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Abstract: Water quality assessment stands as a fundamental step in water resource management. In
addition to substances and organisms present in the water, land use and land cover are two factors
also affecting water quality. This study analyzed the correlation and influence between water qual-
ity and land use and land cover in the Miranda River Basin (MRB) and the natural wetlands in the
Pantanal Biome. Using a watershed-wide approach, results suggested that water quality manage-
ment policies can be considered in terms of sub-basins (smaller planning units). The Water Quality
Index (WQI) was considered GOOD or EXCELLENT throughout the MRB. It was observed that the
natural wetlands have the capacity to contribute to improving the WQI, with reductions in thermo-
tolerant coliforms and turbidity; however, high values were found for thermotolerant coliforms, a
temporal increasing trend of biochemical oxygen demand (BOD), and a reduction in dissolved ox-
ygen and total phosphorus. Conversely, in these flooded areas, trends of a decrease in dissolved
oxygen and an increase in BOD levels were found. Natural wetlands play important hydrological
and ecological roles in water quality, storing, removing, and cycling nutrients. They are highly rel-
evant areas for defining watershed management and conservation strategies, environmental pro-
tection, and providing ecosystem services.
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1. Introduction

The demand for water, both in quantitative and qualitative terms, is increasingly sig-
nificant, taking into consideration population growth and economic development. There-
fore, it is essential to manage water resources and other natural resources to guarantee
access to water under suitable usage conditions [1]. Given this importance, the United
Nations (UN) within the framework of Agenda 2030 prioritizes drinking water and sani-
tation as one of the 17 Sustainable Development Goals (SDGs) for a global sustainable
development agenda by 2030. SDG 6 aims to ensure the availability and sustainable man-
agement of water and sanitation for all. Its main objectives involve improving water qual-
ity, integrated water resource management, universal access to basic sanitation, water use
efficiency, and the protection and restoration of aquatic ecosystems such as forests, rivers,
lakes, aquifers, and wetlands [2]. The assessment of water quality and mitigation of major
sources of pollution are two of the pillars adopted by Brazil to fulfill SDG 6. This assess-
ment is one of the steps in water resources management and is carried out through
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monitoring physical, chemical, and microbiological parameters via measurements of dis-
solved substance concentrations, physical properties, and analysis of pathogenic microor-
ganisms [3].

The spatial distribution of land use is a key factor that affects water quality, where
industrial, urban, and agricultural land uses generally pose relatively high pollution risks
compared to other types of land use such as forests and wetlands [4]. In addition to land
use, water quality can also be influenced by quantity, as it directly depends on the amount
of water available to dissolve, dilute, and transport substances, whether beneficial or
harmful to living organisms [5]. Hence, water quality may be perceived as the outcome of
both natural processes and human activities within the watershed, with land use and
cover therein acting as determining factors. Understanding its relationship with land use
and cover can be useful for identifying potential risks to water quality and coordinating
water resource management with other uses of environmental resources [3].

The conceptual model for analyzing the relationship between land use and water
quality involves selecting a study area, selecting monitoring points, obtaining land use
and water quality data, organizing a database, defining the scale of analysis, selecting ap-
propriate mathematical models, running models, and analyzing results and reference pa-
rameters [6,7]. Understanding the relationship between land use and water quality is most
easily achieved through statistical techniques [8,9]. The most common statistical tech-
niques used are Correlation Coefficients, Least Squares Method, Weighted Geographic
Regression, Bayesian Hierarchical Linear Regression, Multiple Linear Regression, Step-
wise Multiple Regression, Mixed Effect Linear Model, Partial Least Squares Regression,
Principal Component Analysis, and Redundancy Analysis [8-10].

The impacts of land use and land cover on water quality are mainly assessed at three
different spatial scales: sub-basin (catchment areas), riparian zone or parallel marginal
zone (buffers), and point (concentric circles). According to Mello et al. [10], most studies
adopt only one of these scales, but recently studies have been conducted using a mul-
tiscale approach, adopting more than one scale at the same time, showing that human
activities at different scales lead to different impacts on water quality [6,10]. The optimal
spatial scale, from a statistical perspective of correlation between land use and water qual-
ity, still varies from case to case, due to the peculiar characteristics of each river basin, the
intensity of human interference, and the accuracy of the data. Thus, more research is
needed to quantify the effect of different scales of land use on water quality to improve
water resource management [4,6,9,10].

Understanding the relationship between land use and water quality would help as-
sess water quality in unmonitored basins, as monitoring is often costly and time-consum-
ing. Additionally, this knowledge would provide guidelines for watershed managers and
policymakers to prioritize future land use development [8]. Thus, conducting an analysis
of the relation between water quality and different types of land use and cover is an im-
portant step in the management of natural resources, developing conversion strategies,
and guiding the sustainable use of these resources. In this regard, studies have analyzed
the influence of land use and cover on water quality through multiple approaches; utiliz-
ing correlation coefficients between quality and land use [11], comparative analysis be-
tween input and output [12], through the use of regression equations [7], and multivariate
analysis [6]. Although many approaches are being evaluated to analyze the influence of
land use on water quality, most studies rely on limited time series data, often from only a
single year or a single monitoring point, or few parameters. The MRW has a monitoring
network with 28 stations distributed across the main rivers of the basin, as well as a quality
and consistent historical data series available to the general public. However, few studies
are reported with an emphasis on this specific area. Overall, there are still few studies on
the capacity of removal/retention of substances in natural wetland areas of tropical and
subtropical regions, especially in South America [13]. The fact is that the number of pa-
rameters and the monitoring frequency have been continuously expanded, generating wa-
ter quality data from an important transition region between the Pantanal and Cerrado
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Biomes, as it is also located in the transition region from the Plateau to the Pantanal Plain.
Therefore, analyzing the relationship between land use and water quality by jointly con-
sidering the temporal dimension with the spatial dimension is essential to understand the
dynamics of water quality and land use in the region’s natural wetlands.

