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Abstract: This study focuses on the Cereja River, a Permanent Preservation Area located in Amazon coast. The
hypothesis tested was that the water quality of the Cereja River has worsened over recent years due to
unplanned urban growth. To assess changes in the water quality, seven campaigns were undertaken with data
being collected at six fixed points, during two distinct periods (2013-2014 and 2018-2019). High-resolution
satellite images from GoogleEarth (2012 and 2019) were used to register unplanned occupation. The DPSWR
(Driver-Pressure-State-Welfare-Response) socioecological framework was used to identify potential measures
for the management of environmental and anthropogenic problems. The increase in the number of households
found on the Cereja margins between 2012-2019 has contributed to the river’s intense trophic condition, low
concentrations of dissolved oxygen, high concentrations of pathogenic bacteria, and loss of vegetation cover.
The water of the Cereja River is inadequate for any human use, and its contamination is one of the principal
factors determining the reduction of the water quality of the Caeté estuary. According to the obtained results,
the DPSWR model proved to be an excellent analytical tool for the evaluation of specific local scenarios,
through the integrated analysis of socio-environmental issues. The scenario observed can be extrapolated to
other rivers located within urban areas in the Amazon region that have relatively unplanned growth.
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1. Introduction

Contamination by pathogenic bacteria is among the most frequent motives for the prohibition
of access to rivers worldwide (Garcia-Armisen and Servais 2007; Mitch et al. 2010; Muniz et al. 2020).
Adequate river management is crucial, given that high levels of bacterial contamination may
represent a risk to the health of bathers, non-contact recreational users, and the consumers of raw or
undercooked food that has come into contact with the river water (Lee et al. 2016; Seo et al. 2019).
These pathogenic bacteria include coliforms and enterococci, which can cause serious illnesses, such
as gastroenteritis and diarrhea. The positive correlation between the density of these enteric bacteria
and the occurrence of gastrointestinal diseases has been used as an indicator of the presence of
pathogenic microorganisms in aquatic environments, especially in waters used for recreational
purposes (WHO 2003). Unplanned urban growth may contribute to the proliferation of these
microorganisms due to the absence of adequate municipal services, in particular public sanitation
services and sewage treatment facilities (Bek et al. 2018). In this context, contamination may occur
through both specific sources, such as untreated sewage, and more general input from urban
activities, industrial effluents, dry weather washout from storm sewers, and associated sewer
overflows (Garcia-Armisen and Servais 2007; Bohra et al. 2012; Kindiki et al. 2018).

Understanding the use of water and its potential relationship with human activities is
fundamental to the development of strategies for local water management policies (Petrucio et al.
2005). Domestic effluents and other residues may cause substantial changes in the quality of the water
of an aquatic environment in terms of hydrological indicators and its trophic state (Dodds 2006). The
analysis of pathogenic bacteria, hydrological variables, and the trophic state of the system is essential
for the evaluation of water quality and the proposal of effective management measures.

Given its enormous size, Brazil presents considerable regional diversity in economic conditions
and sanitation infrastructure, with only 40% of the sewage generated nationally being treated
adequately (von Sperling 2016). The Brazilian National Environment Council (CONAMA) regulates
the criteria used to classify water resources and establishes standards for the evaluation of aquatic
environments and freshwater resources. In particular, the concentrations of thermotolerant coliforms
and enterococci, and other hydrological variables are used as indicators of water quality, to determine
the aptness of aquatic resources for different uses, including drinking water for humans and
livestock, the preservation of aquatic environments and their biota, recreational activities, irrigation,
aquaculture and fisheries, and navigation.

With an estimated population of 128,914 inhabitants (IBGE 2020), the town of Braganca, located
in the North region of Brazil, lacks an adequate basic sanitation system due to the lack of investments
in infrastructure, municipal services, and territorial planning, that is, the town lacks any sewage
collection system, regular garbage collection or drinking water and sewage treatment plants. While
the town’s population grows 2.1% per annum, the municipality does not have any housing program
to support the underprivileged sectors of the local population, which tends to occupy areas of
environmental preservation through unregulated settlement (Pereira et al. 2021). As a result, local
water resources, including the Cereja River (which runs through much of the more densely-
populated sectors of Braganca), are being impacted increasingly (Gorayeb et al. 2009; Guimaraes et
al. 2009).

