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Abstract: Land use/land cover is one of the critical factors that affects surface-water quality at
catchment scale. Effective mitigation strategies require an in-depth understanding of the leading
causes of water pollution to improve community well-being and ecosystem health. The main aim of
this study is to assess the relationship between land use/land cover and biophysical and chemical
water-quality parameters in the Santa Lucia catchment (Uruguay, South America). The Santa Lucia
river is the primary potable source of the country and, in the last few years, has had eutrophication
issues. Several multivariate statistical analyses were adopted to accomplish the specific objectives
of this study. The principal component analysis (PCA), coupled with k-means cluster analysis
(CA), helped to identify a seasonal variation (fall/winter and spring/summer) of the water quality.
The hierarchical cluster analysis (HCA) allowed one to classify the water-quality monitoring stations
in three groups in the fall/winter season. The factor analysis (FA) with a rotation of the axis (varimax)
was adopted to identify the most significant water-quality variables of the system (turbidity and
flow). Finally, another PCA was run to link water-quality variables to the dominant land uses of
the watershed. Strong correlations between TP and agriculture-land use, TP and livestock farming,
NT and urban areas arose. It was found that these multivariate exploratory tools can provide a proper
overview of the water-quality behavior in space and time and the correlations between water-quality
variables and land use.

Keywords: land use/land cover; water quality; nutrients; multicriteria statistical analysis;
Santa Lucia watershed

1. Introduction

Water quality plays a vital role in ecosystems protection, public health, agriculture, and industry [1].
The water pollution sources not only come from rivers and lakes, but also from the land use/land cover
(LU/LC) and human activities [2]. LU/LC is the carrier of anthropogenic activity in catchments.
Landscape patterns control several biochemical and physical processes within the watershed.
Thus, one of the significant consequences of landscape pattern change is the worsening of stream-water
quality [3]. Water pollution not only leads to the inequity of river ecosystems, but also threatens
socio-economic sustainability and public-health safety [4]. With the aim of adopting effective actions
for the protection of surface-water bodies, a scientific interpretation of the relationship between LU/LC
and river-water quality is critically needed. However, the interactions between LU/LC and water
quality are challenging to evaluate, because of the complexity of the processes and the massive number
of variables and parameters involved [5,6].
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Many studies have investigated the relationship between water quality and land use. Some of
them have been performed in small watersheds with a high sampling frequency at a few monitoring
stations [7], or in larger basins with a low sampling frequency (monthly or seasonally), but at several
monitoring sites [8,9]. For example, many investigations have demonstrated that settlement areas and
farmland are responsible for water degradation, while forested regions have negative correlations with
most ions [10,11]. Kersebaum et al. estimated that the contribution of agricultural activities as diffuse
source pollution of surface waters is about equal to 55% in European countries [12]. These relationships
have often been explored concerning strategies for improving water quality at a smaller catchment scale.
Continuous advance of GIS-based tools and more refined data sources support approaches at larger
scales. However, little is known on the relationship between LU/LC and the water quality affected by
multiple point and diffuse sources of pollution in heterogeneous watersheds. These tasks have been
recently tackled by different conventional multivariate techniques [13]. For instance, Kéndler et al.,
in a transboundary basin located in Germany and the Czech Republic, proved with the aid of a cluster
analysis that arable land rules water quality when its proportion of the subcatchment area is >40%;
while a forest proportion higher than 70% leads to water quality with a low concentration of nutrients
and heavy metals [6]. Dutta et al. adopted principal component analysis (PCA) along with cluster
analysis to identify municipal wastewater discharge as the main factor of the deterioration of the
water quality of the Nag River (India) [14]. Namugize et al. used the Pearson correlation coefficient
to demonstrate the strong relationship between the increasing nutrient concentration in the Umgeni
river (South Africa) and the expansion of urban/built-up areas and cultivation lands [15]. Therefore,
further research is needed to integrate LU/LC effects on water quality over several years, considering a
variety of compounds originating from non-point sources of pollution.

Based on these considerations, with this work, we aim to enrich this body of knowledge with
an application of several multivariate techniques in the Santa Lucia watershed, located in Uruguay
(South America). Santa Lucia is one of the main fluvial systems of the country for its ecological
characteristics, location, and functions. Its watershed delivers water for about 60% of the Uruguayan
population (1.6 million people) and supports several agro-industrial activities, being a major region
of food production for the country [16]. Anthropic activities led to water quality deterioration of
the fluvial system, which has experienced a progressive eutrophication process. In March 2013,
a cyanobacterial bloom (Dolichospermum sp.) with high geosmin production caused taste and odor in
drinking water, affecting drinking water supply for most of the country’s population. This generated
public alarm and caused government concern, which consequently promoted the “Action Plan for the
Protection of Environmental Quality and Availability of Drinking Water Sources in the Santa Lucia
River Basin,” and the creation of the Santa Lucia River Basin Commission [17,18].

Consequently, the purpose of this study is to provide answers to the following scientific questions:
(i) which are the primary water-quality variables that alone can characterize the Santa Lucia system?
Furthermore, (ii) which compounds are significant indicators for particular land-use categories?

The specific objective is threefold: (i) analyze temporal and spatial patterns of biophysical and
chemical water-quality variables based on the free-access national dataset; (ii) identify relationships
between LU/LC categories and water-quality variables; (iii) evaluate the efficiency of the adopted
multivariate statistical techniques in interpreting surface-water quality and pollutant interactions in
this part of the world.

