOD5,20 ≤ 5mg O2.L

-1; DO ≥ 5mg 
O2.L

-1; Turbidity ≤ 100 NTU; 6.0 ≤ pH ≤ 9.0; TP ≤ 0.03mg.L-1; and AN ≤ 2mg.L-1. 
Table 3 indicates that, except for TP, all parameters comply with the regu-

latory limits on average (Brasil, 2005). The percentages that exceeded the lim-
its are primarily attributed to outliers, as the mean increased value of the stan-
dard deviation remains within the MPV (in the case of DO, both increased 
and decreased values). Therefore, BSB water quality can be considered suit-
able for public supply treatment. However, the recurrent eutrophic condition, 
evidenced by elevated TP levels, calls for strategies for the implementation of 
effective mitigation measures.

The analysis of Table 3 reveals that, except for Turbidity in EPA and pH in 
EPA, SgB and ST, all parameters exhibited values exceeding regulatory stan-
dards across all monitoring sites. TP concentrations exceeded MPV in 72 to 
98% of observations for BSB, EPA, and PC, with a peak concentration of 1.53 
mg.L-1 recorded at BSB. In contrast, SgB and ST showed 100% exceedance for 
TP, reaching a maximum of 12.58 mg.L-1 in SgB. Drained to SgB, SBSB is char-
acterized by intensive agricultural land use, where the widespread application 
of phosphate-based fertilizers serves as a primary nutrient source.

Table 3 – Mean ( , mg.L-1), standard deviation (sd, mg.L-1), minimum and maximum values​​, and percentage of samples exceeding the CONAMA 357/05 regulatory limits 
(Brasil, 2005).

BSB EPA PC SgB ST

BOD
5,20

 

(mg.L-1)

 ± sd 2.29 ± 2.42 8.43 ± 28.17 5.84 ± 5.96 28.73 ± 35.49 44.82 ± 32.97

Min/max 0.30-14.20 Zero-195.00 0.80-26.77 2.40-155.00 9.33-141.33

%out 12.00% 20.41% 34.69% 87.76% 100%

DO 

(mg.L-1) 

 ± sd 7.04 ± 1.24 7.58 ± 2.32 6.27 ± 1.99 3.32 ± 1.60 2.31 ± 1.29

Min/max 4.10-9.90 2.60-13.69 1.50-11.40 0.30-6.50 0.40-5.50

%out 3.90% 9.80% 21.57% 82.35% 95.12%

Turbidity

(NTU) 

 ± sd 42.79 ± 35.46 16.32 ± 9.82 43.30 ± 43.06 20.46 ± 16.46 39.23 ± 66.94

Min/max 1.93-190.00 6.44-53.20 8.42-271.00 6.20-108.00 5.50-440.00

%out 9.21% Zero 3.92% 1.96% 2.44%

pH

 ± sd 7.16 ± 0.49 7.17 ± 0.34 6.95 ± 0.47 7.44 ± 0.33 7.40 ± 0.41

Min/max 6.12-9.77 6.31-7.91 8.14-5.79 6.35-8.43 8.94-6.62

%out 1.30% Zero 1.96% Zero Zero

TP 

(mg.L-1)

 ± sd 0.47 ± 0.27 0.13 ± 0.16 0.39 ± 0.27 4.76 ± 2.61 3.10 ± 1.08

Min/max Zero-1.53 Zero-1.02 0.02-1.28 1.16-12.58 0.86-4.65

% out 94.74% 72.00% 98.00% 100% 100%

AN 

(mg.L-1)

 ± sd 1.14 ± 0.68 0.89 ± 0.73 1.39±0.94 12.11 ± 5.64 20.38 ± 10.98

Min/max Zero-3.82 Zero-2.80 Zero-5.60 2.80-28.00 2.80-58.80

%out 9.21% 10.00% 22.00% 100% 100%

BSB: Santa Bárbara Dam Reservoir; EPA: Epaminondas river; PC: Passo do Cunha river; SgB: Sanga da Barbuda stream; ST: Santa Terezinha stream; Min: minimum value; Max: 

maximum value; %out: % of values out of VMP; BOD
5,20

: biochemical oxygen demand (5 days, 20°C); DO: dissolved oxygen; TP: total phosphorus; AN: ammoniacal nitrogen.
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Similarly, AN levels exceeded the MPV in 9.21 to 22.00% of samples for BSB, 
EPA, and PC, with a maximum of 5.60 mg.L-1 in the PC tributary. Regarding SgB 
and ST, AN levels exceeded MPV in 100% of the cases, reaching a maximum of 
58.80 mg.L-1 in ST. The area drained by ST corresponds to SBST, whose contri-
bution is predominantly urban, suggesting that domestic sewage and untreated 
urban runoff are the key drivers of nitrogen enrichment.