Given these problems, this present study focuses on the Cereja River, a tributary of the Caeté
estuary, and a Permanent Preservation Area (PPA) according to the Federal law number 12,651/2012
(Brazil 2012). This law prohibits the occupation of river margins to ensure the “preservation of water
resources, the landscape, geological stability and biodiversity, in order to guarantee the gene flow of
the fauna and flora, the protection of the soil, and the welfare of local human populations” (Article 3,
item II). In recent decades, however, the water of the Cereja River has been compromised profoundly
by the illegal occupation of its margins and the discharge of raw sewage directly into the river (Sousa
2015).

The present study tested the hypothesis that the quality of the water of the Cereja River has
worsened significantly over recent years due to unplanned urban growth. To achieve this, the study
assessed spatial and temporal changes in the quality of the water of the Cereja River, comparing data
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from 2013-2014 with those available for 2018-2019. To evaluate water quality for direct or indirect
use, we employed the current Brazilian legislation, used international classification criteria for water
quality and examined the Master Plan of the municipality to verify the effects of unplanned urban
growth. We also adopted the DPSWR (Driver-Pressure-State-Welfare-Response) socioecological
framework to identify potential measures for the management of environmental and anthropogenic
problems (Cooper 2013). It is hoped that the results of the study can provide important guidelines
for further research in equivalent fluvial environments under similar anthropogenic pressures.

2. Study Area

The Cereja River is located in Braganga, a town in the Northeast mesoregion of the Brazilian
state of Para, which has approximately 128,914 inhabitants (IBGE 2020). The source of this river is
located outside the urban zone of Braganca, and it crosses the town from West to East, flowing
through the neighborhoods of Vila Sinha, Taira, Alegre, Padre Luiz, Centro, and Aldeia (Silva 2000;
Santos et al. 2014). The waters of the Cereja River run through 11 of the 12 official neighborhoods that
are located partially within its drainage basin, which has an area of approximately 10 km? (Figure 1).
The principal course of the river is approximately 5 km long, with a mean depth of 1.4 m (Santos et
al. 2013).
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Figure 1. Map of the study area, showing (A) Brazil, (B) the coast of the state of Para, (C) the
municipality of Braganga and (D) the microbasin of the Cereja River.

The study region has a humid equatorial climate, characterized by high levels of rainfall between
January and July, with annual rainfall of over 2,000 mm (Moraes et al. 2005). During the rainy season,
the level of the Cereja River rises to 1.5 m above the mean levels of its bed, which often causes flooding
and other impacts (Silva Filho and Nunes 2017).

Uncontrolled urban growth and the unplanned occupation of the margins of the Cereja River
have led to the widespread and uncontrolled discharge of domestic effluents and solid waste into the
river (Gorayeb et al. 2011; Santos et al. 2014). According to the data provided by the Brazilian Institute
of Geography and Statistics (IBGE 2020), the population of the municipality of Braganga is currently
growing at a rate of approximately 2.1% per annum. This exacerbates the long-standing socio-
environmental problems associated with the lack of basic sanitation. Figure S1 shows the loss of
vegetation associated with the erosion in the margins and the deposition of sediment on the riverbed
and presence of solid waste.

3. Methods

Data on rainfall and population growth were obtained from public institutions, while
hydrological and microbiological data were obtained during fieldwork. A total of six sampling points
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were selected in the different neighborhoods of Braganga city, where samples were collected during
the rainy and dry seasons of 2013-2014 and 2018-2019. High-resolution satellite images from
GoogleEarth (2012 and 2019) were used to verify unplanned occupation of land.

3.1. Rainfall Data

Rainfall data were obtained from (INMET - National Institute of Meteorology, Tracuateua
meteorological station) for the study period, and for 1982-2019 (historical means). The Tracuateua
station is 17 km west of Braganga, at 36 m above sea level. The monitoring of rainfall patterns is
essential for the understanding of natural oscillations in hydrological variables and their possible
influence on water quality and microbiological contamination.

3.2. Field Survey

The samples were collected during two distinct periods (2013-2014 and 2018-2019) to assess
changes in the quality of the water of the Cereja River over time. Seven campaigns were undertaken,
four during the dry season (November 2013; August 2014; November 2018; July 2019) and three
during the rainy season (April 2014; June 2018; April 2019), with data being collected at six fixed
points (supplementary material - Table S1). A total of 126 samples were collected (42 samples for the
measurement of pH, turbidity, and chlorophyll-a, 42 samples for the measurement of dissolved
oxygen concentrations, and 42 samples for the evaluation of microbiological variables). Surface water
samples were collected near the margin of the river at six points using a Niskin bottle. Once collected,
the samples were stored in 250 mL polyethylene containers or glass flasks for laboratory analysis,
following the APHA (American Public Health Association) protocol (APHA 2004).