Accordingly, the results of this study are expected to enhance the understanding of the relationships
between land use and surface-water quality around the world, and, thereby, facilitate informed decision
making in the design of measures to mitigate pollution impacts on receiving waters’ bodies.
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2. Materials and Methods

2.1. Study Area

The Santa Lucia (SL) watershed (highlighted in orange on the left side of Figure 1) is located
in a temperate climate zone in south Uruguay, between 33°42’ S-34°50" S and 55°00" W-57°06" W.
This catchment is the primary source of drinking water in the country, as it allocates water for 60%
of the Uruguayan population, and also supports several agro-industrial activities [16,19]. The SL
watershed has a primary drinking water reservoir, Paso Severino (PS), operative since 1987, located in
Santa Lucia Chico (SLC) basin, a subcatchment of SL (right side of Figure 1). PS has a storage capacity
of 65 hm?, a surface area of 15 km? and a maximum depth of 20 m. Its drainage area is 2500 km?.
The purifying plant of Aguas Corrientes is located 50 km-downstream of the reservoir.
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Figure 1. Santa Lucia Chico (SLC) watershed with the location of the hydrometric station (red triangle),
water-quality monitoring stations (black dots), and subcatchment delineation.

Taking into account the strategic importance of SL watershed for the country, it is fundamental to
have adequate water-resource management policies to guarantee a sufficient water-quality threshold,
to satisfy all water uses and avoid environmental conflicts. Based on these considerations, SLC was
selected as a case study.

The SLC basin is entirely located in the Florida department, and its surface is equal to 2570 km?.
Its elevation ranges between 200 m a.s.l. in the north-eastern part of the basin, and 25 m a.s.l. at the PS
reservoir. The catchment stands on granitic gneiss rocks of the Piedra Alta Terrane. The Brunosolic
soil is dominant in this area with loam texture and rich in soil organic matter, with higher clay
and silt proportions in the southern part. The climate is temperate, with four different seasons.
It is characterized by total annual precipitation that varies between 1000 mm and 1500 mm and a
temperature that can vary between 3 °C and 30 °C [20].

2.2. Data Collection

The streamflow data set considered in this work corresponds to the period 2004-2018 and is
measured by the Uruguay National Water Board (DINAGUA). The streamflow is obtained three times
a day from the water level measured at the hydrometric station located in Florida city (Figure 1).

The water-quality dataset used in this study belongs to the Uruguayan National Environment
Board (DINAMA) and is freely downloadable from the National Environmental Observatory (OAN) [21].
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The data were collected bi-monthly, from 2004 to 2018, at six monitoring stations located along the
Santa Lucia Chico river (Figure 1). It is worth noting that three of these stations (PS03, PS04, and PS02)
are located in the PS reservoir, while SLC01, SLC02, and PSO01 are located upstream of the reservoir.

The DINAMA—Department of Monitoring of Environmental Components carried out the
water-quality monitoring campaign, within the framework of the Global Environment Monitoring
System for Water (GEMS/Water) of the United Nations. Among the variables considered, DO was
measured in situ, while the other variables were defined in the DINAMA Environmental Laboratory
following the procedures of the “Analytical procedures guide for environmental samples” [22].

The following variables were considered for this study: total phosphorus (TP), total nitrogen (TN),
nitrate (NO3 ), nitrite (NO, ™), ammonium (NH,4 "), turbidity, water temperature (T), dissolved oxygen
(DO), biochemical oxygen demand (BODs), and flow rate (Q).

It is worth remarking that the water-quality variables considered in this work are related to the
eutrophication problem that characterizes the water bodies of the study area and the LU/LC changes.

The current national LU/LC map (2018) with a scale of 1:50,000 was obtained from the Ministry of
Livestock, Agriculture, and Fisheries (MGAP) [23].

2.3. Trophic State Index (TSI)

The trophic condition of the SL river was assessed using TSI values and calculated as follows [24,25]:

0.42 — 0.36: In(TP)

TSIstream =10-{6 - 11’1(2)

-20 (1)

where TP is the measured total phosphorus concentration [pg/L].

The TSIstream ranges from 0 to 100, with high values representing high eutrophication levels.
The trophic status for streams is classified into six grades based on the TSI scores: ultra-oligotrophic
(TSistream < 47), oligotrophic (47 < TSIstream < 52), mesotrophic (52 < TSIstream < 59), eutrophic
(59 < TSIstream < 63), super-eutrophic (63 < TSLeam < 67) and hyper-eutrophic (TSLtream > 67).
The eutrophication status of the three sampling sites located in the mainstream (SLCO01, SLC02,
and PS01) was calculated by using Equation (1).

For evaluating the trophic condition at the monitoring stations located in Paso Severino reservoir
(PS02, PS03, and PS04), a modified Carlson Index proposed by Lamparelli was used [26,27]. It is also
based on total phosphorus (TP) concentration and is calculated with the following equation:

1.77 — 0.42- In(TP)
In(2)

TSIige = 10-{6 — (2)
where TP is the measured total phosphorus concentration [pg/L].
As well as TSIstream, TSI, is classified into the same six grades previously described.

2.4. Data Analysis

2.4.1. Multivariate Statistical Analysis

Conventional multivariate data-analysis techniques, cluster analysis (CA) (hierarchical cluster
analysis (HCA) and k-means) and principal components analysis/factor analysis (PCA/FA), were used
in this work. Both algorithms were coded and run in R, using the libraries “cluster,” “HSAUR,” “vegan,”
“devtools,” and “ggbiplot” [28]. Being these unsupervised techniques methods, they were used as
exploratory data analyses, where the aim is hypothesis generation rather than hypothesis verification.

To assess temporal and spatial trends of biophysical and chemical water-quality variables,
HCA and k-means were used in this study. CA groups the objects (data points) into classes (clusters)
based on their similarities within a class and dissimilarities among different clusters [29]. Initially,
the similarity is computed among data points. Afterwards, once the data points start to group,
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the similarity is calculated among the clusters as well [30,31]. The clustering algorithm is also sensitive
to the similarity (or distance) measures [32].

