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Abstract: The increase of human interventions and developments are modifying the land use/land
cover (LULC) of the global landscape, thus severely affecting the water quality of rivers and lakes.
Appropriate management and effective policy developments are required to deal with the problems
of surface water contamination around the globe. However, spatiotemporal variations of water
quality and its complex relation with land cover (LC) changes, challenge adequate water resources
management. In this study, we explored the use of remote sensing to relate LC change in the Katari
River Basin (KRB) located in the Bolivian Andes and water quality on the shores of Lake Titicaca, in
order to support water management. An unsupervised classification of Landsat 7 satellite images
and trajectory analysis was applied to understand the modifications of LC through time. In addition,
water-quality indicators at the outlet of the basin were retrieved from remote-sensing images and
its temporal behavior was analyzed. The results show that the expansion of urban areas is the
predominant environmental driver in the KRB, which has great impact on the water quality of Lake
Titicaca. We conclude that there is a strong link between the rapid growth of urban and industrial
areas with the detriment of river and lake water quality. This case study shows how remote sensing
can help understand driver-impact relations.

Keywords: Katari River Basin; land cover changes; water quality; eutrophication; Lake Titicaca

1. Introduction

Urban population growth, increase in agriculture, mining activities, industrial devel-
opments, among others, influence the environment, and are of global concern because of
their socio-ecological impacts [1]. Large land use modifications and management practices
are key influencing factors altering the normal functioning of the hydrological system,
causing alterations in runoff and water quality [2-5].

Land cover (LC) mapping is one of the major important applications of satellite-based
remote-sensing data as it allows to study the LC dynamics with a wide range of spatial
and temporal coverage for a variety of resource-based applications [6-8]. The method
employed for the LC mapping for the research reported on in this article was unsupervised
classification. This method is based on a chosen algorithm that finds a specified number of
statistical clusters in a multispectral space, and it is usually employed when there is not
enough data for training or when there is no prior knowledge of the cover in the study
site [6,9]. LC change is important for monitoring the local resources and environment, as
the historical data makes it possible to analyze spatiotemporal patterns of environmental
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elements and the impacts of human activities [10]. Tracking the changes of LC throughout
the years can help to understand the development of the region and provide references for
resource management [9]. Land use and land cover (LULC) change studies are imperative
to provide sustainable land resources use, rehabilitation measures, and evidence-based
support to improve management [11]. Furthermore, LULC changes greatly influence
hydrologic processes and fluxes (i.e., surface runoff and stream flows) due to variations
in the physical characteristics of the land surface, soil, and vegetation [11-13]. In some
cases, hydrological models (i.e., VIC, SWAT, HEC-HMS, DHSVM, InVEST, among others)
have been employed to determine the effects of LULC changes in hydrology, in which an
increase in surface runoff and a decrease in evapotranspiration and infiltration are the most
common responses [12,14-17]. Trajectory analysis is a method used for LC change research
based on the time series of each pixel, which is used to detect trends [18] and quantify land
cover transformations through time. Consistent mapping of LULC and its changes over
time is necessary to measure the impact of local actions and global indicators such as the
SDGs [19].

Satellite-based remote sensing also has the potential to provide spatiotemporal in-
formation regarding water-quality conditions over large areas [20-22]. In this research,
remotely sensed data have been used in combination with algorithms to assess water
quality, allowing, e.g., chlorophyll-a and turbidity mapping in surface waters [22-26].
These retrievals have been successfully used for monitoring inland and coastal waters [27],
and to even measure changes in water quality during the recent lockdown due to the
pandemic [28]. Remotely sensed chlorophyll-a retrieval can provide complementary infor-
mation to in situ data to support Water Framework Directive monitoring requirements [29].
Turbidity (TUR) is a measure of the degree to which the water loses its transparency due
to the presence of suspended particulates [30]. Whereas, chlorophyll-a (CHL) is a green
pigment found in plants and is considered an indicator of phytoplankton abundance and
biomass in surface waters [20]. Both parameters are indicators of the overall quality of sur-
face waters. Furthermore, remote-sensing data is also used for the identification, analysis
and mapping of vegetation dynamics based on vegetation indices [7,31]. These indices
usually consist of a combination of two-, three-, or four-band formulae [31-33], and in this
research, they will be used as a proxy for measuring the eutrophication in Lake Titicaca.

Changes in LULC have the potential to affect surface water quality at diverse scales [4].
LULC change analysis at basin and sub-basin scales is rare, which is unfortunate consider-
ing its usefulness and importance for the design of appropriate land management practices,
strategies, and policies that best fit local conditions [34]. A study on the link between LULC
and water quality in river basins has the potential to identify pollution that can provide
stakeholders with information regarding potentially harmful effects [21].

The implementation of effective water-quality management strategies requires an
in-depth understanding of the activities that are causing such environmental modifica-
tions [35,36]. This understanding can only be achieved by having regular, affordable, and
non-invasive approaches for assessing water quality, with adequate spatial and temporal
coverage [22]. Thus, to adopt effective actions for the protection of water bodies, an analysis
of the cause—effect relation between LULC and water quality requires special attention [37].