The objective of this study was to analyze the correlation between land use and land
cover and the quality of surface waters in a natural wetland area in the MRW, in Mato
Grosso do Sul, Brazil. For that purpose, the most relevant quality parameters were identi-
fied (key factors), along with the dynamics of substance concentrations along the main
watercourses of the basin. Additionally, the study aimed to analyze the influence of natu-
ral wetland areas on water quality, considering how these areas are capable of improving
water quality.

2. Materials and Methods
2.1. Study Area

The study area is the MRW and its natural wetland area. The watershed covers nearly
43,000 km? with its headwaters in the Plateau area (Cerrado Biome) and its mouth in a
portion of flooded area in the Pantanal Biome (Figure 1). In the MRW, there are a total of
28 monitoring points distributed along the main streams and rivers of the basin.

The Miranda River Watershed (MRW) is one of the main hydrographic regions
within the Pantanal Biome, located in the state of Mato Grosso do Sul, Brazil, and entirely
falls within the Upper Paraguay Basin (UPB). Itis formed by the Miranda River as its main
course and the Aquidauana River and is situated in the transition zone between the Cer-
rado and Pantanal biomes, as well as the transition from the Plateau to the Pantanal Plain.
Natural wetland areas are environments with high biodiversity associated with perma-
nently or seasonally flooded areas. They are responsible for groundwater recharge due to
their slow flow and long water retention time above ground, serving as “buffer zones”
upstream and downstream of their territory, slowing down water flow and nourishing
other ecosystems during dry periods. These areas retain large amounts of sediment and
chemicals, improving water quality and the entire biological dynamics downstream. A
considerable amount of pollutants that enter wetland areas are captured by vegetation
and microorganisms or adhere to suspended particles. Consequently, sedimentation in
wetlands contributes positively to water quality [14].
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Figure 1. Miranda River Watershed with selected Water Quality Monitoring Stations (Sub-basins:
1-17) and the natural wetland area.

2.2. Delimitation of Influence Areas
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For the analysis of land use and cover and water quality, the MRW was subdivided
into 17 sub-basins. For that, the 28 monitoring stations existing in the MRW were rear-
ranged into these 17 Influence Areas (IA), where monitoring stations very close to each
other along the same watercourse were grouped into the same IA. They were thus consid-
ered IA in relation to the location of water quality monitoring stations along the main
watercourses of the basin. The spatial scale used in this study is the “sub-basin” scale. This
scale was employed for analyzing variations in water quality parameters and their rela-
tionship with land use and cover (correlation coefficient). These IA or sub-basins were
delineated considering the “theoretical outlet” as the 17 main water quality monitoring
stations, indicating the upstream influence area of that point.

2.3. Land Use and Land Cover in the Miranda River Watershed

For the assessment of land use and land cover in the MRW, multitemporal data from
the Collection 6.0 of Land Cover and Use from MapBiomas from the years 2005 to 2018
were used [15] for the entire watershed and for the 17 IA. The data was provided by Map-
Biomas and accessed through the Google Earth Engine platform in raster structure (TIFF
format), with a spatial resolution of 30 m where each pixel has an integer numerical value
corresponding to a specific type of land use and land cover. MapBiomas utilizes a total of
25 thematic classes related to land use and land cover for the entire national territory. In
the study area, the original classes used by MapBiomas were adapted to seven thematic
classes of land use and land cover in order to simplify and reduce the number of variables
in the study: Native Vegetation, Wetlands, Agriculture (temporary or perennial), Pasture,
Urban Area, Non-Vegetated Area, and Water Bodies.

The MapBiomas classes labeled “Forest Formation”, “Savanna Formation”, and
“Grassland Formation” were grouped into the class “Native Vegetation.” Classes with an-
thropic crops (perennial or temporary) such as “Planted Forests”, “Soybeans”, “Sugar-
cane, and “Other Temporary Crops” were adapted to the “Agriculture” class. The “Pas-
ture” class from MapBiomas remained with the denomination “Pasture,” similarly to the
classes of “Wetlands”, “Other Non-Vegetated Areas”, “Urban Infrastructure”, and “Rivers
and Lakes” adopted by MapBiomas were renamed to “Wetlands”, “Non-Vegetated”, “Ur-
banized Area”, and “Water Bodies”, respectively (Table 1).

Table 1. Land use classes adapted from MapBiomas [15] and the respective MapBiomas numerical
codes.

Name Class MapBiomas Numbe.r Code Adapted Class
MapBiomas
Forest Formation 3 Native Vegetation
Savanna Formation 4 Native Vegetation
Planted Forests 9 Agriculture
Wetlands 11 Wetlands
Grassland Formation 12 Native Vegetation
Pasture 15 Pasture
Urban Infrastructure 24 Urbanized Area
Other Non-Vegetated Areas 25 Non-Vegetated
Rivers and Lakes 33 Water Bodies
Soybeans 39 Agriculture
Other Temporary Crops 41 Agriculture

2.4. Water Quality Data Collection

The historical series of water quality data was obtained through consultation of the
“Monitoring Reports of Surface Water Quality in Mato Grosso do Sul” available on the
IMASUL database [16]. The study period comprised data from the year 2005 to the year
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2018. This time frame was chosen due to the consistency of the data, as from the year 2005,
the main parameters began to be systematically and continuously analyzed, with quar-
terly and/or semiannual collections until the year 2018, when the data from the historical
series were already fully processed. For the analysis of temporal and spatial variation of
water quality in the MRW, the annual average and standard deviation of each water qual-
ity parameter were calculated in the 17 proposed Influence Areas in the study.

Eight water quality parameters and Water Quality Index (WQI) [17] (Equation (1))
with consistent data from 2005-2018 were analyzed. The parameters were also analyzed
considering the reference values for the classification of water bodies for Class 2 (Table 2).

Table 2. Quality parameters and reference values for Class 2 classification Deliberation CECA N°.
36/2012 [18].