BOD5,20 concentrations exceeded regulatory limits most frequently in SgB 
and ST, which is consistent with the high organic loads received by these tribu-
taries. However, the maximum value across all locations was recorded in EPA 
(195 mg.L-1). The EPA river drains SBASB, where land use is dominated by 
grassland and agriculture; the organic enrichment detected may be associated 
with extensive livestock grazing in these areas.

Furthermore, while DO levels fell below the standard in the EPA and PC 
tributaries, the lowest concentrations were observed in SgB and ST (0.30 and 
0.40 mg.L-1, respectively). These tributaries also exhibited mean values below the 
regulatory threshold and a higher frequency of non-compliance. Such results are 
attributed to severe anthropogenic pollution, as previously discussed.

Coradi et al. (2009) evaluated several surface watercourses in the munici-
pality of Pelotas, including BSB, using 1996 data collected during a reported 
drought event. The authors identified TP as the parameter with the most sig-
nificant environmental impact, reporting a mean concentration of 16.3 mg.L-1 
(ranging from 0.6 to 43.6 mg.L-1).

Previously, Piedras et al. (2006) characterized the eutrophication of BSB 
as “the most immediate challenge to be addressed” based on longitudinal stud-
ies published in the late 1970s. The authors evaluated BSB, PC, and SgB and 
obtained results in the same order of magnitude as those shown in Table 3 for 
the DO, pH, AN, and TP parameters. They concluded that the waters of BSB 
remained suitable for public supply treatment under Class 2 regulatory stan-
dards (Brasil, 2005) and that the reservoir maintained significant capacity to 
dilute the effluents received.

Figure 5 presents the boxplots for the six water quality parameters moni-
tored at BSB and its tributaries. Notably, TP and AN concentrations are sig-
nificantly elevated in the SgB and ST tributaries compared to the other moni-
toring sites. These results are attributed to intensive agricultural activities and 
urbanization in these drainage areas, including phosphate-based fertilizers and 
untreated domestic sewage. Similarly, BOD5,20 levels are higher in ST than in 
the remaining locations, further correlating with the high degree of urbaniza-
tion in SBST. Finally, DO concentrations are markedly lower in the SgB and ST, 
which is consistent with the high organic and nutrient enrichment observed 
in these specific tributaries.

A one-way Analysis of Variance (ANOVA) was performed to evaluate 
whether statistically significant differences existed between the monitoring sites 
for each parameter. The ANOVA results indicated significant differences among 
the sites evaluated, requiring post-hoc tests for pairwise comparisons. According 
to Levene’s test, pH exhibited homogeneity of variance; thus, Fisher’s adjustment 
and Tukey’s test were applied. For the remaining parameters, which displayed 
heteroscedasticity (heterogeneous variances), Welch’s ANOVA adjustment and 
Games-Howell post-hoc test were employed. The results are summarized in Table 4.

The results in Table 4 are consistent with the boxplot trends, as both indi-
cate statistical similarities among BSB, PC, and EPA. These sites exhibited pre-
dominantly lower concentrations than SgB and ST, particularly for TP, AN, and 
BOD5,20, which function as key pollution indicators. The low DO levels in SgB and 
ST further support the classification of these tributaries as the most degraded.

The annual mean of TP, AN, and BOD5,20 across all monitoring sites from 
2016 to 2022 is shown in Table 5.

Regarding TP concentrations, Table 5 indicates that the highest mean values 
were predominantly observed in the SgB tributary, followed by ST. This pattern 
is attributed to the fact that approximately 50% of SBSB, drained by SgB, is occu-
pied by agriculture and silviculture, activities characterized by the intensive use 

BOD: biochemical oxygen demand.