River basins constitute complex socio-ecological systems with different levels of inter-
relations between their social, economic, physical, chemical, and biological components [38].
On one hand, LC changes are very site-specific, based on natural and anthropogenic de-
velopments, but on the other hand, the effects of such modifications tend to manifest in
a different local spatial scale [3,21,37,38]. Therefore, in land and water management it
is important to take off-site effects of changes within the basin (on-site) processes into
account when deciding on a specific intervention [35]. Here, the concept of “connectivity”
illustrates that although management decisions are made within a previously defined area
(namely the basin), these decisions have effects both within and outside this geographic
unit [35]. Therefore, this connectivity must be valued when making management decisions,
to ensure the sustainability of the landscape [35,36,38]. Effective policymaking requires a
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detailed understanding of the dynamics and cause—effect relations at each site [4,34,35].
Here lies the novelty of our research, which is based on the principle of understanding
the relationship between changes in land cover (on-site) and their effect on the quality of
the waters of Lake Titicaca (off-site). This is to detect and highlight areas within the basin
where measures can be employed that have an effect not only within the river basin, but
also in the lake. This will provide the public authorities and decision-makers with the tools
and knowledge to implement more sustainable LULC planning and management.

This study assesses the spatial and temporal dynamics of LC change in the KRB in
Bolivia, South America. This basin incorporates the presence of mining, urban, industrial,
and agricultural developments [39,40]. These human developments largely modified
the surface water quality of the system with severe consequences for local indigenous
communities situated in the downstream region [38,41]. Furthermore, this research explores
driver-impact relations with the water quality of Lake Titicaca, which represents the most
important water resource in the Andes region [38,41].

The traditional approach to solving water (quality) problems are technological fixes
and end-of-pipe solutions [42], which is the case for most of the policy responses in the KRB
that only tackle the “symptoms” of the problems [38]. To make the transition to integrated
water management, there has to be a shift towards a more thoughtful attitude that involves
developing integrated problem-solving [42]. Thus, this research represents a baseline
to identify areas prone to water-quality problems and allocate resources accordingly as
increasing levels of pollution call for the active management of the lake and its basin [35,43].

This study, using the KRB as the study area, evaluated and analyzed the spatiotemporal
variations of land cover from 2006 to 2018 and the impacts of LULC changes on the water
quality of Lake Titicaca. Furthermore, this study hypothesized that remote sensing can be
used to attribute driver-impact relations of lake water quality. The research outline was as
followed: (a) quantifying the land cover changes in the basin; (b) detecting and quantifying
eutrophication extent in Lake Titicaca with vegetation indices as proxy; and (c) calculating
trends in the spatiotemporal changes that were identified. The innovation of this study lies
in the use of satellite-based remote sensing to relate LC changes and lake water quality.
The results from this research may provide scientific reference for quantitative assessment,
effective management, and sustainable development of water resources in the KRB located
in the Bolivian Andes.

2. Materials and Methods
2.1. Case Study

The KRB is located in the Andes region near La Paz, which is the capital of Bolivia [44].
The basin spreads over an area of 3006 km? with elevations ranging from 3800 to 5200 m
above sea level (m.a.s.1.) [45]. The daily temperature ranges between —5 and 15 °C, which is
mainly controlled by solar radiation [41]. The climatic conditions are typical of the Andean
highlands. Average annual precipitation is observed to be between 470 to 742 mm, with the
highest precipitation in the northeastern, mountainous, and salty areas of the basin, due to
the availability of evaporated water from the lake [45]. The dry season starts from April to
September and the rainy season from October to March [39,41,46].

Approximately 11% of the Bolivian population lives in the KRB, which represents
only 0.27% of the Bolivian territory, making it the most populated river basin in the
country [40,41]. The most important urban sectors are the cities of El Alto and Viacha [47]
since these cities represent 96.4% of the total population settled within the basin. El
Alto has become one of the fastest-growing cities in Latin America [41,48], as indigenous
peoples have left rural areas to seek employment and livelihoods [49]. Despite this massive
population growth, the necessary sanitation infrastructure developments have not been
carried out. Around 45% of the urban wastewater is released to the surface water bodies
crossing the city of El Alto. It is estimated that El Alto’s discharges represent seven times
the natural river flow [41].
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The basin also has more than 5000 industrial facilities situated in the urban areas of El
Alto and Viacha, most of them with no wastewater treatment plants [41]. Additionally, in
the highest part of the basin, there are contamination problems due to the large presence of
mining waste [40,41,50]. On the other hand, in the lower parts of the basin, agricultural and
livestock activities are carried out and their residues are carriers of organic and microbial
pollution that negatively affects human and animal health [40].

The KRB hydrology consists of 4 main rivers that flow through the basin: the Seco,
Seke, Pallina, and Katari Rivers [41]. The Seco and Seke rivers originate at the Cordillera
Real. The upstream section of the Seke river discharges into Milluni Lake, which is affected
by mining drainage [38—41]. Downstream, both rivers flow through El Alto, where they
receive ineffectively treated and untreated wastewaters from households and industries.
Later, these rivers discharge into the Pallina river, which flows through the city of Viacha.
Downstream of the city, the Pallina river flows into the Katari river, which crosses its way
through agricultural areas. The Katari river then goes through Cohana Bay and finally
discharges into Lake Titicaca, with an average river basin outflow at the discharge point of
7.7 m3/s [50]. The location and course of the aforementioned rivers can be seen in Figure 1,
as well as the several municipalities that share jurisdiction over the basin. The discharge of
some of the rivers in the basin experience rises by a factor of ~7 from dry to wet season,
representing the high seasonal fluctuations [40].
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Figure 1. Municipalities that encompass the KRB and main rivers.

Lake Titicaca is the second largest lake in South America, the highest lake in the world,
and the most important water resource in the Andes Region [38,41]. Apart from being an
essential water resource for the region, Lake Titicaca has a retention time of approximately
1000 years [51]. High levels of contamination and eutrophication have been detected in
the lake, affecting the local population and causing algal blooms [41,43,47]. Therefore, the
quality of the water that flows into it must be carefully monitored and managed.