Parameter Unit Analytical Method Class 2 Limit Value
pH - 4500-H [19] 6-9
Dissolved Oxygen (DO) mg/L ASTM D888-12 [20] >5.0
Bloc}lemlgz;%’gtg)e;‘ez‘;mar‘d ® mg/L 5210-D [19] <5.0
Fecal coliforms MPN. 100 m/L 9221-E [19] <200
Total Nitrogen (TN) mg/L NBR 13796 [21] -
Total Phosphorus (TP) mg/L 4500 P-B, E [19] <0.1
Total Solids (TS) mg/L 2540-C [19] -
Turbidity (Tu) NTU 2130-B [19] <100

IMASUL [16] database

Water Quality Index (WQI) - -

by CETESB [17] equation

The CETESB WQI [17] is calculated by the weighted product of the water qualities
corresponding to the variables that make up the index. The following formula is used
(Equation (1)):

woI =TIL, ¢ 1)

WQI is Water Quality Index, a number between 0 and 100; gi: quality of the i-th pa-
rameter, a number between 0 and 100, obtained from the respective “average quality var-
iation curve”, based on its concentration or measurement; and wi: weight corresponding
to the i-th parameter, a number between 0 and 1, assigned based on its importance for the
overall quality conformation [17]. The sum of wi is equal to 1, based on Equation (2).

mywi=1 @)

2.5. Correlation between Land Use and Land Cover and Water Quality

Correlations were calculated between land use classes and water quality parameters.
Initially, the Overall Correlation was calculated considering the entire MRW, and subse-
quently, individual correlations were calculated considering each of the 17 Influence Ar-
eas. For each IA, the total area (ha) value of the respective land use, for each period
(month-year), was compared with the water quality values. The monitoring stations have
the respective 1A, according to the water quality data and the land use. To determine the
correlations between water quality variables and land use and land cover classes, the
Shapiro-Wilk normality test was applied to the water quality dataset. A significance level
of p-value < 0.05 was adopted for the hypothesis that the dataset follows a normal distri-
bution. Upon analyzing the dataset using the Shapiro-Wilk method, it was found that the
parameters did not exhibit a normal distribution around their means. Thus, the Spear-
man’s Rank Correlation Coefficient (p) was adopted to measure the degree of correlation
between the multitemporal land use and land cover data and the water quality data (Equa-
tion (3)).
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p=1-22 3)

where d is the difference between the positions of corresponding values of X and Y; 7 is
the number of pairs of data values.

The Spearman’s Rank Correlation Coefficient measures the degree of linear correla-
tion between two non-parametric variables. The value of p ranges from -1 to +1, where
values closer to +1 indicate a perfect positive correlation between two variables, meaning
that the units of the variables increase together; values closer to —1 indicate a perfect neg-
ative correlation, as one variable increases, the other decreases; and values closer to 0 in-
dicate that both variables are not linearly dependent on each other.

2.6. Influence of Wetlands on Water Quality in the Miranda River Watershed

The analysis of the influence of wetlands on water quality was carried out based on
monitoring stations located within the delineation of the Pantanal Biome according to
IBGE [22]. In this region, the main land use and land cover class corresponds to wetlands
formed by characteristic flooded fields of the Pantanal biome. Monitoring stations located
on the Aquidauana River and Miranda River, in the Pantanal area and its vicinity, were
considered (Table 3). These stations were subdivided into START stations, positioned at
the entrance of the Pantanal (upstream); INTERMEDIATE, those stations in the middle
part of the watercourses present in the Pantanal of the MRW; and at the MOUTH of the
Miranda River with the Paraguay River (Figure 2).

Table 3. Existing water quality monitoring stations in the natural wetland, in the Pantanal Biome of
the Miranda River watershed.

Name WGS84
Position Station Code [19] (Influence River LAT LONG
Areas)
Start 00MS23AQ2284 T1A07 Aquidauana —20.46061619° -55.83292044°
Start 00MS23M11292 1A14 Miranda —20.24083000° -56.39968000°
Intermediate  00MS23AQ2000 IA15  Aquidauana -19.79170028° -56.80750010°
Intermediate  00MS23M12147 IAl6 Miranda -19.77965000° -56.81864000°
Mouth 00MS23MI2000 1A17 Mc.)uth of -19.41998000° -57.32060000°
Miranda

The influence of wetlands was analyzed by comparing the annual mean values and
trends of each water quality parameter at START (entrance), INTERMEDIATE (mid-
stream), and MOUTH (exit) points, considering the dry season (April to October) and
rainy season (November to March).
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Figure 2. Monitoring stations in the natural wetland area of the Miranda River watershed, in the
Pantanal Biome (IA: Influence Areas).

3. Results and Discussion
3.1. Changes in Land Use and Land Cover in the Miranda River Watershed

Over the analyzed period, the areas of Native Vegetation decreased from 1,695,580.20
hectares to 1,558,072.61 hectares, representing a decrease of approximately 8.11% over 14
years (Figure 3). This trend of reduction in native vegetation has been observed over time,
as noted by Ferraz [23] when analyzing changes within the Miranda River Watershed re-
garding deforestation rates between 1973 and 2006. According to the author, in 2006, areas
with natural coverage occupied 35.8% of the basin area, while in 1973, this percentage
represented 72%.

Land Use and Land Cover of Influence Area
IA01 1A02 1A03 1A04 IA05

1A07
1A12

2005

1A17
1 [T Agricuiture [ Not Vegetated [l Urban Area | Wetiands
] Land Use Class
[ Native Vegetation  Pasture [ Water Body

Year

Figure 3. Land use and land cover data in the Miranda River watershed ranging from 2005 to 2018
(IA: Influence Area).
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According to Padovani [24], these changes in natural coverage in the Pantanal basin
can be explained by the issuance of State Decree N°. 14,273/2015, which regulated ecolog-
ically sustainable exploitation and alternative land use in the Restricted Use Areas of the
Pantanal floodplain in Mato Grosso do Sul. The author explains that the issuance of the
decree may have stimulated the conversion of native vegetation for anthropogenic use.
Additionally, population growth, followed by increases in economic indicators, may be
factors that led to this reduction in natural vegetation. The areas under agriculture in-
creased from 373,430.33 hectares to 620,952.67 hectares between 2005 and 2018, represent-
ing an increase of 66.28%. There is also a reduction in pasture areas, from 1,950,383.39
hectares to 1,760,624.88 hectares, a decrease of 9.73% over the period. The reduction in
pastures and the increase in agricultural areas is a trend observed in the national scenario
as surveyed by Landau et al. [25]. The authors explain that the intensification of Brazilian
livestock production, coupled with the ease of converting pastures to agricultural crops,
explains the reduction in the total pasture area. According to Lamas [26], many degraded
pasture areas have been converted to agricultural cultivation. There is also an increase in
urbanized areas and non-vegetated areas in the basin. Variability in wetland areas and
water bodies was also observed, common in the Pantanal region, with periods of drought
and rainfall causing fluctuations throughout the year, associated with the mechanisms of
droughts and floods.