Figure 5 – Boxplots of the analyzed water quality parameters: (a) Total Phosphorus (TP), (b) 
Ammoniacal Nitrogen (AN), (c) BOD

5,20
, (d) Dissolved Oxygen (DO), (e) Turbidity, and (f) pH.

Table 4 – Pairs of monitoring sites with no statistically significant differences based on post-hoc tests (p > 0.05).

Results TP AN BOD
5,20

DO Turbidity pH

p > 0.05 BSB, PC BSB, PC BSB, EPA BSB, PC ST, SgB BSB, EPA

BSB, EPA EPA, PC BSB, EPA BSB, PC EPA, PC

SgB, ST EPA, SgB EPA, ST

ST, BSB SgB, ST

ST, EPA

ST, PC

TP: Total phosphorus; AN: Ammoniacal nitrogen; BOD: Chemical oxygen demand; DO: Dissolved oxygen; BSB: Santa Bárbara Dam Reservoir; EPA: Epaminondas river; PC: 

Passo do Cunha river; SgB: Sanga da Barbuda stream; ST: Santa Terezinha stream.
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of phosphate-based fertilizers. BSB and PC exhibited very similar mean con-
centrations. The maximum annual TP averages occurred in 2020 across all the 
sites monitored, likely due to the severe drought in the region, which caused 
reduced dilution capacity. 

For AN, Table 5 reveals the highest annual mean concentrations in the ST 
tributary, followed by SgB. The ST drainage area, SBST, is primarily impacted 
by urban runoff and domestic sewage discharge. The maximum mean concen-
trations for this parameter were recorded in 2019 for ST, in 2022 for BSB, and 
in 2020 for the remaining sub-basins. 

Based on the mean BOD5.20 concentrations presented in Table 5, the ST 
and SgB tributaries exhibited the highest annual levels, indicating a more pro-
nounced state of water degradation. This assessment is corroborated by the 
lower DO concentrations recorded in these watercourses (see Table 3). Notably, 
mean BOD5,20 concentrations at the BSB site did not exceed the MPV estab-
lished by CONAMA Resolution 357/2005 (BOD5,20 ≤ 5mg O2.L

-1). The highest 
BOD5,20 values occurred in 2022 for SgB and ST, in 2018 for EPA, in 2019 for 
PC, and in 2017 for BSB.

These findings indicate that the SgB and ST tributaries are the most 
qualitatively degraded, which aligns with the LULC analysis regarding 

anthropogenic inputs from their respective sub-basins. At the catchment 
point (BSB), TP and AN concentrations were lower than those in SgB and 
ST, showing a similar order of magnitude as PC and EPA (see Figure 5, 
Table 3). This pattern may be attributed to nutrient uptake by phytoplank-
ton organisms (Cunha; Calijuri and Lamparelli, 2013) and/or the dilution 
capacity provided by other tributaries, especially the PC tributary. Although 
flow measurements were not performed, field observations suggest that the 
PC tributary contributes with a significantly higher volume of water com-
pared to the other sites. 

To evaluate the correlations between parameters across different locations, 
variables were identified using acronyms combining the parameter and the loca-
tion (e.g., “pH-EPA” represents pH value in the EPA tributary). Considering 
that most of the datasets did not follow a normal distribution, the Spearman’s 
rank correlation method (ρ) was employed. 

Statistically significant Spearman correlations (p < 0.05) with coefficients 
(ρ) exceeding ± 0.6 were identified across ten parameter-site sets. For analyti-
cal clarity, these correlations were categorized into: 
(i)	 identical parameters across distinct monitoring sites (Table 6) and 
(ii)	 distinct parameters within the same site (Table 7). 

Table 5 – Annual mean concentrations (mg.L-1) of Total Phosphorus (TP), Ammoniacal Nitrogen (AN), and BOD
5,20

 for each monitoring site.