The basin first caught the attention of the Bolivian national authorities when the arrival
of a large mass of contaminated water to the lake was reported in 2001 [40]. This event
modified the color of the water and its turbidity as a result of heavy rains and resulted in
the death of 2 tons of birds, fish, and frogs [40]. As a result, for more than 15 years, local,
regional, national, and international agencies have invested resources in the creation and
implementation of policies to improve the situation of the basin [38]. This basin is a suitable
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case study for the development of this research in which paradigms shifts are needed in
the water management policies as previous end-of-pipe approaches have not achieved the
desired results.

2.2. Land Cover Change Analysis

Landsat 7 images were used to generate land cover maps from 2006 to 2018, using a
three-year time step. Subsequently, these maps were used to perform a trajectory analysis
to detect the LC change dynamics in the basin. The Mann-Kendall trend test and Sen’s
slopes estimator were then applied to the outcomes.

2.2.1. Basin Area and Satellite Images

The basin area was obtained using Global Mapper v18.0 and the 30-m Digital Elevation
Model (DEM) downloaded from GeoBolivia. Sub-basins were generated with a minimum
stream drainage area of 400 km? and with a flow tracing at the outlet of the basin. In
addition, stream lengths of less than 500 m were discarded, and a depression filling of 50 m
was applied to facilitate the flow network creation.

Due to high seasonal contrast in the rivers of the basin [50], an LC change assessment
every 3 years was performed for the dry and wet seasons. Level-1 satellite images were ob-
tained from the United States Geological Survey website, the Landsat 7 satellite was chosen
as it had been in operation during the entire study period. Satellite images corresponding
to Path 1, Rows 71, and 72 were used due to the geographical position of the basin, with
a spatial resolution of 30 m. A total of 20 satellite images were chosen for this study, and
priority was given to images with a cloud cover of less than 10% (a table detailing the
satellite imagery used can be found in the Supplementary Materials). This significantly
reduced the availability of images and made it difficult to analyze similar dates. Despite
these efforts, certain areas with cloud cover and shadows had to be masked in the wet
season maps, thus, the accuracy assessment and trajectory analysis were only performed
using the dry season maps. In Table 1, a summary of all the downloaded data used in this
research can be found.

Table 1. Summary of data downloaded for this study.

Data

Data Description Data Source

Landsat 7, level 1 products (Path 1, Rows 71, and United States Geological Survey last accessed on

Satellite Images 72) Seasonal images with a 3 year time step 28 June 2021
(study period 2006-2018) https:/ /earthexplorer.usgs.gov/
30 m spatial resolution, obtained from ASTER GeoBolivia last accessed on 31 May 2021

Digital Elevation Model (DEM)

Global Digital Elevation Model (Tile: S17W069)  https://geo.gob.bo/portal/?Descargas- Aster-DEM

Chlorophyll-a data (CHL)

Sentinel 2 derived products with a 20 m spatial

Turbidity data (TUR)

resolution (Tile: 19KEB) from 2015-2018. CHL Terrascope last accessed on 27 January 2022
data in rng/m3 and TUR data in FNU ttps://terrascope.be/en

QGIS v. 3.16.7 was used for the preprocessing, which consisted of (a) correction of
the Scan-Line error, (b) clipping the images to the desired extent, and (c) atmospheric
correction and conversion to reflectance. The Scan-Line error was corrected using the “Gap
Mask” files for each image and the “Fill no data” feature in QGIS. The clipping of the
images, the DOS1 atmospheric correction, and the conversion from Digital Numbers (DN)
to reflectance values were performed using the Semi-Automatic Classification (SCP) Plugin
version 7.8.15 Matera for QGIS. According to the SCP plugin manual, the calculation of the
Top of Atmosphere (TOA) reflectance was made using the equation proposed by NASA:

Pp = (N*LA*dZ)/(ESUNA*COSQS) @

where, L) = Spectral radiance at the sensor’s aperture (at-satellite radiance), d = Earth-Sun
distance in astronomical units (provided in the metadata files), ESUN, = mean solar exo-
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atmospheric irradiances, and 6; = solar zenith angle in degrees, which is equal to 8; = 90°
— 0., where 0, is the Sun elevation.

Similarly, the plugin performed the atmospheric correction by using the Dark Object
Substraction (DOS) following this equation:

Ly = Lyin — Lpo1% ()

where, L,;,, = radiance obtained with that digital count value (DNpin), Lpo1% = radiance of
Dark Object, and is assumed to have a reflectance value of 0.01. Atmospheric correction
consists of the removal of the scattering and absorption effects from the atmosphere to
obtain surface reflectance that characterizes surface properties [52]. For further details on
the calculations performed in the plugin and the equations used, please refer to its manual
and related literature [53].

2.2.2. LC Classification

An unsupervised classification was performed for this study due to the absence of
historical data that could be used as training pixels for a supervised classification. The
Iterative Self-organizing Data Analysis Technique (ISODATA) was used for clustering. This
method has some refinements [54] and consists of (a) assigning arbitrary initial values to
clusters, (b) classifying each pixel to the nearby cluster, (c) calculating the cluster mean of
all pixels in one cluster, (d) repeating b and c steps continues until the “change” between
the iteration is small, and (e) improving the ISODATA by splitting and merging clusters
based on a certain threshold [55]. This technique has been applied in several cases showing
satisfactory classification outcomes [31,32,56].

The clustering feature of the SCP Plugin was used for the classification and a threshold
of 0.01 was defined as the distance required for merging clusters, as recommended by the
plugin developer [53]. The number of classes was set as 15 to ensure a good differentiation
between them and to avoid misclassification in urban areas due to similarities of spectral
signatures with other classes [57].