PCA was used to identify relationships between LU/LC categories and water-quality variables.
PCA reduces the dimensionality and complexity of a dataset of independent variables. It is a
technique that creates a new variable-set containing orthogonal-uncorrelated variables, which are linear
combinations of the original attributes and are ordered by decreasing variance. These new variables are
known as principal components (PCs) [33]. They have the advantage of gathering possible emerging
properties of the system that, instead, could be hidden if we focus only on the physical meaning of
each original variable [34]. For this reason, PCA was chosen for this study. The eigenvalues measure
the significance of the PCs. Factor loadings quantify the correlation among PCs and original variables.
Scores represent the individual transformed observations [35]. Afterwards, factor analysis (FA) was
adopted, since it reduces the contribution of less important attributes obtained from PCA, and the
new group of variables, called varifactors (VF), is obtained through a rotation of the axes defined by
PCA. While a PC is a linear combination of measured water-quality variables, a VF can include latent
variables [36]. The varimax rotation, the PCs rotation adopted in this study, maximizes the sum of the
variance of the squared loadings. This usually results in high factor loadings for a smaller number of
variables and low factor loadings for the rest.

2.4.2. Land Use/Land Cover Reclassification

Using QGIS 3.10, a reclassification of land use and land cover in the SLC watershed was carried out,
with the aim of merging similar categories into a single class. Primary land use (PLU) and secondary
land use (SLU) were defined as the reclassification map and the original detailed map, respectively.
The PLU categories identified were agriculture (AGR), grassland (GRAS), forest (FOR), wetlands (WET),
water bodies (WATB), mine (MIN), and urbanization (URB) (Figure 2). In the Supplementary Materials,
a comprehensive table that shows the land-use reclassification is reported (SM-1).

Legend
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Figure 2. Primary land use (PLU) (top) and secondary land use (SLU) representation (bottom).
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A catchment delineation exercise was carried out upstream of each sampling point, to quantify
the proportion of land-use categories that contributed to a sampling site. Automated hydrologic tools
of QGIS 3.10, for a digital elevation model (DEM) of 30m X 30m resolution, were used. Based on four
sampling points (SLC01, SLC02, PS01, and PS02), the catchment was divided into four sub-catchments
(Table 1, Figure 3). It is worth remarking that the monitoring stations located inside the reservoir were
not taken into account (PS03 and PS04).

Table 1. Subcatchment delineation based on water-quality monitoring stations.

Subcatchment ID  Area (km?)  Water-Quality Monitoring Station Latitude Longitude

S1 244 SLCO01 —-33.96 —55.88

S2 1504 SLC02 -34.09 —-56.20

S3 510 PS01 -34.15 —56.24

54 216 PS02 —34.26 —-56.30
Legend

® Water Quality Station

10 0 10 20 km A
Figure 3. Subcatchments delineation based on water-quality monitoring sites.

Percentages of the LU/LC classes were then calculated for each subcatchment. In Figure 4, the land
use percentages of the non-incremental subbasins are represented, with the aim of showing the
spatial distribution of the SLC LU/LC. All over the watershed, the dominant land use is grassland.
From upstream to downstream, agriculture class increases, while grassland-land use decreases.
Furthermore, it is interesting to see that, in the upstream portion of SLC watershed, in the last years,
there has been a significant percentage of forest plantation, due to wood production for the paper
industry. At S3, a not-negligible part of the subcatchment is occupied by urban areas (the principal city
of the entire region, Florida city, is located here). At 5S4, a significant percentage of native forest and
water bodies can be found, due to the presence of the PS reservoir.

1.00
B

0.90
0.80
0.70 .
B Agriculture
0.60 M Grassland
M Forest

0.50
Wetlands

Land use (%)

0.40 B Water bodies

0.30 Mine

B Urbanization
0.20

0.10

0.00 L — —-
s1 S2 S3 sS4

Figure 4. Land use/land cover (LU/LC) percentage at each subcatchment (non-incremental).
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In particular, the north-eastern part of the catchment is characterized by superficial soils, with rocky
areas, natural fertility, and no high drought risk. For this reason, extensive sheep farming and forest
plantation mainly occur in this region. In the central portion of the basin, soils with high natural fertility,
slow permeability, and medium drought risk are more frequent. This type of soil allows the agricultural
production of cereal and oilseed crops, cattle farming, and intensive dairy activity associated with
forage production. In the southern area, the soils have high fertility, high depth, and medium drought
risk. Horticultural and farm production organized on family farms are presented here [37].

2.4.3. Extraction of Land-Use Related Parameter: Shannon’s Diversity Index

As noted, land use can negatively impact the pollutant loads entering water bodies, since it is
strongly associated with anthropogenic activities [38]. Recent investigation findings have shown
that LU/LC class alone is inadequate to characterize pollutant inputs to the natural environment,
such as surface water [39,40]. This is due to the fact that, even within the same land-use category,
configurations such as land-development layout might be significantly different. For instance, at our
study basin that is livestock and agricultural area, the PLU types include several development types
(SLU), such as extensive agriculture with and without irrigation, natural and regenerated grassland.
These land-use subclasses would have different pollutant generation attributes due to their different
characteristics, even though these are all grassland and agricultural land uses.