3.2. Water Quality in the Miranda River Watershed

A multitemporal and spatial analysis of water quality was conducted in the 17 Areas
of Influence for the parameters DO, pH, BOD, thermotolerant coliform, TN, TP, TS, Tu,
and WQI The quality parameters were analyzed following the classification metrics for
Class 2 (Figure 4), according to CONAMA Resolution No. 375/05 [27] and IMASUL’s
CECA-MS Deliberation N°. 36/12 [18].

Cerrado Wetland
BOD- 10.71 89.20 10.46 89.54
DO- |11.9 88.1 2353 76.47
-
£ Therm.Coii.- 84.52 15.48 77.78 2222
1S
©
<
o pH- 119 88.1 100
T
TP- 67.86 3214 817 18.3
Tu- 7.4 92.86 13.07 86.93
0 25 50 75 100 0 25 50 75 100

Percentage (%)

Brazilian Legislation Fulfillment (CONAMA n° 430/2011) Fulfills Not Fulfills

Figure 4. Percentage of compliance with water quality parameters according to Brazilian legislation
in the Miranda Basin from 2005 to 2018.

The results showed that compliance with water quality parameters according to Bra-
zilian legislation in the Miranda Basin in the period ranging from 2005 to 2018 is similar,
both for wetland areas and for the Cerrado. It is observed that most samples collected for
thermotolerant coliforms and TP do not comply with the legislation, both for wetland ar-
eas and for the Cerrado, with a compliance rate below 32.14% for TP. However, an im-
provement is observed for thermotolerant coliforms compliance with the legislation when
wetland areas are compared to the Cerrado. On the other hand, it is observed that pH has
the best compliance rate, reaching 100% in wetland areas.
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For DO, a reduction in compliance with the legislation is observed; in the Cerrado,
88.1% of samples were within the allowed limit, while in wetland areas, there was a re-
duction to 76.47%. The reduction in DO in Pantanal wetland areas is related to the natural
phenomenon known as “dequada” or “decoada”, where floodwaters promote the decom-
position of submerged organic matter, reducing the availability of DO in the water column
[28]. Wetland areas have large amounts of stored organic matter, about 50% of which is
carbon. Carbon associated with other nutrients such as phosphorus and nitrogen can re-
duce the amount of DO due to its demand in biochemical reactions involving these ele-
ments and also by decomposition of the stored organic matter [29].

3.3. Water Quality Index

The WQI was analyzed temporally and spatially, where it was found that in the 17
Areas of Interest, the WQI was considered GOOD or EXCELLENT (Figure 5). In the anal-
ysis conducted by [30] in the Rio Vermelho basin, in the Upper Paraguay Basin in Mato
Grosso, the author also obtained similar WQI values, between 51 and 70, considered as
“AVERAGE” quality, equivalent to the “GOOD” range of the IQACETESB [17]. In the Di-
amantino Basin in Mato Grosso, Lima [31] found similar WQI values ranging from 58 to
91.

Average Water Quality Index (WQI) - Miranda River Watershed
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Figure 5. Variation of the Average of the Water Quality Index (WQI) in the Miranda River Watershed
subdivided into 17 Influence Areas. Linear trendline in red.

3.4. Correlation between Land Use and Land Cover and Water Quality

Through the general correlation analysis across the MRW (Figure 6), it is observed
that the highest positive correlation values occurred between the class “Native Vegeta-
tion” and “Total Nitrogen” (corr =+0.8) and “Native Vegetation” with “Total Solids” (corr
= +0.75), considered a high correlation. Meanwhile, the highest negative correlation oc-
curred between “Wetlands” and “Total Nitrogen” (corr = -0.80) and “Native Vegetation”
with “WQI” (corr = -0.75). The strong negative correlation between WQI and Native Veg-
etation can be explained by two factors: The first factor is a phenomenon of reduced oxy-
gen levels in more preserved natural regions, called “decoada”. Considering that oxygen
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has a very large weight within the WQI, there is therefore a tendency for this index to
decrease in specific periods of the year, impacting the final results [32]. Furthermore, the
effects of spatial autocorrelation in this type of analysis should be considered whenever
possible [33], since areas with a specific type of coverage often tend to be concentrated in
more specific regions of a basin. The correlation between “Total Nitrogen” and “Urban
Area” (corr = —0.49) is considered moderately negative; however, other authors [33,34]
observed positive correlations of the order of +0.65 to +0.73, respectively, for Total Nitro-
gen and urbanized areas. The negative correlation obtained for this study may be associ-
ated with the low population density of the basin, considering that the correlations are
general for the entire contributing area. It is important to highlight that urban land cannot
be used as the sole estimator of water quality conditions [33].

General Correlation Miranda River Watershed
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Figure 6. Correlogram of land use and land cover with water quality in the Miranda River water-
shed. Note: Class: Agri = Agriculture, Water = Water Body, Not_Veg =Non-Vegetated, Past = Pasture,
Wet = Wetland Areas, Urb = Urban Area, Veg_Nat = Native Vegetation. Water quality parameters:
DO = dissolved oxygen, BOD = biochemical oxygen demand, Therm. Coli. = thermotolerant coli-
forms, TN = total nitrogen, TP = total phosphorus, TS = total solids, Tu = turbidity, WQI = water
quality index.