The Normalized Difference Vegetation Index (NDVI) was calculated for all the images
to assist in the visual analysis and reclassification of the land cover classes, as it is used to
identify vegetation, understand vegetation density, and assess changes in plant health [58].
The Raster Calculator in QGIS was used for the calculation of the NDVI, by using the
formula proposed by USGS (2021) for Landsat 7:

NDVI = (Band 4 — Band 3)/(Band 4 + Band 3) ©)]

Based on the NDVI, Google Earth [57], satellite images, and knowledge about the
basin, the reclassification was done in the SCP Plugin. A total of six land cover classes were
identified: (1) water, (2) built-up, (3) vegetation, (4) barren Land, (5) shrubs/grass, and
(6) snow cover.

2.2.3. Post-Classification Enhancement

Land cover classes like water, snow cover, and built-up usually present similar spectral
signatures [57], which lead to misclassification of various pixels. To correct this error, further
post-classification enhancement was performed. Cloud masking was done using the SCP
plugin to avoid misclassifications in the map. Based on the NDVI images, Google Earth
historical imagery, and the true- and false-color images, the airport and the urban areas
were delineated as suggested by Manandhar et al. [57]. These areas were then incorporated
into the final classification to obtain more accurate land cover maps of the basin.

2.2.4. Accuracy Assessment

The historical imagery from Google Earth offers high-resolution satellite imagery in
different dates at many places [8]. Thus, 51 polygons were created throughout the basin,
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and Google Earth was used to assign the class corresponding to each polygon throughout
the time period.

These polygons and each classification were compared using the accuracy feature of
the SCP Plugin. Only the dry season images were analyzed, as the wet season images had
areas with “No Data” values due to cloud masking.

2.2.5. Trajectory Analysis

Land cover change trajectories were determined by intersecting the dry season land
cover maps in QGIS. The intersection was done following a chronological order of the land
cover maps, in which all the pixel histories were established, and its areas calculated.

To analyze temporal human impact on the basin, the methodology proposed by Zhou
et al. [59] was used to group all the trajectories into three main categories: (a) unchanged,
(b) human-induced change, and (c) natural variability.

e  Unchanged category: Trajectories indicating the same land cover class found in the
pixels over the 13 years. Ambiguous cases in which the pixel had a different category
in just one of the years were also incorporated in this category, considering possible
classification errors that could have created a once-only false class in the trajectory
(unless built-up class was present as the final class in 2018, as it would indicate a recent
human-induced change).

e Human-induced category: Trajectories in which the built-up class was present, indi-
cating decisive changes due to population growth and urban expansion in the basin.

e Natural variability category: Indecisive changes due to natural processes or minor
human activities such as light grazing. It usually consisted of oscillations between the
snow cover and water classes due to the ice melting or floods, or between vegetation,
shrubs/grass, and barren land due to the natural cycle of vegetation in the basin.

The trajectory analysis was only performed for the dry season images due to the cloud
masking in the wet season images, which resulted in the loss of information that could
generate inaccurate results. Once the areas for each land cover class were obtained, these
data were analyzed using the Mann-Kendall test to determine trends in the data. Similarly,
Sen’s slope were calculated to determine the magnitude of these trends. Both calculations
were performed using the Python package PyMannKendall [60].

2.3. Water-Quality Analysis Using Remote-Sensing Data

Vegetation indices such as the NDVI are widely used across the world for monitoring
vegetation cover changes due to their simple estimation and easy availability at different
spatial and temporal resolutions [61]. Green biomass (algae and aquatic plants) has higher
reflectance in the near-infrared waveband than in the red waveband, therefore if a water
pixel has a high level of green biomass, its NDVI value will also be high [62]. Despite its
advantages, NDV1I is still affected by atmospheric, soil, and background vegetation cover
feedback conditions [61,63].

Therefore, as an alternative, we have also utilized the Soil Adjusted Vegetation Index
(SAVI), as it was established to improve the sensitivity of NDVI to soil backgrounds [64].
The equation for SAVI adapted for Landsat 7 satellite images is provided by USGS [65]:

SAVI = (Band 4 — Band 3)/(Band 4 + Band 3 + 0.5) x 1.5 4)

In the case of aquatic ecosystems, the background signal is mainly due to the wa-
ter component [33], therefore, as we performed these calculations for Lake Titicaca, I
Normalized Difference Aquatic Vegetation Index (NDAVI) was also determined. The
NDAVI is a vegetation index specifically targeted at aquatic vegetation and aims to reduce
the background signal due to the water [66]. This index comes as an adaptation of the
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NDVI specifically targeted for aquatic vegetation [33]. The formula was adapted from
Villa et al. [66] to correspond with Landsat 7 bands:

NDAVI = (Band 4 — Band 1) /(Band 4 + Band 1) )

To provide an insight on the effects of urban growth on the water quality of Lake
Titicaca, the SAVI, NDVI, and NDAVI calculations were used as a basis for identifying areas
of the lake with unusually high index values for water (0.3-0.8). The SAVI, NDVI, NDAVI,
and true- and false-color images were used to delineate the eutrophication patches in the
lake throughout the years to calculate their extent. The Mann-Kendall test and Sen’s slope
estimator were also applied to these outcomes to identify trends and magnitudes.

Similarly, the water-quality parameters of chlorophyll-a (CHL) and turbidity (TUR)
available through the Terrascope platform were used as a result of the processing of satellite
images obtained from Sentinel-2. The algorithms used for the processing and retrieval of
these water-quality parameters are explained by De Keukelaere and Knaeps [20]. Data
were only available for the last years of the study period (2015-2018) due to the launch of
the Sentinel-2 space mission in mid-2015. Only one image was available for 2015, 24 for
2016, and 30 and 59 images for 2017 and 2018, respectively.