For this reason, it is known that a lumped LU/LC parameter (such as percentage of a PLU type)
is not adequate to interpret alone pollutant generation processes. This requires the introduction of
additional information about land development, such as their diversity. Consequently, other than the
percentages of the seven primary land-use categories (AGR, GRAS, FOR, WET, WATB, MIN, and URB),
a new parameter, Shannon’s diversity index (SHDI), relating to configurations within each PLU type,
was also extracted. SHDI describes the land-use patch diversity within a primary land-use type and is
calculated using the following formula [41]:

m

SHDI = - Y (piLnpi) 3)

i=1

where m is the number of land patches within the primary land-use class; p; is the proportion of the
land-patch area accounting for the total area of a primary land-use type. An example of the SHDI
calculation is explained in Supplementary Materials (SM-2).

3. Results and Discussion

3.1. Temporal and Spatial Variation of the TSI

Based on the TP-concentration measurements, we calculated TSI at the three stations in the
mainstream (SLC01, SLC02, and PS01) and the three stations in the reservoir (PS03, PS04, and PS02).
In Table 2, annually averaged TSI values are reported. In general, the TSIsyeqn sShows a spatial increment
of trophic state from upstream to downstream stations. SLC01 presents mesotrophic conditions for
most of the years. SLC02 experimented temporal variations from mesotrophic conditions (2004 to
2007) to eutrophic and super-eutrophic conditions (2008 to 2018). PSO01, located downstream of
Florida city, shows eutrophic and super-eutrophic conditions for the whole period. The TSI, shows
hyper-eutrophic conditions in all PS-stations for the entire period (2011-2018). These results suggest
that significant phosphorus concentrations are available to support primary phytoplankton production
in the lower part of the SLC watershed, particularly in the PS reservoir. However, factors other than
TP, such as nitrogen or light, might be limiting phytoplankton growth. A graphical representation of
Table 2 is shown in the Supplementary Materials (SM-3).
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Table 2. The annual averaged TSI values. The color represents the eutrophication level: light blue
ultra-oligotrophic; blue oligotrophic; green mesotrophic; yellow eutrophic; orange super-eutrophic;
red hyper-eutrophic.

Year SLCO01 SLC02 PS01 PS03 PS04 PS02
2004 58.81 64.06
2005 58.91 63.03
2006 54.96 60.62
2007 57.72 59.80
2008 62.58 66.64
2009 59.95 63.54
2010 59.93 62.38
2011 57.23 63.94 66.04
2012 58.16 64.07 66.12
2013 58.20 63.06 64.38
2014 56.46 61.41 62.37
2015 55.86 62.72 63.72
2016 60.51 62.12 64.34
2017 57.30 61.91 64.11
2018 59.50 64.53 65.06

Since it is well known that cyanobacteria have several eco-physiological adaptations that may
allow them to dominate aquatic systems under warmer conditions [42], the variation of the seasonal
(fall/winter and spring/summer) TSI values was calculated (Table 3a,b). Overall, TSI spring/summer
values are always higher than the fall/winter ones. This is visible more in two monitoring stations
located in the mainstream (SLC01 and PS01). In particular, in the warm season, SLC01 presents
hyper-eutrophic conditions for a particular event (12/10/2016), while PS01 reported hyper-eutrophic
conditions for several months in 2011 and 2012 (12/01/2011, 09/03/2011, 27/12/2011, and 29/02/2012).
SLCO02 shows hyper-eutrophic conditions for one single event in the cold season (19/9/2012). It is
worth noting that September can be considered as a shoulder month between spring/summer and
fall/winter. The TSI, calculated for the three PS-stations shows an overall hyper-eutrophic state of
the surface water. Only a few and sparse events present super-eutrophic conditions. This suggests an
alarming situation for the water quality of PS reservoir all year long, and a worrying condition of the
mainstream-water quality, particularly in the warm season.

Table 3. The seasonal TSI values in (a) fall/winter and (b) spring/summer. The color represents
the eutrophication level: light blue ultra-oligotrophic; blue oligotrophic; green mesotrophic; yellow
eutrophic; orange super-eutrophic; red hyper-eutrophic.

(a) FALL/WINTER
SLCo1 SLC02 PSo1 PS03 PS04 PS02
max 60.43
median 57.45 61.19
average 56.81 60.76
min 46.85 66.72 66.48
std 3.41 3.78 3.35 1.78 1.62
(b) SPRING/SUMMER
SLCo1 SLCO02 PSo01 PS03 PS04 PS02

max
median 64.21
average 58.71 62.10 64.61
min  |5092 5561 59.61
std 3.82 2.75 2.35
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3.2. Temporal and Spatial Trends of Water-Quality Variables

3.2.1. Temporal Trends

A k-means cluster analysis was conducted to assess the occurrence of temporal patterns in water
quality at each water-quality monitoring station. For this purpose, ten attributes were considered
(TP, TN, NO;~,NO,~, NH,*, turbidity, T, DO, BODs, and Q), and each data point was labeled with the
monitoring date of water-quality samples. Considering that the six monitoring sites are characterized
by a different number of samples (1), six matrices (1 X 11) were submitted to k-means, being n = 39 at
SLCO01, PS03, PS04, PS02; n = 63 at SLCO02, and n = 51 at SLCO03. Prior to classification, the attributes
(ra-data) were mean-centered and scaled to unit variance to give equal importance to each attribute
and handle their different measurement units. The k-means was applied to the first two dimensions
(Dim). In Figure 5, the resulting spider plot obtained for SLC01 is shown as an example.

21 Jun 2017

12 Qct 2016

Dim2

9 July. 2014

22 Jul 2015

-2

#28 Dec 2016

22 Feb 2017

-2 -1 0 1 2 3 4
Dim1
Figure 5. Spider plot (k-means) of water-quality monitoring at SLCO1: k1 represents the Winter Cluster
(blue dots); k2 represents the Summer Cluster (red dots).