3.3. Laboratory Procedures

The water samples were vacuum-filtered through glass-fiber filters (Millipore GF/F 0.7 mm, 47
mm) and freeze-dried for the analysis of chlorophyll-a. The pH was determined by a HANNA pH
meter (HI2211), and a HANNA turbidimeter (HI 93703) was used to measure turbidity. The
concentrations of dissolved oxygen (DO) were obtained, according to the method described by
Winkler, as modified by (Grasshoff et al. 1983). The chlorophyll-a was extracted from the filters with
90% acetone v.v. and the concentration was determined by spectrophotometry, following (Parsons
and Strickland 1963; UNESCO 1996).

The TSI (Trophic State Index) was used to calculate the level of eutrophication of the Cereja River
based on its biological productivity. This index was developed by Carlson (1977) and modified by
Lamparelli (2004). The water quality was classified in six categories: ultraoligotrophic (TSI < 47),
oligotrophic (TSI =47 < TSI < 52), mesotrophic (52 < TSI < 59), eutrophic (59 < TSI < 63), supereutrophic
(63 < TSI £ 67), and hypertrophic (TSI > 67).

The method used to determine thermotolerant coliform levels was based on the inoculation of
samples in both sodium lauryl sulphate (presumptive test) and brilliant green broths (confirmatory
test) with posterior incubation for 48 h at 35+2°C. The positive samples were then inoculated in
Escherichia coli (EC) selective broth for 24-48 h at 45+0.2°C. In both procedures, the presence of
bacteria was confirmed by the cloudiness of the water and the formation of gas in the Durham tubes
(APHA 2004). The Enterococcus sp. levels were analyzed by membrane filtration using the membrane-
Enterococcus Indoxyl-8-D-Glucoside Agar (mEI) method (EPA, 2006). This consists of the direct
counting of the bacteria in a selective medium (mEI agar). All the detected colonies greater than or
equal to 0.5 mm in diameter were counted for further enumeration.

The quality of the water was evaluated based on the CONAMA resolutions (CONAMA, 2000;
2005), Bricker (2003) and Lamparelli (2004). Freshwater is classified according to the type of use by
CONAMA resolutions as shown in supplementary material (supplementary material - Table 52).
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3.4. Unplanned Occupation

The mapping of areas of unplanned occupation on the margins of the Cereja River basin
consisted of four phases: (i) the capture of high-resolution satellite images from Google Earth; (ii) the
assemblage of image mosaics for 2012 and 2019; (iii) creation of the interpretation key for the visual
classification of the images, and (iv) formulation of the database and geoprocessing using the
software QGIS 3.16.0 © (Figure S2).

The total population of the Cereja River basin area was calculated by multiplying the number of
properties by the size (individuals) of the mean household in the North region of Brazil, i.e., 4.3 people
per household, following IBGE data from 2010 (IBGE 2020). “Unplanned” occupation was defined as
any property located within the 30-meter buffer surrounding the margins of the Cereja River, which
is considered to be a Permanent Protection Area (PPA) under the Federal law 12,651/2012 (Brazil
2012).

3.5. Sewage Production per Capita

The production of sewage by the inhabitants of each neighborhood bordering the Cereja River
was estimated for 2012 and 2019 following the method of von Sperling (2007). Each individual
produces 150 liters of sewage per day in urban areas and is responsible for releasing 100-400 billion
thermotolerant coliforms into the environment.

3.6. Statistical Analysis

For the statistical analyses, the data were first evaluated for normality using the Anderson-
Darling test (Stephens 1974), which has a high statistical power to determine whether a sample was
extracted from a population with a specific distribution (Pettitt 1977). Levene’s F test (Levene 1960)
with a 95% Bonferroni confidence interval was applied to verify the homogeneity of variances. The
parametric one-way Analysis of Variance (ANOVA) and paired t-test were applied to the variables
that complied with the assumptions of normality and homogeneity of variances. Otherwise, the
nonparametric Welch ANOVA (Field 2009) was used. The paired ¢-test was used to compare mean
values between years (Ross and Wilson 2017). Spearman correlation coefficients were used to
examine the influence of rainfall levels on the variables analyzed. All statistical tests were run in the
IBM SPSS software v. 25.