In light of these observations, it is important to highlight that the arrangement of
native vegetation, location, shape, and the presence of riparian forests influence the water
quality in adjacent watercourses. Therefore, the presence of native vegetation in strategic
points can positively affect water quality, especially when located in the riparian zone of
watercourses [6,35]. In the study by Menezes et al. [11] in the Ribeirao Vermelho Basin in
Lavras, Minas Gerais, where the springs and main tributaries are located in the urban
region of Lavras, it was found that natural vegetation correlated negatively with nitrogen
(corr = -0.43). Additionally, they did not identify a correlation between “Native Vegeta-
tion” and “Total Solids” (corr = 0.06).

The correlation values found in this study suggest that each study region has its own
peculiarities, as shown in Figure 7, since the expected correlations may not repeat from
one study area to another.
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Correlation Coefficients Between Land Use and Water Quality
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Figure 7. Correlogram of land with water quality by influence area in the Miranda River watershed.
Note: IA: Influence Areas. Water quality parameters: DO = dissolved oxygen, BOD = biochemical
oxygen demand, Therm. Coli. = thermotolerant coliforms, TN = total nitrogen, TP =total phosphorus,
TS = total solids, Tu = turbidity, WQI = water quality index.

In the study conducted by Chen et al. [36], the authors analyzed the correlation be-
tween land use and land cover and water quality parameters. The authors found that there
is some spatial heterogeneity among the sub-basins studied, so the relationship between
land use and water quality is not the same among them, as observed in the delineated
Areas of Influence for the MRW in this study. The literature suggests that other relation-
ships should be investigated for a better understanding of the relationship between land
use and water quality, such as the type of scale adopted, region topography, and hydro-
logical regime [7,9].

According to the multi-temporal analysis of land use and land cover, IA17 has the
highest proportion of wetland areas due to its spatial location close to the mouth of the
Miranda River with the Paraguay River. It is observed that over time in IA17, there is a
variation in the quantity of “Wetland Areas” from year to year. This variation can be ex-
plained by the effect of multi-year flood and drought cycles, where periods of consecutive
years of floods alternate with years of drought. With the increase in water covering the
soil, there is a reduction in the quantity of other land use classes [37].

When analyzing the correlations between the land use “Wetland Areas” and water
quality parameters in IA17, low correlations were observed, lower than corr = 0.5, except
for the parameter “Total Nitrogen,” which showed a high coefficient (corr = -0.82). Yu et
al. [38] evaluated 40 small wetland areas in the Blue Ridge ecoregion, South Carolina, Uni-
ted States, where they found that total dissolved nitrogen depends on both the hydrolo-
gical connection between wetland areas and the surrounding land use (Figure 8).
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Figure 8. Correlogram of wetland areas with water quality by influence area in the Miranda River
watershed. Note: Class: Agri = Agriculture, Water = Water Body, Not_Veg = Non-Vegetated, Past =
Pasture, Umide = Wetland Areas, Urb = Urban Area, Veg_Nat = Native Vegetation. Water quality
parameters: DO = dissolved oxygen, BOD = biochemical oxygen demand, Therm. Coli. = thermotol-
erant coliforms, TN = total nitrogen, TP = total phosphorus, TS = total solids, Tu = turbidity, WQI =
water quality index.

These low correlations can be explained by the non-linear variation in the quantity of
Wetland Areas over the study period, resulting from the seasonality of interannual peri-
ods of drought and flood in the Pantanal. The dynamics of land use and land cover in this
region do not behave linearly over the study period, showing higher variance compared
to other Influence Areas in the MRW. Because of this, the relationship between land use
and land cover and water quality may not be well explained by linear correlations, sug-
gesting that non-linear correlations should be investigated in future studies.

3.5. Influence of Wetlands on Water Quality
3.5.1. Thermotolerant Coliforms

When comparing Thermotolerant Coliforms at the inlet and outlet of the Pantanal
region, a pronounced downward trend is observed in most of the years studied. Addition-
ally, it is also noted that the values for Thermotolerant Coliforms were above the permis-
sible limit for Class 2 at the inlet stations, so that at the mouth of the Miranda River with
the Paraguay River, the values remained below the limit of 200 MPN/100 mL (Figure 9).
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Figure 9. Spatial variation of the average Thermotolerant Coliforms (MPN/1000 mL) at the monitor-
ing stations in the Pantanal (IA07, IA14, IA15, IA16, IA17).
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The results corroborate those found by [39], who analyzed the effectiveness of natural
wetlands in retaining nutrients, sediments, and microbial pollutants in two wetland areas,
one natural and the other channelized (anthropized), located in a region of intense ag-
ropastoral use. The authors found that the natural wetland area reduced about 68% of E.
coli between the inlet and outlet of the natural wetland area, while the channelized wet-
land area retained 25% of the coliforms between the inlet and outlet. Wilcock et al. [40]
found an average reduction of 79% in the years ranging from 2007 to 2010 at the outlet of
the wetlands in the Toenepi basin, a region predominantly characterized by dairy farming
in the North of New Zealand.

The retention and reduction in coliforms and other types of microorganisms in wet-
lands may be associated with sedimentation along with suspended particulate matter and
also with adsorption to aquatic vegetation. The infiltration of contaminated floodwaters
into firm soil is another factor that reduces the quantity of these microorganisms in surface
waters. Exposure of organisms to ultraviolet solar radiation present in the water column
significantly reduces the quantity of these organisms, especially in shallow waters [39,40].

3.5.2. Dissolved Oxygen and Biochemical Oxygen Demand Assessment

When comparing DO at the inlet and outlet of the Pantanal region, a downward trend
is observed in most of the years studied. In the majority of the years studied, the DO values
were above 5.0 mg/L, the minimum limit for Class 2 (Figure 10). It was also observed that
DO values are higher during the driest times of the year.
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Figure 10. Spatial variation of the average dissolved oxygen (mg/L) at the monitoring stations in the
Pantanal (IA07, 1A14, IA15, TA16, IA17).

The BOD concentration showed an increase in relation to the inlet and outlet of the
MRW wetland for 6 years and a decrease for 4 years. These values correlate with DO,
where a decrease in concentration was observed in the Pantanal wetland. Due to the low
population density in the Pantanal region, the influence of sewage discharge is not rele-
vant; however, other types of anthropogenic interference cannot be excluded (Figure 11).



