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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
affecting also water quality. This study analyzed the correlation and influence between water
quality 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
management 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 improve WQI, with reductions in
thermotolerant 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 oxygen and total phosphorus. Conversely, it was found in these flooded areas a trend of
decrease in dissolved oxygen and an increase in BOD concentrations. Natural wetlands play
important hydrological and ecological roles in water quality, storing, removing, and cycling
nutrients. They are highly relevant areas for defining watershed management and conservation
strategies, environmental protection, and providing ecosystem services.
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1. Introduction

The demand for water, both in quantitative and qualitative terms, is increasingly significant
having in consideration the population growth and economic development. Therefore, 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 sanitation 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 management of water and sanitation for all. Its main objectives involve
improving water quality, 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, is one of the pillars adopted by Brazil to fulfill SDG 6. This assessment is one of the steps
in water resources management and is carried out through monitoring physical, chemical, and
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microbiological parameters via measurements of dissolved substance concentrations, physical
properties, and analysis of pathogenic microorganisms [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 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). It is formed by the Miranda River as its main course and the Aquidauana
River, and is situated in the transition zone between the Cerrado 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 permanently 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 [6].

Understanding the relationship between land use and water quality would help assess water
quality in unmonitored basins, as monitoring is often costly and time-consuming. Additionally, this
knowledge would provide guidelines for watershed managers and policymakers to prioritize future
land use development [7]. Thus, conducting an analysis of the relation between water quality and
different types of land use and cover is an important 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; utilizing correlation coefficients between quality and land use [8], comparative analysis
between input and output [9], through the use of regression equations [10], and multivariate analysis
[11]. 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 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 [12]. The fact is that
the number of parameters and the monitoring frequency have been continuously expanded,
generating water quality data from an important transition region between the Pantanal and Cerrado
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 considering 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 it was identified which quality parameters were the most relevant (key factors) and the
dynamics of substance concentrations along the main watercourses of the basin. Additionally, it
aimed to analyze the influence of natural wetland areas on water quality, considering how these areas
are capable of improving water quality.
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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.
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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

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 rearranged into these 17
Influence Areas, where monitoring stations very close to each other along the same watercourse were
grouped into the same Influence Area. They were thus considered Influence Areas 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 relationship with land use and cover (correlation coefficient).
These influence areas 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.
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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 between the years 2005 to 2018 were used
[13] for the entire watershed and for the 17 Influence Areas. The data was provided by MapBiomas
and accessed through the Google Earth Engine platform in raster structure (TIFF format), with a
spatial resolution of 30 meters 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 anthropic crops (perennial
or temporary) such as "Planted Forests", "Soybeans", "Sugarcane and “Other Temporary Crops" were
adapted to the "Agriculture" class. The "Pasture" class from MapBiomas remained with the
denomination "Pasture," similarly to the classes of "Wetlands", "Other Non-Vegetated Areas", "Urban

Infrastructure”, "Rivers and Lakes" adopted by MapBiomas were renamed to "Wetlands", "Non-
Vegetated", "Urbanized Area", and "Water Bodies" respectively.

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 website [14]. The
study period comprised data from the year 2005 to the year 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 quarterly 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 quality parameter were calculated in the 17 proposed Influence Areas in the study.

Nine water quality parameters with consistent data between 2005-2018 were analyzed. The
parameters were also analyzed considering the reference values for the classification of water bodies
for Class 2 (Table 1).

Table 1. Quality parameters and reference values for Class 2 classification Deliberation CECA No.

36/2012.
Parameter Unit Analytical Method Class 2 Limit Value
pH - 4500-H [15] 6-9
Dissolved Oxygen (DO) mg/L ASTM D888-12 [16] >5.0
Biochemical Oxygen Demand
mg/L 5210-D [15] <5.0
(5-day BOD Test)

Fecal coliforms MPN. 100 m/L 9221-E [15] <200

Total Nitrogen (TN) mg/L NBR 13796 [17] -
Total Phosphorus (TP) mg/L 4500 P-B, E [15] <0.1

Total Solids (TS) mg/L 2540 - C [15] -
Turbidity (Tu) NTU 2130-B [15] <100

Water Quality Index (WQI) - Calculated -

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 subsequently, individual
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correlations were calculated considering each of the 17 Influence Areas. 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 distribution. 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 Spearman'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 (Equation 1).

6 d*

T am?-1) M

p=1

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

The Spearman's Rank Correlation Coefficient measures the degree of linear correlation 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 negative correlation, as one variable increases, the other
decreases; and values closer to 0 indicate 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[18]. 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 2). 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 2. Existing water quality monitoring stations in the natural wetland, in the Pantanal Biome of
the Miranda river watershed.