Principal Component Analyses (PCAs) was run in R Studio v 1.2.5, based on a correlation matrix
generated by the FactorMineR package (Lé et al. 2008). The plots were created successively and edited
in the Factoextra package (Kassambara and Mundt 2020). For a better visualization of the data, three
sectors were established for the spatial PCA, based on the number of households present in 2019 (see
Results): sector I (< 30 households, sampling points P1 and P2), sector II (30-50 households, P3), and
sector III (>50 households, P4-P6).

4. Results

4.1. Rainfall Levels

The historical mean annual rainfall (1982-2019) was 2,330 mm (Figure 2). The driest year of the
present study was 2013 (1,612 mm), while the rainiest was 2019 (3,512 mm), which was 151% higher
than the historical mean (T =2.36; p = 0.015). In 2013, the rains were more intense between March and
May (~300 mm per month), whereas in 2019, the rainiest months were from February to June (440—
660 mm per month). Two distinct seasons (rainy and dry) were identified (F = 80.51; p = 0.000, Table
1), with April 2014 (total rainfall = 432 mm), April 2018 (410 mm), June 2018 (115 mm), and July 2019
(182 mm) corresponding to the rainy season, while November 2013 (1 mm), August 2014 (50 mm),
and November 2018 (1 mm) to the dry season (Figure 2).
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Table 1. Significant effects (p-values) of physical, chemical, and biological parameters in the Cereja
River, interannually (2013-2014 and 2018-2019), seasonally (rainy and dry), and spatially (P1-P6) In
the interannual analysis, June/2018 and July/2019 were merged in the dataset to assure monthly row

equivalence after similarity tests. Bold numbers mean significant differences.

. Interannual Seasonal Spatially
1
Variables (N=36) (N=42) (N=42)
T=236 F=8.051 **
Rainfall
aita p=0.015 p=0.000
. =473 F=0.30 ** F=1.13*
P p=0.000 p=0.589 p=0.360
Turbidity T=1.60 F=4.72 % F=9.34%
p=0.063 p=0.040 p=0.000
Dissolved oxveen T=4.59 F=22.75* F=10.54*
8 p=0.001 p=0.000 p=0,000
T=2.68 F=437 % F=0.93*
hlorophyll-
Chlorophyli-a p=0.008 p=0.043 p=0471
. T=1.32 F=1.79*
Coliforms p=0.102 p=0.188
T=5.17
Effl
uents p=0.000
--- Not applicable; *ANOVA One-Way; **ANOVA Welch.
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Figure 2. Historical mean and standard deviation of monthly rainfall (1982-2019), and monthly

rainfall values recorded in 2013-2014 (A) and 2018-2019 (B) Source: INMET (2020).

4.2. Hydrological Variables

The mean pH (Figure 3A) was significantly higher in 2013-2014 in comparison with 2018-2019
(t =-4.73; p = 0.000, Table 1) with a peak mean of 6.8+0.3 at P5, with lower values at P1 (5.8+0.8).
Seasonally, the highest mean pH was recorded during the rainy season (P6, 6.8+0.2) and the lowest
in the dry season (P1, 5.9+1.6; Figure 4A). Overall, 88% of the samples complied with CONAMA

standards (Table 2).
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Figure 4. Seasonal (mean and standard deviation) water quality parameters per sample point (P1-P6)
on the Cereja River.

The waters of the Cereja River were more turbid in 2018-2019 (Figure 3B), with the peak mean
turbidity being recorded at P6 (47.8+51.8 NTU), while the least turbid water was recorded in 2013—
2014, with the minimum value being obtained at P1 (0.7+0.5 NTU). Seasonally, the most turbid water
was recorded in the rainy season (F = 4.72; p = 0.04, Table 1) with a peak mean being recorded at P6
(49.3+50.1 NTU, F = 9.34; p = 0.000, Table 1), while the least turbid water was recorded in the dry
season, with the lowest values being recorded at P1 (0.7 + 0.6 NTU, Figure 4B). Overall, 98% of the
samples complied with CONAMA standards on turbidity (supplementary material - Table S3).