In Figure 5, it is possible to identify two different clusters: kI or Winter Cluster,
which includes water-quality observations that occurred in the fall and winter months
(April-May-June-July—August-September); and k2 or Summer Cluster, which includes water-quality
monitoring that occurred in spring and summer months (October-November—December—January-
February—-March). It is worth remarking that the month grouping used in this study is arbitrary.
Therefore, the months April and October can be considered as “shoulder months,” which can belong
to k1 or k2, depending on the arbitrary month grouping. This explains the presence of two April
data points in the Summer Cluster. Similar results were obtained at the other five water-quality
monitoring stations.

With the aim of thoroughly investigating the occurrence of temporal patterns and confirming
or adding more information to the outcomes of the spider plot (Figure 5), seasonal (fall/winter and
spring/summer) water-quality-parameter box-plots were used as a complementary tool (Figure 6).
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Furthermore, in this case, for a better comparison, row data were normalized (mean equal to zero and
standard deviation equal to one) and plotted with the same range of the y-axis. In the Supplementary
Materials, the statistical description of the normalized variables is reported (SM-4).

Season
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' @ Fall/Winter
4 + \
+ ‘ ‘ g ¢
B 3 ‘
2 $ 51
] + )
o ﬁ
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Station Station
6
4
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o : * &g & 2
° ﬁ | ’F}@ ‘BB
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SLCO1 SLCO2 PSO1 PSO2 PS03 PS04 SLCO1 SLCO2 PSO1  PSO2 PS03 PS04
Station Station
)
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B ‘
; ‘ + ¢
m o
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0 h IE el el 6@ —— g
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SLCO1 SLC02 PSO1  PSO2 PS03 PS04
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Figure 6. Seasonal variations (fall/winter and spring/summer) of water-quality parameters at the six

water-quality monitoring sites.
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The boxplots in Figure 6 show that the seasonal median of most all the water-quality variables
is quite similar at all monitoring stations. The main difference can be detected for turbidity and
temperature variables, whose median significantly differ between the fall/winter and spring/summer
season. Intuitively, the temperature is higher in spring/summer; on the contrary, turbidity is higher
in fall/winter. The latter can be justified from the flow-boxplot that is characterized by more and
higher outliers in fall/winter. This means that during this season, frequent extreme events occur and,
along with higher soil humidity due to low temperature, cause a higher runoff and, therefore, a larger
amount of detached and washed-off sediments.

3.2.2. Spatial Similarity

HCA was applied to reveal spatial similarities among the water-quality monitoring sites. Based on
the seasonal patterns previously identified, two data matrices (6 x 10) were the input for the HCA,
being six the monitoring sites, nine the water-quality/hydrologic variables considered (TP, TN, NO;~,
NO,~, NH,", turbidity, T, DO, and Q), and the last one was used as a label to identify the monitoring
station. The two matrices were built considering the median of the seasonal observations (fall/winter
and spring/summer) of each variable at each monitoring site. For this analysis, the variable BOD5 was
neglected due to the lack of its observations in three stations (PS03, PS04, and PS02). Moreover, in this
case, each row-data input matrix was normalized. The resulting dendrograms obtained for the two
seasons using Ward linkage and Euclidean distance are shown in Figure 7.
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Figure 7. Dendrogram to identify the spatial similarity of water-quality monitoring sites in SLC

PS03

watershed in (a) fall/winter, (b) spring/summer.

In Figure 7, it is possible to see that PS03 and PS04, the two monitoring stations located in the
PS reservoir, are very similar from the water-quality point of view all year long. PS02, the most
downstream station, comes immediately after. On the other side of the dendrogrames, it is possible to
identify the similarity that exists in spring/summer and fall/winter between PS01 and SLC02, which are
two stations relatively close to each other, located immediately upstream PS reservoir. In Figure 7a,
it is possible to identify three clusters (ki): k1 is formed by PS03 and PS04 (previously mentioned); k2 is
composed by PS02, the monitoring station located at the outlet of the PS lake; k3 is characterized by
SLCO01, SLC02, and PS01, that represent the three monitoring stations located upstream the reservoir.
This net cluster division is not visible in the spring/summer period (Figure 7b). This can be justified
considering water balance as the driving force behind the pollutant transport at watershed scale.
In particular, the fall/winter season is characterized by more frequent extreme events that, along with
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higher soil humidity, cause a higher runoff and, therefore, a larger amount of washed-off pollutants.
This hypothesis is confirmed from the boxplots” outcomes (Figure 6).

To provide an in-depth investigation of the spatial patterns of water-quality monitoring sites
and confirm or add more information to the results obtained from the previous analysis (Figure 7),
a PCA was run as a complementary analysis at each monitoring station. The dimension of the six
input matrices was (1 X 11), n being the number of water-quality samples (n = 39 at SLC01, PS03,
PS04, PS02; n = 63 at SLC02, and n = 51 at PS01); ten attributes were considered (TP, TN, NO3~, NO,~,
NH,*, turbidity, T, DO, BODs, Q) and the last one, monitoring dates, were used as labels. Furthermore,
in this case, this analysis was run on normalized matrices so that all attributes had zero mean and
unit variance. The first four principal components (PCs) were selected, since they represented at least
70% of the total variance (69.0% at SLCO01, 73.1% at SLCO02, 69.7% at PS01, 82.7% at PS03, 80.2% at
PS04, and 79.9% at PS02) and their eigenvalues are higher than one. The loadings outcomes obtained
at each monitoring station are reported in Table 4. Factor loadings help in understanding the basic
nature of a component and are analogous to the correlation between original variables and PC. In this
study, PC loadings above |0.5| were considered to have a major contribution to the associated factor [43]
(highlighted in Table 4).