2016 2017 2018 2019 2020 2021 2022

BSB

TP 0.38 0.29 0.59 0.36 0.77 0.30 0.58

AN 0.85 0.65 1.23 0.93 1.68 0.81 1.80

BOD
5,20

1.59 4.25 1.08 1.86 2.07 3.33 1.97

EPA

TP 0.10 0.04 0.12 0.14 0.57 0.20 0.10

AN 1.13 0.64 0.70 0.72 2.32 1.36 0.89

BOD
5,20

5.01 2.71 24.07 6.52 4.63 1.17 6.80

PC

TP 0.24 0.33 0.51 0.27 0.77 0.30 0.57

AN 1.64 0.86 1.47 1.13 2.23 1.57 1.83

BOD
5,20

3.94 5.29 6.11 7.17 4.78 2.63 7.96

SgB

TP 3.92 3.54 4.51 5.33 6.68 3.90 6.67

AN 15.05 11.76 13.65 11.07 16.10 8.40 9.60

BOD
5,20

16.18 28.781 19.73 33.18 21.80 16.30 55.00

ST

TP NA 2.93 2.71 3.01 4.04 2.55 3.99

AN NA 18.90 20.84 24.84 18.90 18.67 15.60

BOD
5,20

NA 32.10 37.93 43.47 47.65 27.40 76.99

BSB: Santa Bárbara Dam Reservoir; EPA: Epaminondas river; PC: Passo do Cunha river; SgB: Sanga da Barbuda stream; ST: Santa Terezinha stream; AN: ammoniacal nitrogen; 

BOD
5,20

: biochemical oxygen demand (5 days, 20°C); TP: total phosphorus. 

Table 6 – Summary of strong Spearman’s coefficients (ρ) for the same parameters at distinct locations and their primary contributing factors. 

Parameter-site  ρ Primary contributing factors

AN-PC and AN-EPA + 0.751
The similarity observed between the PC/EPA and SgB/ST sites regarding these positive correlations was attributed to 

their contrasting water quality profiles: the relatively preserved nature of EPA and PC versus the severely impacted status 

of SgB and ST.

DO-SgB and DO-ST + 0.656

pH-PC and pH-EPA + 0.646

TURB-SgB and TURB-EPA + 0.638

Although EPA exhibits different qualitative water characteristics compared to ST and SgB, these three tributaries share 

low-flow hydrological regimes. Given that EPA is an intermittent stream while ST and SgB operate as drainage channels, 

they exhibit elevated sensitivity to water level fluctuations driven by pluvial variability.

BSB: Santa Bárbara dam reservoir; EPA: Epaminondas river; PC: Passo do Cunha river; SgB: Sanga da Barbuda stream; ST: Santa Terezinha stream; AN-PC: Ammoniacal Nitrogen of 

Passo do Cunha river; AN-EPA: Ammoniacal Nitrogen of Epaminondas river; DO-SgB: Dissolved Oxygen of Sanga da Barbuda stream; DO-ST: Dissolved Oxygen of Santa Terezinha 

stream; pH-PC: pH of Passo do Cunha river; pH-EPA: pH of Epaminondas river; Turb-SgB: Turbidity of Sanga da Barbuda stream; Turb-EPA: Turbidity of Epaminondas river
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Table 7 – Summary of strong Spearman’s coefficients (ρ) for distinct parameters within the same monitoring sites and their primary contributing factors.

Parameter-site  ρ Primary contributing factors

TURB-BSB and AN-BSB + 0.701
The positive correlations between these parameters align with the documented intensification of eutrophication 

associated with siltation (Tundisi and Matsumura-Tundisi, 2008). This relationship is primarily driven by the absorption of 

nutrients onto the surface of suspended particulate matter (Turbidity).

TP-BSB and AN-BSB + 0.699

TP-BSB and TURB-BSB + 0.700

DO-ST and TP-ST - 0.615

The negative correlation observed between these parameters is attributable to intense anthropogenic pressure in 

this environment, characterized by high concentrations of Total Phosphorus and organic matter. The subsequent 

biochemical oxidation of this organic load leads to a significant depletion of Dissolved Oxygen levels. 

DO-PC and AN-EPA - 0.629

This instance represents the only pair comprising distinct parameters across different monitoring sites, reflecting the 

high similarity of water quality profiles of these tributaries. The negative correlation between DO and AN at these sites is 

attributable to DO consumption during nitrification and organic matter oxidation. 

BSB: Santa Bárbara Dam Reservoir; EPA: Epaminondas river; PC: Passo do Cunha river; SgB: Sanga da Barbuda stream; ST: Santa Terezinha stream; Turb-BSB: Turbidity of Santa 

Bárbara Dam Reservoir; AN-BSB: Ammoniacal Nitrogen of Santa Bárbara Dam Reservoir; TP-BSB: Total phosphorus of Santa Bárbara Dam Reservoir; DO-ST: Dissolved Oxygen of 

Santa Terezinha stream; TP-ST: Total phosphorus of Santa Terezinha stream; DO-PC: Dissolved Oxygen of Passo do Cunha river; AN-EPA: Ammoniacal Nitrogen of Epaminondas river.