For the analysis of this information, an annual average of zonal statistics was calculated
for an area of Lake Titicaca approximately 10 km from the shores (outlet of the basin). This
distance was selected because it corresponds directly to Cohana Bay; more area than that
analyzed for SAVI, NDVI, and NDAVI was covered to assess the state of water quality
beyond this extension. In addition, it is important to mention as part of the processing
of the images used, the areas considered as land coverage in the 10 m ESA WorldCover
2020 map were masked [20]. Due to the presence of aquatic vegetation and eutrophication
in Cohana Bay, many areas are classified as “Herbaceous wetlands” in the World-Cover
2020 map. The algorithm used to retrieve CHL and TUR masked these regions [20], and
therefore, were not available for this last analysis.

The results presented in this research are from areas of the lake even further away from
the shore, thus indicating the spread of contamination. It is considered valid to assume that
the concentrations of CHL in the masked areas that do not correspond to aquatic vegetation,
but eutrophicated areas, are even higher.

3. Results
3.1. LC Maps and LC Change Trajectories

Figure 2 shows the resulting LC maps for the dry and wet season, in which the
seasonal vegetation dynamics can be perceived, as well as the extent of the urban growth
throughout time.

In Table 2, the areas for each class throughout the study period can be seen for the dry
season images. By comparing the area of each class in 2018 with 2006 an increase of about
123% of built-up areas and a reduction of about 69%, 41%, and 12% could be calculated
for the water, vegetation, and shrubs/grass classes, respectively. Barren land remained
constant throughout the study period. However, it is important to note that all classes
fluctuated between years, except for the built-up class, which was always increasing.

The overall accuracies obtained for the study period were 95.62, 91.49, 85.45, 91.58,
and 94.67% respectively. All of the accuracies were above 85%, which according to
Anderson et al. [67], is good enough to perform a representative trajectory analysis. The
error matrix is shown in Table 3. The Mann-Kendall test showed an increasing trend
(p < 0.05) for the built-up class, and the Sen’s slopes estimator determined an increasing
rate of +8.023 km? per year. For the remaining land cover classes, the Mann-Kendall test
showed no trend (the complete overview of results from these tests can be found in the
Supplementary Materials).
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Figure 2. Land cover maps with a three-year time step. Images corresponding to dry season (a—e) and
wet season (f—j). Unclassified patches correspond to masked clouds.

Table 2. Land cover classes in area (km?) and % obtained from LC classification for dry season.

2006 2009 2012 2015 2018
Class
Area % Area % Area % Area % Area %
Water 22.54 0.7 3.49 0.1 20.52 0.7 11.71 0.4 6.97 0.2
Built-up 79.27 2.6 109.56 3.6 135.29 45 150.77 5.0 176.49 5.9
Vegetation 131.50 44 129.71 43 272.83 9.1 126.64 42 77.87 2.6
Barren land 2470.65 82.2 2660.68 88.5 2333.91 77.6 2237.38 744 2463.83 82.0
Shrubs/grass 299.07 9.9 99.67 3.3 238.11 79 476.98 15.9 263.29 8.8
Snow cover 3.23 0.1 3.15 0.1 5.61 0.2 2.82 0.1 17.79 0.6
Table 3. Error matrix of the land cover classification from 2006 to 2018.
Year Land Cover Water Built-Up Vegetation Barren Land Shrubs/Grass Snow Cover
PA 100 95.81 76.26 99.82 76.42 100
UA 100 100 86.03 95.84 96.41 100
2006 OA 95.62
Kappa 0.87
PA 100 53.6 55.45 99.12 62.05 100
UA 100 100 77.95 91.56 97.3 100
2009 OA 91.49
Kappa 0.68
PA 100 100 98.54 99.33 35.28 100
UA 100 100 92.34 82.53 96.3 100
2012 OA 85.45
Kappa 0.69
PA 100 97.79 100 97.71 68.08 100
UA 60.86 100 22.58 95.57 89.25 100
2015 OA 91.58
Kappa 0.8
PA 100 100 80.83 99.83 65.22 79.28
UA 100 100 68.11 94.63 99.03 98.14
2018 OA 94.67

Kappa 0.84
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A total of 1023 land cover change trajectories were identified, out of which, 65 were
reclassified as human-made changes, with an area corresponding to 3.25% of the total basin.
Figure 3 shows the different trajectories.

Trajectories

No Change
Water

I Buitt Up

I Vegetation
Barren Land
Shrubs/Grass
Snow Cover

Natural Changes
I Bare Ground

Flooded
Grass/Forest

Man-Made Changes
Urban Growth

A el
Figure 3. Trajectory map of the Katari River Basin from 2006 to 2018.

Similarly, it can be confirmed that the major changes identified in the natural variability
category are those of grass/forest, with a total of 386 trajectories that account for 10% of
the basin area. This trajectory is also linked to the increasing trend detected for the built-up
land cover throughout the study period.

3.2. Eutrophication and Water Quality in Lake Titicaca

The results of the area that presented unusually high SAVI, NDVI, and NDAVI values
(higher than 0.3) at the outlet of the KRB in Lake Titicaca can be found in Figure 4. Values
are grouped by the dry and wet seasons. In most cases, it can be seen that the area with
high NDAVI values exceed those calculated for NDVI. Similarly, the constant increase of
the area with high NDVI and NDAVI index values over time can be noted. Additionally,
the areas with high SAVI values are lower in magnitude compared to the other indices. The
Mann-Kendall test showed an increasing trend (p < 0.05) for the three indices calculated for
both dry and wet seasons. Similarly, Sen’s slopes estimator determined an increasing rate
for all the indices (for the summarized tables, please refer to the Supplementary Materials).
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Figure 4. NDVI, SAVI, and NDAVT areas in Lake Titicaca for dry and wet periods.