Position Station code [19] Name (Influence Areas) River
Start 00MS23AQ2284 1A07 Aquidauana
Start 00MS23M11292 I1A14 Miranda
Intermediate 00MS23AQ2000 IA15 Aquidauana
Intermediate 00MS23M12147 IA16 Miranda
Mouth 00MS23M12000 I1A17 Mouth of Miranda

The influence of wetlands was analyzed by comparing the annual mean values and trends of
each water quality parameter at START (entrance), INTERMEDIATE (midstream), 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 [20] when
analyzing changes within the Miranda River Watershed regarding 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%.
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Figure 3. Land use and land cover data in the Miranda river watershed between the period of 2005 to
2018 (IA: Influence Area).

According to Padovani [21], these changes in natural coverage in the Pantanal basin can be
explained by the issuance of State Decree No. 14,273/2015, which regulated ecologically 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 increased from 373,430.33 hectares to 620,952.67 hectares between 2005 and
2018, representing 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. [22]. 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 [23], 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 to 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 and IMASUL's CECA-MS Deliberation No. 36/12.
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Figure 4. Percentage of compliance with water quality parameters according to Brazilian legislation
in the Miranda Basin between the period from 2005 to 2018.

The results showed that compliance with water quality parameters according to Brazilian
legislation in the Miranda Basin between the period 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 areas and for the Cerrado, with a
compliance rate below 32.14%. However, an improvement 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.

For DO, a reduction in compliance with the legislation is observed, where in the Cerrado was
achieved 88.1% of samples within the allowed limit, while in wetland areas there is a reduction 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 decomposition of submerged organic
matter, reducing the availability of DO in the water column [24]. 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 reduce the amount of DO due to its demand in biochemical reactions
involving these elements [25].

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 analysis conducted by
[26] 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 [27]. In the Diamantino Basin in Mato Grosso, Lima [28] found
similar WQI values ranging from 58 to 91.
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Through the overall correlation analysis across the entire MRW (Figure 6), it is observed that the
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Figure 5. Variation of the Average of the Water Quality Index (WQI) in the Miranda River Watershed
correlation. Meanwhile, the highest negative correlation occurred between "Wetlands" and "Total

subdivided into 17 Influence Areas.
3.4. Correlation between Land Use and Land Cover and Water Quality
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Figure 6. Correlogram of land use and land cover with water quality in the Miranda river watershed.
Note: Class: Agri=Agriculture, Hidro=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 coliforms,
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 [11,29]. In the study by
Menezes et al. [8] in the Ribeirdo 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 Vegetation" 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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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. [30], the authors analyzed the correlation between 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 relationships 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 hydrological regime [10,31].

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 explained 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 [32].

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., [33] evaluated 40 small
wetland areas in the Blue Ridge ecoregion, South Carolina, United States, where they found that total
dissolved nitrogen depends on both the hydrological 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, Hidro=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=
Thermotolerant 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 periods 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, suggesting 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. Additionally, it is also noted
that the values for Thermotolerant Coliforms were above the permissible 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.100m/L (Figure 9).
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Figure 9. Spatial variation of the average Thermotolerant Coliforms (MPN/1000mL) at the monitoring
stations in the Pantanal (IA07, IA14, IA15, IA16, IA17).

The results corroborate those found by [34] 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 agropastoral 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 wetland area retained 25% of the coliforms between the inlet
and outlet. Wilcock et al [35] found an average reduction of 79% between the years 2007 and 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 of coliforms and other types of microorganisms in wetlands 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 [34,35].

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, IA14, IA15, IA16, IA17).

The BOD concentration showed an increase at the inlet and outlet of the wetland area of the
MRW for 6 years, and a decrease for 4 years. These values correlate with DO, where a decrease in
concentration was observed in the wetland area of the Pantanal (Figure 11).
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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 of 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 before [36]. Dise [25]
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 [37] 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. P. L. Silva et al. [38] also observed levels considered low of DO, from 1.37 to 5.37 mg/L
in two bays of the Paraguay River in Céaceres (MT). During the "dequada" in the Paraguay River in
Caceres/MT, [39] 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. [40] 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 [37,40].

The higher concentrations of BOD and the reduction of DO in the studied area may be associated
with the decomposition of dead natural organic matter, resulting from seasonal flooding cycles.
Oliveira et al. [40] further add that the magnitude of these events (intensity and duration) varies from
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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

Anincrease 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 is a stability in the trend; however, for
the years 2007, 2009, 2013, and 2014, there was a reduction in concentrations. 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
Pantanal (IA07, IA14, IA15, IA16, IA17).