Table 4. Principal component (PC) loadings results at the six monitoring stations. Numbers in
parenthesis represent the PC variance.

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
SLCOL - 6.1%) 203%) (3.4%) (24%) "% @G33%)  (62%) (31%)  105%) U001 (21%)  (153%)  (13.1%)  (93%)
TP -022  -0.08 010  -047 TP 023 047 008  —048 TP -0.44 0.05 -0.01 027
TN  -006 046 -048 -023 TN  -035 041 023 0.03 N  -031 046 0.19 0.08
NO;~ 005 0.41 -048 031 NO3~ -038 025 0.03 -020 NOz~ -015 039 0S8 -0.05
NO,~ -007 029 000 [JS068W NO,~ -0.09 o011 - -016 NO,~ -034 0.05 0.02 0.47
NHs*  -027  -041  -041 -026 NHg* 022 0.22 -042 NHgt  -034 0.24 0.29 0.14
Turbid. 045 0.22 0.12 003  Tarbid. -043  0.30 0.07 013 Tarbid. 019 [NOB9NN 029 -0.16
T [J=088 020 0.08 0.08 T 0.39 041 0.00 0.34 T -0.41 -025  -0.01 -0.39
DO 048  -031 008 -027 DO  -038 -034 003 -048 DO 035 -0.06  —0.09
BODs —0.09 —042  -049 021 BODs 000 —028 046 013  BODs  0.04 026 -0.05
Q 038 0.05 -029 017 Q -037 017 0.05 038 Q 037 030 020 -0.09
psos  FCt PC2 PC3 pC4 Lo PCl PC2 PC3 pC4 oo Pl PC2 PC3 PC4
(B15%) (11%) (17.5%)  (12.6%) (33.6%) (21.3%) (13.3%)  (12.0%) (62.7%)  (20.0%) (14.1%)  (13.1%)
TP 026 015 039 TP -023 044 042 023 TP 036 0.40 0.00 023
N 0.09 035  -004 TN 0.34 037 0.19 -0.07 TN -025 -007  -022
NOs~ -005 042 006 [NOZIN NO;~ 012 038  —026 NOz~  -0.06 - -0.08 044
NO,~ 033  -030  -044 006 NOy~ 029  -0.10 NO,~  -030 0.18 -036  -037
NH,*  -013 043 -024  -049 NHg*  -017 039 038  NHg* 001 030 045 |06
Tarbid. 049  -0.11 -001 027  Tarbid. -013  -0.13 0.09  Turbid JIS0B5M 0.05 -0.06 0.09
T [JS051) -0.18 0.16 0.06 T -0.14 001 -0.01 T 0.46 0.01 -0.21 -0.39
DO 042 0.36 -031  -014 DO 032 041 021 0.16 DO -017  -0.02 [NO7Z6NN 0.11
Q 034  -0.09 0.50 0.05 Q 028  -041 036 -0.09 Q -041 023 -016  -0.07

The PC loadings marked in Table 4 are not very high; therefore, it is not possible to find a clear
spatial pattern. Consequently, a rotation of the PCs was carried out to get a more straightforward and
appropriate depiction of the primary factors, by reducing the contribution of less significant variables.
Rotation modifies the variance explained by each factor. Varimax rotation is adopted in this study
to simplify the expression of the sub-space previously found with the factor analysis in terms of just
a few significant items each. The actual coordinate system is unchanged; it is the orthogonal basis
that is being rotated to align with those coordinates. As well as for the PCA, the first four VFs were
considered. The factor loadings of the varimax-rotated components are presented in Table 5. Moreover,
in this case, VF loadings above |0.5| were considered to have a significant contribution to the associated
factor [14] and were highlighted in Table 5.
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Table 5. Varifactors (VF) loadings results at the six monitoring stations.

SLC01  VF1 VE2 VF3 VF4 SLC02  VF1 VF2 VF3 VF4  PS01_ VF1 VE2 VF3 VF4
TP —-005  0.03 -0.09 OSSN TP -022 011  -0.02 0.01 TP -0.08 -0.07 0.19 -0.05
N  -009 022 -0.08  -001 TN 0.08 021 0.28 N -0.20 0.06 0.17 -0.08
NOs~  -009  -0.10 000  -003 NOz~ 022 0.10 0?_ NO;~  -0.03 0.04 0.05 0.19
NO,~ -0.09 097N -0.09 003 NO,~ 005 005  -0.02 004 NO,~ -0.06 -0.12 [0S -o0.01
NH,*  -001  -0.01 0.30 017 NHg*  -010  -008  0.02 -0.08  NHg*  -011 0.12 0.15 0.03

Turbid.  0.27 0.04 -012  -0.11 Turbid. 0.8 0.44 0.34 029  Turbid. 002 [ENOSSEN -0.12 0.01
T 0.13 -0.04 007 T -0.03 001 -0.10 T -034  -0.19 0.15 -0.10
DO - 0.01 002 -001 DO - 0.14 0.12 0.14 DO [o9sEN o001 -0.06 -0.01
BODs 005  -0.09 [MNOS5MN -0.10 BODs 004 001  -003  -002 BODs 0.0 0.01 -0.01
Q 0.26 0.04 001  -007 Q 013 JNOSEN 0.19 0.08 Q 0.12 0.26 -0.06  —0.01
PS03 VF1 VF2 VF3 VF4 PS04  VFL VF2 VF3 VF4  PS02  VFI VF2 VF3 VF4
TP -012  -0.23 0.18 0.05 TP 0.03 006  -013  -027 TP -025 007  -021 0.04
TN 0.18 0.15 021  -023 TN 0.25 0.13 0.12 0.06 N 0.10 0.17 0.08 0.20
NO;~ 005  -003  -007 —011 NOsz~ 007 -010 005 -0.08 NO3~ 016 0.02 -010  -0.04
NO,~ 025 0.05 -0.08 NO;~ 003 [WOSSH o022 002 NO~ 013 [NO97ZEN o011 0.05