First, it can be noted that the area with high NDAVI values is generally larger than the
identified NDVI areas. Conversely, the areas with high SAVI values are on average 26%
and 30% lower than the NDVI and NDAVI areas, respectively. Furthermore, the dry and
wet season areas do not vary considerably between them. Finally, an increase of areas with
high values for all indices over time is demonstrated. Comparing the areas calculated for
2018 in respect to 2006, for NDVI there was an increase of 54.1% and 45.3% for the dry and
wet seasons, respectively. The same comparison for NDAVI showed an increase of 34.7%
for the dry season and 32.8% for the wet season. Similarly, for the SAVI, an increase of
24.2% and 33.58% was calculated for the dry and wet seasons, respectively. In summary, an
average area increase of 28.9% was estimated for the SAVI, 49.7% was obtained for NDVI,
and 33.8% for NDAVL. In terms of area, for NDVI, an average growth of 2.1 km?/year was
observed, 1.06 km?/ year for SAVI, and 1.6 km?2/ year for NDAVL

The digitized extent of the eutrophication in Lake Titicaca captured by the NDVI can
be found in Figure 5. A constant behavior in the extent can be seen throughout the seasons.
This indicates that the eutrophication in the outlet of the basin is so severe that not even
an increase in flow due to precipitation, which causes dilution, impacts the extent (for the
complete data on eutrophication extents measured by all the indices, please refer to the
Supplementary Materials).

Legend
| | Katari River Basin ‘

Extent of
Eutrophication

2006

2009
2012
M 2015
M 2018

Figure 5. Increase of eutrophication extent in Lake Titicaca measured by NDVI for the study period.
Left: dry season, right: wet season.

Regarding the analysis of CHL and TUR, in Figure 6, images of the distribution
of concentrations in the analyzed lake extension can be observed, both correspond to
measurements made on 29 September 2018. This date was selected as it presents the highest
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average concentrations in the studied period, 497.17 mg/m3 and 350 FNU for CHL and
TUR, respectively.

Legend Legend
‘= J Extent of lake analyzed
Trophic states based on CHL [mg/m3]
|| [ Uttraoligotrophic [<1]
771 Oligrotrophic [1 — 2.5] |
G B Mesotrophic [2.5 - 8] B « * '8 Moderate [1 - 2.5]
10 1 2km I Eutrophic [8 - 25] L5 0 1 2km EEImportant[2.5-7]
N Il Hypereutrophic [> 25] ; . I Very important [> 7]

| TJ Extent of lake analyzed
Turbidity levels based on TUR [FNU]

% Insignificant [< 0.5]

Light [0.5 - 1]

Figure 6. Distribution of CHL and TUR concentrations.

The concentrations were reclassified into the ranges that are used by the Lake Titicaca
Binational Autonomous Authority (LTBAA) to classify the water quality of the lake [68].
These are the OCDE trophic states for CHL and the Swedish Environmental Protection
Agency levels for TUR. In Table 4, the mean concentrations of CHL and TUR for each year
can be found. CHL presents a very high concentration in 2015 because only one December
image was used for this year, which presented very high CHL values as it falls in the middle
of the wet season. Excluding the CHL concentration in 2015, it can be seen that over the
years, both average concentrations increased.

Table 4. Mean CHL and TUR concentrations throughout the years (* only one image was available

for this year).
Year 2015 2016 2017 2018
CHL (mg/m?) 119.76 * 39.57 49.66 55.45
TUR (FNU) 12.18 17.18 24.87 43.83

CHL experienced an increase in the concentration of 40% when comparing results
from 2018 to 2016. Whereas, TUR suffered an increase in the average concentration of
155% when comparing 2018 results with that of 2016. The concentrations of 2015 were
not included in these calculations as they only represent one month and not an average
of the year.

4. Discussion
4.1. Trajectory Analysis of LC Changes 20062018

The fast urban growth mentioned in the literature [39,41,44,48] was confirmed, with
an increase of 123% of built-up areas in 2018 compared to 2006 and an increasing trend.
The vegetation and shrubs/grass classes in the different land cover maps showed different
behavior in both dry and wet seasons from what was expected. Typically, vegetation is
more abundant in the wet season due to an increase in precipitation. However, as the
satellite images downloaded were taken at the beginning of each season (to ensure a cloud
cover lower than 10%), the impact of precipitation, or lack thereof, could not always be
captured. Nonetheless, significant changes were observed in the vegetation throughout the
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seasons, mainly in areas where agricultural activities are carried out. The Mann-Kendall
test perceived trends only in the built-up class, which may be due to the classification
deficiency found in Table 3, especially in the vegetation and shrubs/grass classes. In
future research, this can be improved by employing the use of in situ data for land cover
classification, improving the spatial resolution of satellite images, or by combining multiple
remote-sensing data.

On the trajectory analysis, 3.25% of the watershed area was identified as having
undergone changes in land cover caused by direct human intervention. Adding these
changes to the urban areas present in 2006 results in an alarming urban growth of about
7.5 km? per year in the study period. The natural variability represented 10% of the basin
area, which is in line with the high seasonal fluctuations in the rivers’ discharge. Some
studies have investigated vegetation indices’ response to rainfall [61,69], applying this type
of analysis on the KRB could provide more comprehension on seasonal fluctuations of
discharges and vegetation changes.