The lowest mean dissolved oxygen concentrations (Figure 3C) were recorded in 20132014 (T =
4.59:p=0.001, Table 1), with the lowest value being recorded at P1 (1.8+0.0 mg L-!). The highest values
were recorded in 2018-2019, in particular at P3 (4.8 + 1.0 mg L). Seasonally (Figure 4C), the most
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oxygenated water was recorded during the rainy season (F = 22.75; p = 0.000, Table 1), with a peak at
P4 (5.0£0.9 mg L, F =10.54; p = 0.000), while the lowest concentration was recorded in the dry season
atP4 (1.2+0.9 mg L). Only 17% of the water samples had dissolved oxygen concentrations consistent
with CONAMA'’s water use class 2, while 21% were considered hypoxic and 60% indicative of
conditions of oxygen stress in the biological community (Table S3).

The mean chlorophyll-a concentrations peaked at 18.8 + 9.3 mg m (at P6) in 2018-2019 (t = 2.68;
p =0.008, Table 1), and were the lowest in 2013-2014, reaching 5.1+3.8 mg.m? at P1 (Figure 3D). The
water was significantly richer in chlorophyll-a during the rainy season (F = 4.37; p = 0.043, Table 1),
primarily at P6 (18.4+10.0 mg m; Figure 4D), while the lowest values were recorded in the dry
season, reaching 5.7#3.0 mg m+ at P1. Just over half (57%) of the samples had chlorophyll-a
concentrations consistent with CONAMA'’s water use class 1 (Table S3).

4.3. Microbiological Analysis

Over 90% of the water samples presented thermotolerant coliform levels of 1,100 MPN 100 mL-
1 or more, which is the threshold recommended by CONAMA for most types of water use
(supplementary material- Tables S4 and S5). Site P1 was the only sector with appropriate conditions
for most types of water use during the dry season, when values did not exceed 240 MPN 100 mL-.
The other sectors were impacted intensely by sewage outfalls, however, with up to 90.5% of the
samples from the most contaminated points having coliform concentrations of 1,100 MPN 100 mL-!
or more.

As the Enterococcus levels were only analyzed in 2018-2019, it was not possible to compare years
(Table S4). However, the findings did show that the quality of the water at P1 was relatively good (0-
101 MPN 100mL) in comparison with the other points, peaking at P5 and P6 (generally ~500 MPN
100 mL1). As CONAMA does not provide a value for this bacterium, the bacterial water quality
criteria were adopted according with USEPA (1986). According to these criteria, 93% of the water
samples analyzed were unappropriated for recreational contact (Table S5), and water use would only
be permitted at P1 during the periods with the lowest rainfall levels.

4.4. Trophic State Index (TSI)

The water of the Cereja River had a significantly higher trophic level in 2018-2019 (t =5.17; p =
0.000, Table S3), peaking at 71.4 +5.1 (hypertrophic) at P6, with the lowest mean (66.4+6.6 — super-
eutrophic) being recorded at P1 (Figure 5A). In 2013-2014, the lowest values were recorded at P1
(59.0+8.2 — eutrophic) and the highest, at P3 (68.1+2.8 — hypertrophic). The highest mean values were
recorded during the rainy season (Figure 5B), peaking at P6 (70.8+6.1 — hypertrophic) and reaching
their lowest level at P1 (64.7+9.0 — super-eutrophic). During the dry season, the highest values were
recorded at P2 (68.5+4.3) and the lowest, at P1 (61.2+4.6). Overall, 78% of the samples were classified
as eutrophic, super-eutrophic or hypertrophic (Table S3).

4.5. Unplanned Occupation

The number of unplanned constructions identified with the PPA increased 18% between 2012
and 2019, with the highest growth rates being recorded in Vila Nova (P1, 53.8%) and Vila Sinha (P2,
36.4%), while the most populous sectors were Padre Luiz (P4) and Aldeia (P5, P6). In 2019, a total of
318 constructions were recorded on the margins of the Cereja River, within the PPA, with an
estimated 1,369 inhabitants (supplementary material - Table 56). The vegetation cover in the PPA was
0.37 km?in 2012 and 0.34 km? in 2019, with approximately 4% of this area being lost due to unplanned
occupation (Table S6).

Within the Cereja River PPA, in 2019, the greatest volume of domestic effluents was recorded in
Padre Luiz (P4, 60.6 m® day™), Aldeia (P5, P6, 35.5 m? day), Cereja (27.1 m® day"), and Taira (P3, 25.8
m? day'), with a total of 151.6 m? day-!. The quantity of effluent recorded in 2019 was 18% greater
than in 2012. This resulted in the highest thermotolerant coliform concentrations being recorded in
these neighborhoods in 2019 (Table S6), that is, 1.62 MPN 100 mL" (x10') in Padre Luiz, 0.95 MPN
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100 mL (x10') in Aldeia, 0.79 MPN 100 mL" (x10™) in Cereja, and 0.69 MPN 100 mL-! (x10™) in Taira.
Given the increase in unplanned occupation in Vila Nova (P1), an increase of 54% was recorded in
the volume of domestic effluents at this point in 2019.