Appl. Sci. 2024, 14, 5666

14 of 24

2005 2006 R 2007 2008
- 5

RO RS N ROBIRCIIRC IR R RUBIRCIIRC IR R

2009 2010 2011 R 2013

i BERN = [ |
RUBIRUIIRCIIN R RN IR RUBIRUIRCIIN IR RUBIRUIIRC IR

2015 i 2016 2017

-

Average BOD (mglL)

-
|l

4
3
2
1
0

0 0
RUNRSOERCERETS EUNRSIRC N RS RUNROERCIREN RO IR AR RS

2018

-

Season BOD Maximum Range
W oy Standard Legislation
— Wet — Upto5.0mg/L

RONIR IR AR

Year

Figure 11. Spatial variation of the measurement of biochemical oxygen demand BOD (mg/L) at the
monitoring stations in the Pantanal (IA07, IA14, IA15, IA16, IA17).

The reduction in DO and the increase in BOD in the wetlands of the Pantanal may be
related to the natural phenomenon known as “dequada” or “decoada”, as mentioned be-
fore [32]. Dise [29] highlights that wetlands have large amounts of stored organic matter,
about 50% of which is carbon. Carbon associated with other nutrients such as phosphorus
and mainly nitrogen can reduce the amount of dissolved oxygen due to its demand in
biochemical reactions involving these elements.

In a study conducted by Jeng and Hong [41] in the wetlands existing in the urban
area of St. Bernard County, Louisiana, United States, the authors found low DO values,
ranging from 3.0 mg/L to 1.8 mg/L. Silva et al. [42] also observed levels considered low of
DO, from 1.37 to 5.37 mg/L in two bays of the Paraguay River in Caceres (MT). During the
“dequada” in the Paraguay River in Caceres/MT, [43] found that the average dissolved
oxygen declined from 6.37 mg/L (October 2018) to about 3.0 mg/L (April 2019), returning
to normal in the following months.

Oliveira et al. [44] conducted an analysis of “dequada” events along the Paraguay
River and its tributaries. The authors found that in the region from the confluence of the
Miranda and Aquidauana rivers to the mouth with the Paraguay River (the area studied
in this work), there is a reduction in DO and an increase in the concentration of carbon
dioxide released during the decomposition of organic matter causing “dequada” events,
considered of medium to high magnitude. Thus, it is relatively common to find low values
of DO in wetlands due to the low speed of the water, which reduces natural aeration in
these areas. Especially in tropical areas with an abundance of herbaceous vegetation, DO
levels can drop to 2.0 mg/L during the decomposition of organic matter, as floodwaters
advance in the floodplain area [41,44].

The higher concentrations of BOD and the reduction in DO in the studied area may
be associated with the decomposition of dead natural organic matter, resulting from sea-
sonal flooding cycles. Oliveira et al. [44] further add that the magnitude of these events
(intensity and duration) varies from year to year, occurring from December to May in the
tributaries, and from February to June in the main channel of the Paraguay River.

3.5.3. Total Nitrogen Assessment

An increase in TN values was observed over 7 years between the input and output in
the wetland area of the Pantanal. In the years 2005, 2007, and 2015, there was stability in
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the trend; however, for the years 2007, 2009, 2013, and 2014, there was a reduction in con-
centrations. Thus, it is observed that there is no clearly defined pattern of behavior for
nitrogen in the studied Pantanal wetland areas. It is also noted that, in general, the highest
concentration values occur during the rainy seasons (Figure 12).
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Figure 12. Spatial variation of the mean Total Nitrogen (mg/L) at the monitoring stations of the Pan-
tanal (IA07, IA14, IA15, IA16, IA17).

Uuemaa et al. [45] estimated the performance in the input and output of a wetland
area in removing nitrogen loads originating from upland pastures in the watershed in
Waikato, New Zealand. The authors found that the concentrations of TN were consistently
lower at the outlet of the wetland area, regardless of flow conditions or seasonality. This
is due to water infiltration through saturated layers of anoxic organic sedimentary mate-
rial and plant debris with high denitrification potential, so that high denitrification rates
are common in wetlands and riparian zones rich in organic matter [45]. Dias & Baptista
[12] also observed the reduction in TN in the wetland area of Riacho Fundo, Brasilia,
Brazil. The authors found an average retention of 36.7% for TN between the inlet and out-
let of the wetland area.

In the literature review conducted by Fisher and Acreman [13] on the nitrogen reten-
tion capacity in wetlands around the world, the authors confirm that most wetlands retain
nitrogen; however, about 13% of the wetlands studied showed an increase in Nitrogen in
the aquatic environment. Nitrogen can also be deposited in wetlands through atmos-
pheric processes of molecular nitrogen (N2) fixation, carried out by fixing bacteria. Addi-
tionally, the decomposition of dead organic matter can also release nitrogenous forms into
the water mass. Most wetlands can function as effective reservoirs of nitrogen in tropical
zones, accounting for two-thirds of all globally fixed atmospheric nitrogen [46]. White and
Reddy [46] highlighted that some factors affect nitrogen fixation in wetlands such as low
N:P ratios in sediment, inputs of wastewater, reducing conditions (redox potential), pho-
tosynthetic activity, availability of molybdenum, iron, and dissolved organic matter. On
the other hand, nitrification reactions, denitrification, ammonia volatilization, and plant
absorption help to keep nitrogen levels low in the water column. The contribution of each
of these reactions will depend on a series of environmental factors, which can effectively
optimize or minimize the relative rates of each reaction in soil and wetland areas [46].

The capacity of wetlands to remove nutrients from water varies with climatic season-
ality, increased nutrient loads, and different types of vegetation. Vegetation production
and seasonality influence the amounts of organic matter and carbon in wetland sediments
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and the oxygen concentration in sediment [47]. Therefore, the variability of nitrogen con-
centrations in the studied area can be explained by the regime of wetland areas during
dry and flood periods and by the nitrogen cycle that occurs fully in wetlands, thanks to
the presence of air, water, sediment, land, and live biomass. Additionally, the nitrogen
cycle occurs jointly with the other biogeochemical cycles of carbon, phosphorus, and ox-
ygen [47].