The final trajectory map obtained can be considered of great interest for policymakers
and the population in general. It is a tool that spatially displays the anthropogenic mod-
ifications in the KRB, which makes it possible to identify priority areas for the design of
water management policies. This is principally for monitoring water quality in the rivers
closer to the densely populated areas, because most of the streams near human settlements
are the recipients of domestic and industrial wastewater discharges [70]. Therefore, the
closer a river is to a populated area, the greater the possibility that it will be affected by the
discharge of the aforementioned wastewater [70]. By comparing Figure 3 with Figure 5, it
is evident how the change in land cover in the KRB has affected the water quality of the
lake in a 12-year time period. This is the innovative aspect of this research, which not only
uses remote sensing to detect changes in the environmental drivers (land cover), but also
to quantify the impact they have had on aquatic resources (impacts). This type of easily
visible and detectable spatial quantification has already been categorized as highly useful
by the Bolivian Ministry of Environment and Water (findings were already presented to
delegates from the ministry).

It is known that in this basin, a large amount of human and economic resources are
being allocated to water-quality monitoring [40]; however, there are still weaknesses in
public policies and their implementation [39—41]. This is evidenced by pollution problems
identified several years ago, which are still present [41,71], and most notably in the in-
complete and inconsistent water-quality database managed by the Bolivian Ministry of
Environment. These problems suggest an allocation of resources without a clear delimita-
tion of objectives [41,71] and areas of greater fragility due to the particular characteristics of
LULC. The connectivity concept needs to be considered when designing and implementing
future public policies on water resources to ensure the sustainability of these efforts.

4.2. Water Quality in the Outlet of the Basin

The literature suggests that water has a standard NDVI of zero or even negative values,
indicating non-vegetated spaces [72]; however, near Cohana Bay, the NDVI values fluctuate
between 0.3 and 0.8, which correspond to values of a densely vegetated area [73]. Likewise,
low values of vegetation indices typically represent water or soil surfaces, whereas higher
values represent areas of vegetation, and more specifically, in aquatic environments are
indicative of algal blooms or aquatic plants [31]. When calculating the vegetation indices
at the outlet of the basin, a constant extent of high index values throughout the seasons is
displayed. This is further supported by the increasing trends (p < 0.05) calculated for all
the vegetation indices, supporting the argument that eutrophication is expanding in the
lake [41,46].

It is worth noting that Cohana Bay has a presence of aquatic vegetation [40,46], which
influences these indices. Nevertheless, high levels of eutrophication have been reported
in recent years from in situ measurements [40,41,46,47,71,74], therefore, the high-value
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areas detected by the indices were used as proxies to measure eutrophication and monitor
its expansion.

As high index values are indicators of green biomass, this can be considered as an
indication that the eutrophication in the outlet of the basin is so severe that not even
an increase in flow due to precipitation, which causes dilution, impacts the extent. The
detected growth and expansion of eutrophication coming from Cohana Bay support what
has been mentioned in the literature [40].

By comparing the previously mentioned eutrophicated extensions obtained annually
for NDVI and NDAV], an average of 5% more area was measured with NDAVI than with
NDVL. This finding is in line with Villa et al. [66], who revealed that NDAVI gets sensitivity
results to chlorophyll content similar to NDVI’s. However, with SAV], an average of 25-30%
less eutrophicated areas were obtained compared to the areas observed with NDVI and
NDAVLI. This may be due to the lighting conditions and water brightness, which could
overestimate the indices [61,63,64]. Therefore, there is a need to use several vegetation
indices for better predictions of vegetation (and eutrophication) patterns and dynamics,
as these patterns cannot be determined exclusively by relying on one index due to their
different limitations [61].

By checking the average annual CHL and TUR concentrations, it can be seen that they
all correspond to the worst trophic state and turbidity levels considered by the LTBAA.
These results are consistent with the narrative presented above, which indicates that the
lake’s waters are becoming increasingly impacted and that the extent of the contamination
is spreading. The analysis of the concentrations showed a decrease in the dry season and an
increase in the rainy season, which may be due to nutrient flushing by rain and sediment
resuspension, which reiterates the impact that the land cover of the basin has on the water
quality of the lake. Once again, we emphasize the importance of quantifying the effects of
land cover changes on hydrological variables such as runoff and discharge, as stressed by
Srivastava et al. [13] and Wei et al. [12]. In Figure 6, the spatial behavior of TUR appears to
be opposite to that of CHL. In areas where the CHL concentration is higher, TUR exhibits
low values and vice versa. This could arise because the broad wavelength spectral data on
the satellite do not allow proper discrimination of CHL on waters with high suspended
sediments, and more so in highly turbid and eutrophic waters [75]. Also, a more significant
increase in turbidity concentration than in chlorophyll was identified.

Cohana Bay, located at the outlet of the basin, is known to have waters among the
most eutrophic of the lake due to the contamination caused by the upstream urban areas
and agricultural activities [71]. This is due to nutrient enrichment and other pollutants
from domestic and industrial wastewater from the city of El Alto and nearby urban centers,
as well as mining activities scattered throughout the study area [46]. This is also supported
by an analysis of water-quality indicators in the rivers of the basin [38] that concluded
that the majority of environmental driving forces and pressures are spatially located in the
upper parts of the basin, corresponding to mining and urban/industrial areas.

By complementing the trajectory analysis with the analysis of SAVI, NDVI, NDAVI,
CHL, and TUR in Lake Titicaca, a better understanding of the extent of existing water-
quality problems can be acquired. This driver—pressure-impact relation emphasizes the
crucial need to monitor the sources of contamination to control them and improve the
water quality not only of the rivers in the basin, but also of the lake. Assessing the impacts
of on-site LULC changes, on- and off-site water quality is essential for formulating rational
management and development strategies for water resources [12].