4.6. Integration of the Water Quality Indicators

The first two axes of the Principal Components Analysis (PC1 and PC2) explained 49.1% of the
variability in the dataset, with 31.4% and 17.7%, respectively (Figure 6). Axis PC1 was positively
related with turbidity (0.67), dissolved oxygen (0.62), chlorophyll-a (0.64), and coliform
concentrations (0.64). Effluents (0.50) and pH (0.81) also presented a strong positive correlation with
all of these variables in quadrant I. By contrast, PC2 presented a strong correlation with dissolved
oxygen concentrations (-0.55) and rainfall (-0.69), clustering in quadrant IIL

Seasonally, the variables were grouped with the rainy season (Figure 6A), indicating a slightly
acidic water, which was relatively turbid, well-oxygenated, and rich in chlorophyll-a. A similar
pattern was recorded between years, with all the variables grouped with the 2018-2019 (Figure 6B)
due to a longer rainy season. Coliform levels and effluent production were also higher in the second
study period, due to population growth over time. Spatially (Figure 6C), the most urbanized area
(sector III, P4-P6) clustered with the highest values of pH, turbidity, chlorophyll-a, coliforms, and
effluents. This indicates that these neighborhoods maintain the highest values of these variables
between seasons and among years.
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5. Discussion

5.1. Natural Conditions, Anthropogenic Activities, and Management Concerns

Oscillations in rainfall levels are one of the principal factors that determine seasonal shifts in the
physicochemical and hydrobiological parameters of riverine systems (Zeiringer 2018).

Among the studied variables, the pH is one of the most important for the evaluation of water
quality, because it indicates specific conditions and alterations (Rios-Villamizar et al. 2014; Zebo et
al. 2016). In the present study, the water was slightly acidic with lower pH values being recorded
during the second period (2018-2019), as a consequence of the more prolonged rainy season, which
resulted in a major increase in the input of freshwater in comparison with 2013-2014. The discharge
of sewage into a river also tends to reduce its pH (Barakat et al. 2016 and Zebo et al. 2017), and the
increased production of effluents recorded in 2019 (18% greater than 2012) may also have contributed
to the decrease in pH values during the 2018-2019 period. The presence of an area of better-preserved
habitats at the headwaters of the Cereja River may also have favored the lower pH values recorded
in sector 1 (P1 and P2), due to the higher concentration of plant-based organic matter in the water,
derived from the riparian vegetation and forest fragments upstream of P1, which contributes higher
concentrations of humic acid, as reported by Duncan and Fernandes (2010) and Rios-Villamizar et al.
(2014) in other Amazonian rivers.

Turbidity typically depends on the amount of particulate material suspended in the water and
it is also considered to be an important indicator of water quality (Alcantara et al. 2009; Marinho et
al. 2021; Nittrouer et al. 2021). The turbidity of river water depends on natural conditions (e.g., rainfall
patterns, river flow levels) and anthropogenic activities (e.g., effluent discharge, deforestation,
mining). In the present study area, the water was relatively more turbid during the first half of the
year, in particular in 2018-2019, due to the prolonged rainy season, although no systematic
correlation was found between turbidity and precipitation. Even so, in Amazonian river systems, the
increase in the water level during the rainy season and the related growth in fluvial discharge is
known to intensify the re-suspension of sediments from the bottom to water column (Nittrouer and
DeMaster 1996; Asp et al. 2018). Changes in land use associated with urbanization may also
contribute to an increase in turbidity (Arnold and Toran 2018), and in the most urbanized sectors of
the study area (sectors 2 and 3), the unregulated occupation of the margins of the river have resulted
in shifts in the riparian vegetation, which has contributed to the erosion of the margins of Cereja
River, and a further increase in turbidity value in these sectors. Turbidity may also be influenced by
urban runoff (Diaz-Torres et al. 2021). In the present study, the high levels of effluent discharge into
the most urbanized sector of the river contributed to the highest turbidity being recorded in this
sector, supported by their positive correlation (rs = 0.404, p < 0.008, n = 56). In fact, excessive turbidity,
in terms of the CONAMA criterion, was only recorded in sector P6. The input of the turbid waters
from the Caeté estuary may also have contributed to these values, however, given the role of the
extensive local mangroves and precipitation patterns in the sedimentary dynamics of an estuary
controlled by meso-macrotides (Asp et al. 2018).