NHg* 007  -0.10 _% NH,# 008  -014 -0.13 -009 NHg* -007 0.05 -0.08 [N0S7Z

Turbid. 038 045 -0.18 029 Turbid. 024 032 |08 027  Turbid. 0.35 0.35 0.01
T -0.10 005  -011 T -019  -049  -0.08 T -0.04  -0.13 0.09
DO -0.01 0.16 018 DO - 0.00 0.14 -001 DO 0.20 -0.07 0.03 0.13
Q 0.03 -0.09 0.03 Q 0.01 0.03 0.18 _ Q 0.23 0.12 _ -0.09

At all monitoring sites, VF1 strongly contributes to T and DO. Their VF loadings have opposite
signs everywhere. This is justified by the fact that DO concentration in the surface water is affected by
T and has both a seasonal and a daily cycle. Cold water can hold more DO than warm water. In the
late fall and winter, when the water temperature is low, the DO concentration is high. In the late spring
and summer, when the water temperature is high, the DO concentration is often lower. VF1 is also
contributed by turbidity at PS02. VF2 can be explained mainly with NO,™ and Q. Considering that
NO, " is part of the dissolved inorganic nitrogen (DIN), its correlation with the streamflow is clear.
VE3, instead, is mostly contributed to by both particle-bound and dissolved nitrogen, considering
that the most significant variables at all monitoring sites are TN, NH,*, turbidity, and Q. It is also
contributed to by BODs only at SLC01. VF4 can be mainly explained by the dissolved inorganic form
of nitrogen. NO3~, NH4*, NO,~, and Q are the primary contributors. Only at SLC01 does TP have
a significant influence. It is worth remarking that the variables that influence almost all the VFs are
turbidity and Q. In particular, turbidity affects VF1, VF2, VE3, while Q affects VF2, VF3, and VF4.
This can be justified by considering the critical role of sediments and water balance in the pollutant
wash-off process as the driving forces behind the pollutant transport at watershed scale. In any case,
it is worth remarking that the lower the variance of a VF, the bigger the amount is of water-quality
variables that represent that VF. This is the case of VF3 and VF4.

Furthermore, it is important to remark that, among the other variables, SLC01 is the only site
where organic matter and phosphorus (BOD5 and TP) have influence. This is mainly due to the
significant percentage of forest that characterizes the contributing catchment (S1) of this site. As well,
only at PS01, whose contributing basin is characterized by urban land use, do turbidity, TN, and NH;*
have an effect.

3.3. Relationship between Land Use and Water-Quality Variables

To assess whether there is a relationship between LULC and water-quality variables in the
watershed, a PCA was undertaken as further analysis. Considering that the land use information
available is from 2018, water-quality data from 2014 to 2018 were considered for this analysis, with the
hypothesis that there were no land-use changes in these five years. A matrix (95 X 24) was submitted
to PCA. The objects were the 95 water-quality samples, while the variables included the water-quality
characteristics (9), the percentage of the LU/LC categories located in the contributing basins (7),
the SHDI calculated for each land use type (7), and the last variable was used as a label to identify the
monitoring stations (1). It is worth remarking that the four subcatchments considered for this analysis
are the ones delineated in Figure 3 (51, S2, S3, and S4). The first three PCs were selected, since they
represented 75% of variance (PC1, PC2, and PC3 represent 55.8%, 10.1%, and 8.9% of the variance,
respectively). In Figure 8, the resulting PCA biplots are shown.
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Figure 8. Principal component analysis (PCA) land-use categories and water-quality variables: (a) PC1

vs. PC2, and (b) PC2 vs. PC3.

The scores plot depicts the behavior of data points in the selected PCs and their similarities.
In Figure 8a, the plane with the highest variance, the scores plot shows four well-defined groups,
each of them includes data points of one of the four monitoring stations. Furthermore, it is interesting
to notice that the four groups, from left to right, follow the order of the monitoring sites from upstream
to downstream. Moreover, the distance between groups reflects the distance between the monitoring
stations: SLCO1 is the farthest, PS01, and PS02 are the closest since they are positioned where PS

reservoir starts and ends, respectively.
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The loadings plot analyzes the role of all the variables in the three PCs chosen, their relationships
and their importance in the system. A remarkable outcome is represented by the strong correlation
that exists between TP and agriculture-land use (AGR and SHDI_AGR). This is justified by the fact
that most of the fertilizers used in Uruguay are phosphate-based [43]. Consequently, the import of
fertilizers in the country was used as a proxy indicator of the agricultural intensification and it was
found to be highly correlated with the TP measurements in the SL streamflow [18]. It is also worth
mentioning that among the SLU categories related to agriculture, there is extensive cultivation in dairy
farms (see SM-1 in the Supplementary Materials). This class includes intensive livestock farming that
is known as one of the primary sources of nutrients to surface-water bodies [44,45]. In the land-cover
classification used for this study, the category grassland mainly reflects extensive livestock farming.
For this reason, a correlation between TP and SHDI_GRAS was also found. Moreover, in Uruguay,
especially during the summer, it is common that stock directly accesses to waterways. This explains the
strong correlation between nutrients and water-bodies vectors (WATB and SHDI_WATB). Consequently,
in the SL watershed, since 2013, a strategic plan to control, stop and reverse the process of water-quality
deterioration has been adopted [46]. In this plan, one of the management strategies is represented by
the reduction of direct stock access to water bodies with fences.