3.5.4. Total Phosphorus Assessment

The spatial behavior of TP concentrations varied from year to year in the studied area.
Four years of decrease in upstream/downstream concentrations are observed (2006, 2010,
2015, 2017), and seven years of increase in upstream/downstream concentrations (2005,
2007, 2009, 2013, 2014, 2018). It is also noted that TP values were higher during rainy sea-
sons compared to the drier period (Figure 13).

The spatial behavior of Total Phosphorus concentrations varied year to year in the
study area. There are six years of decline in upstream/downstream concentrations (2006,
2008, 2010, 2011, 2015, 2017) and seven years of increase in upstream/downstream concen-
trations (2005, 2007, 2009, 2013, 2014, 2018). It is also noted that Total Phosphorus values
were higher in rainy seasons compared to the drier period (Figure 13).
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Figure 13. Spatial variation of the mean Total Phosphorus (mg/L) at the monitoring stations of the
Pantanal (IA07, IA14, IA15, IAl6, IA17).

In the study conducted by Dias & Baptista [12] in the wetland area of Riacho Fundo,
Brasilia, Brazil, an average retention of 34% for TP between the inlet and outlet points
analyzed by the authors was observed. After an extensive literature review on nutrient
removal in wetlands, Fisher and Acreman [13] identified that 84% of the studied wetlands
showed phosphorus retention, 10% indicated an increase in phosphorus, and in 6% of the
studied areas, there was no difference between the input and output of wetlands. Studies
in the literature associate wetlands with phosphorus retention mechanisms [48,49]. These
mechanisms combine biological, physical, and chemical factors such as absorption and
release by vegetation, periphyton, and microorganisms; sorption and exchange reactions
with soils and sediments; chemical precipitation in the water column; and sedimentation
and transport [50,51].

In wetlands, phosphorus is removed from surface waters and transferred to sedi-
ments and plants. Phosphorus removal can be limited by the concentration of iron,
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aluminum, or calcium in sediments [47]. The variability in phosphorus concentrations
found in the studied area may be associated with the processes of assimilation and release
of P in aquatic plants in the Pantanal. According to Neves and Santos [52], the Pantanal is
one of the Brazilian regions with the highest diversity of aquatic macrophytes due to the
diversity of habitats in the Pantanal plain, with annual variations in water levels, temper-
ature, and air humidity. Most of these species, for example, die in the dry season, releasing
biomass rich in nutrients. Aquatic vegetation in wetlands plays a significant role in phos-
phorus assimilation, as it absorbs P directly from the water column. Due to rapid turnover,
P storage is short-term in short-cycle emergent plants, such as macrophytes, and much of
the P is released back into the water column after vegetative decomposition, providing
short-term storage. Unlike macrophytes, woody tree formations in wetlands provide
long-term storage, with absorption rates ranging from 1 to 15 kg.ha'.year [50]. Periphy-
ton may play an important role in regulating P concentrations in the water column, as it
assimilates organic and inorganic forms of P and can induce marked changes in pH and
oxygen concentration in the water column and in the soil-water interface of flooding.
These alterations can potentially influence P solubility by precipitating phosphorus along
with CaCOs [50,53]. Thus, quantifying P cycling in wetlands proves to be a major chal-
lenge in terms of measuring the many physicochemical forms of phosphorus, as well as
the vast array of biological and chemical processes that control the absorption, storage,
and release of this element in wetlands [54].

3.5.5. Total Solids Assessment

For TS, there was a trend of increasing values from upstream to downstream in the
Pantanal area between the years 2005 and 2014. However, it is observed that from the year
2015 onwards, there has been a progressive reduction in the concentration of TS in the
Pantanal wetland area (Figure 14).
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Figure 14. Spatial variation of Total Solids (mg/L) at the monitoring stations of the Pantanal (IA07,
1A14, IA15, IA16, IA17).

Chang et al. [55] found that the restoration of natural wetland areas in the urban basin
of the Tualatin River, Oregon, United States, was effective in reducing TS concentrations
between the years 2001 and 2016. On the other hand, in the study conducted in the wet-
lands of the Duck Creek basin, Alaska, United States, no significant difference was found
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for TS at the inlet and outlet of the wetlands [56]. Plain wetlands, like those in this study,
slow down the speed of water and retain it for longer in the floodplain, resulting in down-
stream solids reduction through sedimentation [55]. TS still play an important role in the
cycle and transport of aquatic nutrients. Free phosphorus is generally associated with sus-
pended sediments in the water column, bottom sediments, or aquatic microbiota in or-
ganic form, so that water flows along with TS favor the transport of phosphorus in the
aquatic environment [56]. Understanding the influence of fluctuations in solid transport
in Pantanal wetlands is highly relevant, as transported sediments can be a limiting factor
to primary biological productivity downstream, reducing the fertility of wetland areas
and affecting their support capacity. The loss of flood pulse fertilization services has been
documented in several natural systems worldwide, mainly associated with dam construc-
tions that regulate the natural flow of sediments downstream [57].

3.5.6. Turbidity Assessment

Turbidity in the wetlands of the Pantanal of the MRW met the maximum limit of 100
NTU for Class 2 in all years studied. There is also a reduction in Turbidity values at the
inlet and outlet of the Pantanal, where values during the dry season are lower than during
the rainy season (Figure 15).
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Figure 15. Spatial variation of the average Turbidity (NTU) at the monitoring stations of the Pantanal
(IA07, IA14, TA15, IA16, IA17).

In a study conducted by the local government in the wetlands of the Duck Creek
basin, Alaska, United States, a reduction in Turbidity from upstream to downstream was
also observed, not exceeding more than 30 NTU for that location [54]. Wetlands are known
to be responsible for numerous ecosystem functions, among which the retention and dep-
osition of sediments stand out. This process improves water quality by reducing turbidity
while retaining nutrients and pollutants [58].