Dissolved oxygen is also considered to be a good indicator of water quality (Rabalais and Harper
1992; Diaz-Torres et al. 2021). Under natural conditions, the waters of Amazonian rivers are well
oxygenated, due to their high hydrodynamic energy, in particular during the rainy season (Gagne-
Maynard et al. 2017). This results in a combination of high water levels and more intense river flow,
which increases the efficiency of the exchange between the atmosphere and surface waters. In the
Cereja River, the highest values were recorded during the rainy season, when the water level is at its
highest and the river flow is most intense, with a positive correlation being recorded between
dissolved oxygen concentrations and precipitation (rs=0.489, p <0.001, n=56). Additionally, the local
municipal authorities often dredge the river to clean it up during the raining, a process that
contributes to an increase in fluvial discharge due to the greater depth of the river, which further
enhances the interaction between the water and the atmosphere.

Unfortunately, the intense discharge of sewage into the river contributed to a reduction in the
dissolved oxygen concentrations, which results in conditions of hypoxia (0-2 mg L!) or oxygen stress
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for the biological community (2-5 mg L"). This is the result of the consumption of oxygen by bacterial
decomposition, which is a response to the high concentrations of organic matter present in the
environment (Bricker 2003; Sanchez et al. 2007; Mocuba 2010). While no correlation was found
between dissolved oxygen concentration and the production of effluents, there was a significant
correlation between dissolved oxygen and thermotolerant coliform concentrations (rs = 0.338, p <
0.028, n = 56).

The discharge of untreated sewage contributes to eutrophication (Dodds 2006; Wu et al. 2017;
Tang et al. 2020) and the density of phytoplankton is considered to be an important indicator of
eutrophic environments (Yusuf 2020). In the study area, the discharge of sewage into the Cereja River
appears to have contributed to an increase in the chlorophyll-a concentrations in the most urbanized
sector through the proliferation of microalgae, which is reflected in a longitudinal gradient, with the
lowest chlorophyll-a values being recorded in sector P1 and the highest in P6 (15% higher than P1,
on average). The TSI, which is based on biological productivity, once again indicates that the highest
trophic levels were recorded in the most urbanized sector in 2018-2019, reflecting the negative
influence of population growth and the related increase in effluent discharge on the quality of the
water of the Cereja River.

Effluent discharge also may affect human health due to presence of microorganisms (Tryland et
al. 2014; Nishiyama et al. 2015; Medeiros et al. 2017). The microbiological data indicate that the quality
of the water of the Cereja River was already compromised in 2013-2014, and only worsened in 2018—
2019. With the exception of sector P1, all the water samples exceeded the recommended limits for
thermotolerant coliforms, whether measured or estimated, and Enterococcus sp. due to the large
number of sewage outfalls within the study area. The discharge of untreated sewage into aquatic
environments is strictly prohibited in Brazil by CONAMA (resolution 357/2005) and in Para by state
law number 5,887/1995 (Para 1995). However, based on the CONAMA and USEPA (1986) criteria,
the water of the Cereja River is inadequate for any type of human use, given that more than 90% of
the water samples tested were contaminated with pathogenic bacteria. Previous studies have also
shown that Cereja River is responsible for a considerable proportion of the sewage discharged into
the Caeté estuary, given that the concentrations of thermotolerant coliforms at the confluence of these
two bodies of water exceed 1,100 MPN per 100 mL' (Monteiro et al. 2016; Pereira et al. 2021).
Unfortunately, this is a common scenario in many rivers located in the vicinity of urban areas that
have inadequate public sanitation or completely lack any infrastructure, resulting in an increase in
the levels of human pathogens (Agbogu et al. 2006; Tryland et al. 2014).

5.2. Application of the DPSWR, Management Actions, and Recommendations

Rapid population growth associated with a lack of urban planning and inadequate investment
in public sanitation are considered to be the principal drivers responsible for the discharge of large
amounts of untreated sewage into urban rivers and the illegal occupation of their margins
(supplementary material - Figure S3). Considering the eight neighborhoods located on the margins
of the Cereja River, the number of residences located illegally within the PPA increased by 18%
between 2012 (261 households) and 2019 (318 households), while the discharge of effluents grew from
168 m?3 day! to 205 m?® day, an increase of about 18.1%.