Uuemaa et al. [41] 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 material and plant debris with high denitrification
potential, so that high denitrification rates are common in wetlands and riparian zones rich in organic
matter [41]. Dias & Baptista [9] also observed the reduction of 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
outlet of the wetland area.

In the literature review conducted by Fisher and Acreman [12] on the Nitrogen retention
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
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environment. Nitrogen can also be deposited in wetlands through atmospheric processes of
molecular Nitrogen (N2) fixation, carried out by fixing bacteria. Additionally, 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 [42]. White and Reddy [42] highlighted that some factors affect Nitrogen
fixation in wetlands such as low N:P ratios in sediment, inputs of wastewater, reducing conditions
(redox potential), photosynthetic 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 [42].

The capacity of wetlands to remove nutrients from water varies with climatic seasonality,
increased nutrient loads, and different types of vegetation. Vegetation production and seasonality
influence the amounts of organic matter and carbon in wetland sediments and the oxygen
concentration in sediment [43]. Therefore, the variability of Nitrogen concentrations 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 Oxygen [43].

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 seasons 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 concentrations (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, IA16, IA17).

In the study conducted by Dias & Baptista [9] 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 [12] 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 [44,45]. 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 [46,47].

In wetlands, Phosphorus is removed from surface waters and transferred to sediments and
plants. Phosphorus removal can be limited by the concentration of iron, aluminum, or calcium in
sediments [43]. 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 [48] 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, temperature, 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 Phosphorus 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 [46]. Periphyton may play an important role in
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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 CaCO:s [46,49]. Thus, quantifying P cycling in wetlands proves to be a major
challenge 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 [50].

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, IAl6, IA17).

Chang et al.,, [49] 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 wetlands of the Duck Creek basin,
Alaska, United States, no significant difference was found for TS at the inlet and outlet of the wetlands
[52]. Plain wetlands, like those in this study, slow down the speed of water and retain it for longer in
the floodplain, resulting in downstream solids reduction through sedimentation [51]. TS still play an
important role in the cycle and transport of aquatic nutrients. Free Phosphorus is generally associated
with suspended sediments in the water column, bottom sediments, or aquatic microbiota in organic
form, so that water flows along with TS favor the transport of Phosphorus in the aquatic environment
[52]. Understanding the influence of fluctuations in solid transport in Pantanal wetlands is highly
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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 constructions that regulate the natural flow of sediments downstream [54].

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, IA15, 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 [50]. Wetlands are known to be responsible for
numerous ecosystem functions, among which the retention and deposition of sediments stand out.
This process improves water quality by reducing turbidity, while retaining nutrients and pollutants
[55].

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 [57]. 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 of the water body. Below this depth, there is not enough light for
plants to photosynthesize. The depth of the photic zone is small in highly turbid wetlands, with
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primary production 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 upper layers of
water, and in the lower layers, the composition of the microbiota is altered [57]. 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 remaining close to neutrality 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 [58] 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. These nutrients absorbed by
the plants are not available in the water column, so they do not form solid calcium and magnesium
carbonates like calcite, which normally buffer the pH within a certain fixed range [58]. In the study
conducted by Gitau [59] 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.

pH influences the mobility of Phosphorus in the aquatic environment [50]. Photosynthesis and
respiration in the aquatic environment can trigger significant changes in the pH of the water column
on a diurnal basis, increasing the pH to up to 10, depending on the buffering capacity of the water
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column, and precipitating a significant portion of Phosphorus from the water column as calcium
phosphate, where dissolved Ca* is available [46]. Oliveira et al. [40] highlight that in the Pantanal,
pH is altered to values below 5.0 and DO <2.0 mg/L during the "decoada" period when a large amount
of dead organic matter decomposes, releasing soluble CO: (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 average 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 improvement in WQI between the inlet and
outlet of the wetlands in the Miranda basin (Figure 17). According to Oliveira et al. [40],
understanding the phenomenon of "decoada" is important for interpreting the WQJ, as the reduction
in dissolved oxygen levels can negatively influence the index. Thus, the authors recommend caution
in using DO as an indicator 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
Pantanal (IA07, IA14, IA15, IA16, IA17).

4. Conclusions

The study demonstrated changes in land use and land cover patterns and water quality
standards in the MRW from 2005 to 2018. It is possible to observe changes in land cover such as the
reduction of native vegetation, as well as a decrease in livestock and an increase in agricultural
plantations. Additionally, there was variability in the quantity of wetland areas in the MRW,
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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 Thermotolerant Coliforms and Total Phosphorus, which showed
values above the allowed 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 studied
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 correlations were analyzed
by Influence Area (sub-basins), the correlation values increased, both for positive and negative
correlations, indicating that policies for water quality management 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,
itis 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 protection, and the provision of ecosystem
services.
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