Turbidity in wetlands affects the distribution of aquatic plants, such as submerged
macrophytes, as they depend on light penetrating the water column for photosynthesis.
When turbidity is high, the presence of macrophytes is limited due to the low availability
of light in the water column [59]. In the aquatic environment, turbidity increases with
higher solids load, reducing the depth at which sunlight penetrates the water. The higher
the turbidity, the greater this effect. The depth at which light penetrates is the photic depth
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of the water body. Below this depth, there is not enough light for plants to photosynthe-
size. The depth of the photic zone is small in highly turbid wetlands, with primary pro-
duction limited to floating or emergent plants and benthic, planktonic, or submerged
plants only within the shallow photic zone. Primary production is then limited to the up-
per layers of water, and in the lower layers, the composition of the microbiota is altered
[59]. The results found for Turbidity in this study suggest that the composition of aquatic
biota may be relatively different between the inlet and outlet in the wetland area of the
Miranda River due to the availability of light along the water column.

3.5.7. pH Assessment

Regarding pH, it was observed that, in general, there is an increasing trend between
the inlet and outlet of the Pantanal, but it remains close to neutrality, ranging between 7.0
and 7.5 (Figure 16).
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Figure 16. Spatial variation of the average pH at the monitoring stations of the Pantanal (IA07, IA14,
IA15, IA16, IA17).

This trend towards alkalinity was observed by Reid and Mosley [60] when comparing
the contributions of geochemistry, microbial metabolism, and aquatic photosynthesis to
the alkalinity of pH in ephemeral wetlands in southeastern Australia. In the study, the
authors highlight that in that locality, the abundant growth of aquatic plants modifies the
chemical composition of the water through the absorption of nutrients, such as calcium
and magnesium, as well as the sequestration of CO2 by the process of photosynthesis in
the water column, increasing the carbonate alkalinity in the water. These nutrients ab-
sorbed by the plants are not available in the water column, so they do not form solid cal-
cium and magnesium carbonates like calcite, which normally buffer the pH within a cer-
tain fixed range [60]. In the study conducted by Gitau [61] in the wetlands of Limuru,
Kenya, the author identified low variation in pH at the inlet and outlet, also noting a slight
trend of increasing alkalinity.

The pH influences the mobility of phosphorus in the aquatic environment when in
the presence of Al, Fe, Ca, and Mg ions, promoting its adsorption on soil particles,
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sediments, and the water column. Thus, the pH of the system and the concentration of
these elements determine which ion will be most active in P sequestration. In acidic soils,
P in the inorganic form can be adsorbed on hydrated oxides of Fe and Al; in addition, P
can precipitate as insoluble Fe phosphates. [54]. Oliveira et al. [44] highlight that in the
Pantanal, during the “decoada” period, the DO concentration varies between 5.0 and 2.0
mg/L due to the decomposition of dead organic matter; as a consequence of this, soluble
CO: is released (favoring acidification). During the study period, pH values outside the
range of 6 to 9, allowed for Class 2, were not identified. Although a pattern of reduction
in DO was identified in the wetlands of the Miranda River, it was observed that the aver-
age DO values were above 5.0 mg/L.

3.5.8. Water Quality Index (WQI)

When analyzing the WQI in the wetlands of the Pantanal, an increase in WQI values
is observed. Additionally, it is noted that the index is better during drier periods compared
to rainy periods. The influence of coliform removal may explain the significant improve-
ment in WQI between the inlet and outlet of the wetlands in the Miranda basin (Figure
17). According to Oliveira et al. [44], understanding the phenomenon of “decoada” is im-
portant for interpreting the WQI, as the reduction in dissolved oxygen levels can nega-
tively influence the index. Thus, the authors recommend caution in using DO as an indi-
cator of quality in the Pantanal, considering that “decoada” phenomena are natural and
promote significant changes in the dynamics of the entire ecosystem.
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Figure 17. Spatial variation of the Water Quality Index (WQI) at the monitoring stations of the Pan-
tanal (IA07, IA14, IA15, IA16, IA17).

4. Conclusions

The study demonstrated changes in land use and land cover patterns and water qual-
ity standards in the MRW from 2005 to 2018. It is possible to observe changes in land cover
such as the reduction in native vegetation, as well as a decrease in livestock and an in-
crease in agricultural plantations. Additionally, there was variability in the quantity of
wetland areas in the MRW, characterizing multi-year cycles of drought and flood. Water
quality parameters such as BOD, DO, pH, and Turbidity as well as the WQI, remained
within the permissible reference limit for classification in Class 2, except for
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Thermotolerant Coliforms and Total Phosphorus, which showed values above the al-
lowed range. The study also revealed a trend of increasing BOD values, indicating a
higher input of organic matter into the water bodies of the basin, although, in all the stud-
ied Influence Areas, the WQI was considered “GOOD” or “EXCELLENT”. This indicates,
overall, satisfactory levels of water quality for the basin. On the other hand, although Total
Phosphorus exceeded the allowed limit, there was a gradual decreasing trend over the
study period.

When analyzing correlations in the MRW, it was observed that when using a general
approach for the entire basin, the indices showed low correlation. However, when corre-
lations were analyzed by Influence Area (sub-basins), the correlation values increased,
both for positive and negative correlations, indicating that policies for water quality man-
agement can be developed in terms of sub-basins, smaller planning units.

Comparing the behavior of water quality parameters concerning the wetland areas
of the MRW, there is a significant improvement in WQI, and for Thermotolerant Coliforms
and Turbidity. However, there is a downward trend in DO values in wetland areas and
an increase in BOD. For pH, it is observed that values tend to increase, making the water
more alkaline, rarely exceeding the range of 7.5. Regarding TP, TN, and TS, it was found
that the values showed variability over the years, with periods of increase or decrease.
Considering the climatic seasonality in the wetland areas of the MRW, it was observed
that DO, Turbidity, and WQI values are higher in the driest times of the year, and COD,
TN, and TP presented higher concentrations in the rainy season.

Wetland areas play important hydrological and ecological functions for flora and
fauna, and especially for the water quality of the region. They are effective in the removal,
storage, and cycling of nutrients, such as nitrogen and phosphorus, as well as improving
and controlling quality parameters downstream. Therefore, they are highly relevant areas
for defining strategies for watershed management and conservation, environmental pro-
tection, and the provision of ecosystem services.
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