As shown in results, with the exception of sector P1, all the water samples exceeded the
recommended limits for thermotolerant coliforms and Enterococcus sp. due to the large number of
sewage outfalls within the study area and as a consequence local population may be affected by
gastroenteritis and diarrhea. High rainfall levels tend to exacerbate this situation. During the rainy
season, the Cereja River floods, and its water reaches the level of the sewage outfalls located on higher
ground, while also lixiviating other substances into the soil, which leads to a further increase in the
concentration of pathogenic bacteria. This reinforces the negative effects of the illegal occupation of
river margins, and increases the discharge of sewage, which reached 205 m? per day in 2019.

Unplanned urbanization and urban growth also affect land use and cover (Kuhlmann et al. 2014;
Das and Paul 2020) and lead to the erosion of the river margins, for example, which results in the
siltation of the riverbed, as recorded in the present study, where illegal occupation is also associated
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with deforestation. While the urban development of river margins is strictly prohibited in Brazil by
federal law 12,651/2012 (Brazil 2012), failures to enforce this legislation were obvious, and 57 new
residences were added to the PPA between 2012 and 2019. In the most urbanized sectors of the study
area, population growth was relatively low because the margins are already almost completely
occupied, whereas in the least urbanized sectors, there was a considerable increase in the number of
residences — 53.8% in sector P1 and 36.4% in P2 — which contributed to a decline in the quality of the
water at the source of the Cereja River, based on all the different indices, in 2018-2019 in comparison
with 2013-2014.

Overall, then, effluent discharge and illegal occupation have affected the welfare of local
populations due to the risks to both human health and environmental equilibrium. In particular,
coliform bacteria can cause serious illnesses such as gastroenteritis and diarrhea through contact with
water polluted by untreated sewage (Lee et al. 2016; Seo et al. 2019).

Despite being an area protected by Federal law, preservation measures on the Cereja River are
limited to annual, but irregular dredging, and warning signs on the margins of the river, announcing
the prohibition of unplanned occupation of the river margins. These measures are clearly inadequate,
however, and some level of protection could be achieved if the measures proposed initially in the
2006-2016 municipal master plan (and transferred to the 2016-2026 master plan) were implemented
systematically.

The findings of the present study lead us to recommend the following measures (responses) —
the establishment of an effective public sanitation system that prevents the disposal of solid waste,
including plastics, paper, and metal, leftover food, and human and animal excrement, directly onto
the rivers that traverse the urban sector of the town of Braganca, to inhibit the possible spread of
disease, and prevent the risk of injuries, visual pollution, and the migration of floating debris on the
Cereja River and Caeté Estuary.

In addition to this recommendation, education programs and more effective monitoring will be
essential to prevent the unplanned occupation of the river margins. Appropriate planning of land
use will also be essential to improve the local landscape and avoid potential conflicts.

6. Conclusions

Rapid population growth, associated with a lack of urban planning, illegal and unplanned
occupation, and reduced investment in infrastructure or services, have caused intense pressure on
the Cereja River in recent years. The increase in the number of households found on the margins has
contributed to the river’s intense trophic condition, low concentrations of dissolved oxygen, high
concentrations of pathogenic bacteria, and loss of vegetation cover. These processes affect both
human welfare and the health of the environment. The negative effects of population growth and the
related increase in effluent discharge on the quality of the water of the Cereja River are observed
clearly in 2018-2019, in particular during the rainy season.

Overall, the water quality of the Cereja River, including next to its source, already exceeds
sanitary standards. The discharge of untreated sewage into aquatic environments is strictly
prohibited in Brazil by federal, state, and municipal resolutions, but few responses were apparent
from the local authorities to minimize or resolve the existing problems. The water of the Cereja River
is inadequate for any human use, and its bacteriologic contamination is one of the principal factors
determining the reduced quality of the water of the Caeté estuary. The findings of the present study
indicate clearly that contamination by pathogenic bacteria has worsened over the past decade and
may be having an impact on public health. Overall, the DPSWR model proved to be an excellent
analytical tool for the evaluation of specific local scenarios, through the integrated analysis of socio-
environmental issues. It clearly has potential applications for other rivers in the Amazon region,
which have a broadly similar configuration of drivers and responses as that observed in the present
study. The scenario observed in the Cereja River can be extrapolated to other rivers located within
urban areas in the Amazon region that have relatively large populations.
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