Tables 6 and 7 provide correlation values and the hypothesized mechanisms 
governing these relationships.

The correlation analysis did not identify any single tributary as a dominant 
influence on BSB water quality, as no coefficients exceeded the ± 0.6 threshold 
for any evaluated parameter. 

Therefore, using TP concentration as the primary indicator of eutrophication 
(among the available parameters), a machine learning approach was employed 
to identify the most significant predictor(s) of TP-BSB among the tributaries. To 
achieve this, the dataset was trained with the Random Forest algorithm (500 trees, 
default parameters) and cross-validation (k = 10).  Given the limited sample size 
(n = 37), the entire dataset was used for training and validation to maximize the 
model’s generalization ability, rather than splitting it into discrete training and 
testing sets. It should be emphasized that the objective of this procedure was to 
obtain the relative feature importance of each predictor rather than developing 
a predictive equation. The results of the “importance” metric revealed that the 
most influential predictor of TP-BSB was the PC tributary (0.57), followed by 
SgB (0.44), ST (0.32), and EPA (0.21). This hierarchy reinforces the reservoir 
dilution capacity and is consistent with the higher volumetric contribution on 
the PC tributary to BSB, as previously noted.

CONCLUSION
This study enhances understanding of the BHASB-M drainage area by identify-
ing the SBSB and SBST sub-basins as the primary sources of nutrient loading, 
potentially causing BSB eutrophication. This finding is supported by the LULC 
characteristics of these sub-basins and high nutrient concentrations observed 
in water quality assessments. Notably, the lower nutrient levels observed in the 
reservoir indicate that inflows from less impacted sub-basins provide substan-
tial dilution capacity, especially considering the importance of the PC tributary 
as a primary predictor of TP concentrations in the reservoir. This highlights its 
importance in mitigating nutritional loads through volumetric contribution. 

Regarding LULC dynamics, despite 25.83% decline during the study period, 
Grassland Formation remains the predominant class in BHASB-M, occupying 26.97% 
of its total area in 2022. The increase in the area of classes considered non-natural 
formations highlights greater anthropic influence on land occupation, even though 
more than 40% of BHASB-M remains covered by natural vegetation. Although the 
Urbanized Area class represented only 6.80% of the total area of BHASB-M in 2022, 
the 80.01% increase from 2000 to 2022 emphasizes the urgent need for integrated 

sanitary planning (including stormwater management and domestic/industrial 
wastewater treatment). This is especially necessary in the most impacted sub-basins, 
SBSB and SBST. Additionally, considering pollutant dilution provided by the PC 
tributary, prioritizing the preservation of this sub-basin is essential. Implementing 
mitigation strategies for degraded areas in other sub-basins is also equally important. 

Regarding the specific contributions of each sub-basin, SBSB, drained by 
the SgB tributary, characterized by predominance of agriculture, silviculture, 
and urbanized areas, had the highest TP concentrations. In SBST, where more 
than 75% of its surface is urbanized, AN was the dominant pollutant at the ST 
tributary. SBASB, drained by the EPA tributary, has more than 50% of its area 
covered by natural grassland and forest formations, and had the highest BOD5,20 
concentrations, possibly because of organic matter decomposition. SBAM, pre-
dominantly occupied by silviculture and grassland, is drained by the PC tributary. 
Despite its lower pollutant concentrations, PC emerged as the primary predictor 
of TP concentration in the BSB, primarily due to its higher volumetric contri-
bution, which provides substantial dilution capacity. The SBDI, which is mostly 
occupied by the Agriculture and Grassland Formation classes, does not have its 
tributaries monitored. Within this context, drainage of the SBSB and SBST sub-
basins poses the greatest risks to BSB water quality. These areas exert the great-
est influence on reservoir eutrophication due to their high nutrient loading.

Given the environmental and economic importance of the reservoir and its 
drainage to the municipality, investments in the management of BHASB-M are 
essential to reduce eutrophication and its associated consequences.
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