Furthermore, in Figure 8, there exists an opposite correlation between TP and forest-land use.
Soil nutrient levels within a watershed can decrease due to the uptake of bioavailable phosphorus by
terrestrial vegetation. According to the age and type of vegetation, nutrient assimilation rates can vary.
Forests are more effective in removing nutrients from basin soils, compared to shrubs and grassland,
because of their foliage and more developed root system [47]. However, due to the low percentage of
forested area, we believe that, in our case study, the vegetation contribution in reducing nutrient loads
is not significant.

Another significant finding is represented by the robust correlation between nitrogen, in its
dissolved (NO3;~, NO,~, and NH; %) and particle-bound (TN) form, and the urban vectors. Sources of
nitrogen in urban areas include atmospheric deposition, wastewater effluent, lawn fertilizer application
and leaky sewage infrastructure [48]. These sources differ from agricultural ecosystems where fertilizer
is the dominant source of nitrogen, and, as we previously mentioned, the fertilizers mainly used in
Uruguay are the phosphate ones. Another major result is given by the opposite correlation between
GRAS vector (percentage of grassland—land use) and urban-related vectors. This relationship clearly
represents the urbanization process that is occurring in the downstream part of SLC watershed: the city
was built and reduced the area of the surrounding natural field.

It is also worth noting that forest-related vectors are located on the negative side of PC1,
where SLC01-data points are located, as well as for urban, water bodies, and wetlands, that are close to
PS01 and PS02-data points. The two grassland vectors are the only land-use vectors that are not very
close to each other. This is due to the fact that grassland land-use type is the dominant one all over the
watershed (Figure 4); therefore, the two vectors that represent the percentage of grassland land use
and SHDI are closely located to the four subbasin data points.

Further outcomes can be highlighted in this analysis. There is a strong three-vector relationship
among T, Q, and turbidity that is driven by T. The lower the T (winter season), the less influence
the evapotranspiration process has, the more humid the soil is, and, consequently, the possibility of
the occurrence of runoff volume with high energy able to detach and transport a significant amount
of sediment to the river is higher. Another strong inverse correlation is represented by T and DO,
as previously identified in Table 5: cold water (low T) can hold more DO than warm water (high T).
Furthermore, the high phosphorus concentration that characterizes SLC-surface waters is almost
independent from the turbidity measurement. This means that the inorganic dissolved form is the
main form in which phosphorus can be detected in water (and not particle-bound). This outcome is
in accordance with other studies carried out in the same watershed [18,49,50]. The presence of this
phosphorus form in water, which is bioavailable, allows the growth of aquatic plants, microalgae,
and cyanobacteria.
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4. Conclusions

In this study, with the aid of multivariate exploratory analyses, we provided answers about the
linkages between LU/LC types and the biophysical and chemical water-quality variables in the SLC
watershed. This is a catchment characterized by a mixed land use, which leads to interfering with
water-pollution generation, mobilization, and delivery to the superficial water bodies. The central
outcomes of this study can be summarized in the following points:

e  Trophicstate. The TSIstesm shows a spatial increment of trophic state from upstream to downstream
stations. Meanwhile, the TSI}, shows hyper-eutrophic conditions in all PS-stations for the entire
period (2011-2018). Higher TSI values are reported in the warm season. These results suggests that
significant phosphorus concentrations are available to provide phytoplankton primary production
in the middle-downstream part of the SLC watershed, particularly in the PS reservoir.

e Temporal and spatial patterns of water quality. From the temporal point of view, the PCA/k-means
grouped the water-quality/hydrologic variables in two clusters representing spring/summer and
fall/winter seasons. From the spatial point of view, the HCA identified spatial similarity in
fall/winter period between PS03 and PS04, since they are located in the PS reservoir, and among
SLCO01, SLCO02 and PS01, the three monitoring stations located upstream the reservoir.

e  Primary water-quality variables. Turbidity and Q are the variables that have influence in almost
all of the VFs. This can be justified considering the critical role of sediments and water balance
in pollutant wash-off process, as the driving forces behind the pollutant transport at watershed
scale. Furthermore, T and DO are characterized by an opposite correlation and are the two most
significant variables in VF1 (characterized by the highest variance).

e  Correlations LU/LC categories and water-quality variables. A strong correlation between TP and
agriculture-land use was found. This is justified by the fact that most of the fertilizers used in
Uruguay are phosphate-based. Furthermore, a clear correlation was found between nutrients
(in particular, TP) and livestock farming. Even though the latter does not have a proper category,
it was represented by the grassland-land cover (extensive livestock farming), the SLU agriculture
category’s extensive cultivation in dairy farms (intensive livestock farming), and the water-bodies
area (direct stock access to waterways). There also exists an inverse correlation between TP
and forest-land use, due to the uptake of bioavailable phosphorus by vegetation. Nitrogen and
urban-land use are highly correlated. Sources of nitrogen in urban areas include atmospheric
deposition, wastewater effluent, lawn fertilizer application and leaky sewage infrastructure.

The outcomes of this work have proved that coupling large-scale studies and multivariate
statistical methods can provide an appropriate overview of the water-quality behavior in space and
time and relationships between water-quality variables and LU/LC. These findings represent adequate
evidence for satisfactorily explaining in-stream water-quality variations related to current land use.
Further investigation, along with an improved design of temporal and spatial sampling, may better
describe the complex nature of the relationship between water quality and land use.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/11/4692/s1,
Contents: SM-1: Primary land use (PLU) and secondary land use (SLU) in Santa Lucia Chico watershed. SM-2:
Shannon’s diversity index (SHDI) calculation. SM-3: Temporal variation of the annual averaged TSI values at the
six monitoring stations. SM-4: Statistical description of the normalized water-quality variables.
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