Based on this study, an increasing behavior of eutrophication area in the lake was seen
at a ratio of approximately 1:4.8 when the urban area increased. An average increase rate
of 8 km?/year of urban growth was detected, and a rate of 1.69 km? /year of eutrophicated
areas was calculated. This indicates that for the 12-year study period for every 4.8 km? of
urban built-up area, the extent of eutrophicated areas in Lake Titicaca’s shores increased
by 1 km? on average. Considering that El Alto has such rapid urban growth, if water
resources continue to be managed in the same way, Lake Titicaca and its biota do not have
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a promising outlook. Special emphasis is placed on the fact that Lake Titicaca has high
residence times [51] and constitutes the most important water resource of the Bolivian
Altiplano [41,46,71], which means that the condition of its waters directly impacts the rural
indigenous population and the economy of the country.

Water management is complex due to the interacting subsystems of geological, clima-
tological, ecological, and human nature that are enclosed in it [35]. Thus, finding solutions
for water management calls for a deep understanding of its dynamics. Having access to
information on the state of the natural resources and what management choices affect and
imply, helps with selecting the most suitable choices [35]. These management decisions
must be assisted by embedding them in policy and governance on different scales [36]. The
outcomes of this research contribute to understanding the impacts of the urban growth
driver on water quality, which can assist managers in developing policy in the direction of
long-term sustainability.

5. Conclusions

This research aimed to assess the spatial and temporal dynamics of LC change in the
KRB, and to explore driver-impact relations on the water quality of Lake Titicaca. A novel
approach based on understanding the relation between on-site drivers and their off-site
effect through remote-sensing data was followed.

A 123% expansion of urban areas was estimated in 2018 compared to 2006, which
corresponded with the increasing trend found in data (p < 0.05) and an increasing rate of
8.023 km? /year for the 12-year study period. This finding evidenced the rapid growth of El
Alto city mentioned so often in literature [38,39,41,71]. The Mann-Kendall test perceived
trends only in the built-up class, which may be due to the classification deficiency found in
Table 3, especially in the vegetation and shrubs/grass classes. In future research, this can
be improved by employing the use of in situ data for land cover classification, improving
the spatial resolution of satellite images, or by combining multiple remote-sensing data.

Furthermore, by evaluating the behavior of the extent of eutrophication at the basin
outlet by analyzing SAVI, NDVI, and NDAV], it was possible to detect unusually high
index values. Increasing trends were found for the vegetation indices based on the Mann—
Kendall test with fluctuating magnitudes of change based on Sen’s slopes estimator. A ratio
of approximately 1:4.8 among eutrophicated areas downstream versus urbanized areas
upstream was calculated. Similarly, when comparing average annual concentrations of CHL
and TUR at the lake, an increase of around 40% and 155% was calculated from 2018 to 2016,
respectively. These findings, together with findings reported in other studies [38,39,41],
showcase the driver-impact relation that the organic waste coming from the urban areas
has on the water quality of rivers and the lake. However, the impact of the increasing
agricultural areas should also be considered in the future, as this LULC also alters the
hydrological and water-quality characteristics [13]. Furthermore, for future research, the
impact of climate change on the climatic conditions of the basin should be evaluated [49].
A thorough understanding of all the drivers” impacts must be achieved so an adjustment in
the management of the system in the direction of long-term sustainability can be made [35].

In addition, the basin is located within the jurisdiction of several municipalities and
even a binational organization between Pert and Bolivia, which makes it challenging to
assign responsibilities and coordinate the management of resources within the region.
The institutions that have a presence in the watershed have been allocating resources to
end-of-pipe solutions for approximately 15 years. These findings reveal the impact that
poor management of solid waste and domestic and industrial wastewater is having on the
basin, which is already causing health problems in the population and the aquatic biota.

The trajectory map obtained in this study can be used as a visual tool for the pri-
oritization of areas that are vulnerable to contamination and to better understand the
source-impact relation in the river basin. The ministry has shared its interest on the poten-
tial of using this visual analysis for explaining, sharing, and consulting with stakeholders
future measures to deal with the water challenges in the basin. Going forward, it could be
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used for the selection of potential water-quality monitoring sites in the rivers, to establish
measures for the reduction, mitigation, and treatment of pollution. Eventually, it could
be combined with research such as the one developed by Duquesne et al. [43], where a
model is used for predicting the impact of human activities on Lake Titicaca’s ecosystem,
and therefore, can potentially assist local authorities in managing the lake and the basins
surrounding it.

Although this study generated useful information for decision-makers, it is subject
to some limitations. Opportunities for improvement were identified in the classification
of vegetation classes. When analyzing the error matrix in Table 3, the classes with lower
accuracies were vegetation and shrubs/grass. This could be due to close spectral signatures
between the classes [57], or because of errors when assigning the classes of the polygons
used for the accuracy assessment. Alternatively, a different number of classes may need
to be defined to achieve a more accurate classification. To ensure a better classification of
the vegetated areas, historical in situ data to calibrate and validate should be used. While
Landsat 7 satellite images meet the demand of our study, classification errors could be
reduced by combining remote-sensing images with different time and spatial resolutions,
such as Sentinel images. Also, a more frequent analysis of LC changes, vegetation indices,
and water quality would provide more robust and representative data and trends.

In addition, a higher spatial resolution should be used to properly identify smaller
towns and roads, which ought to be included in urban area growth quantification. Similarly,
a thorough analysis of the lake’s water quality through in situ measurements and other
remote-sensing products should be implemented. Also, future land cover classifications
should consider the vegetation (indices) response to precipitation to improve accuracy
of analysis.

To ensure the adoption of remote-sensing water-quality monitoring in the long term, it
is advisable to make comparisons with in situ data to ensure that the algorithms and band
combination used in the retrieval of CHL and TUR are appropriate for this location.

Similarly, a determination of the Optical Water Type present in Lake Titicaca could be
useful to get a more comprehensive overview of the optical properties of its waters and
take it into account for future water-quality indicators to be retrieved using remote sensing.
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results for SAVI, NDVI, and NDAVIL.
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