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Abstract: Catchments for aquatic ecosystems connect to the water quality of those waterbodies. Land
use land cover change activities in the catchments, therefore, play a significant role in determining
the water quality of the waterbodies. Research on the relationship between land use and land cover
changes and water quality has gained global prominence. Therefore, this study aimed at determining
land use, land cover changes in the catchments of L. Kyoga basin, and assessing their connectedness
to the lake’s water quality. The GIS software was used to determine eight major land use and land
cover changes for 2000, 2010, and 2020. Meanwhile, water quality data was obtained through both
secondary and primary sources. Spearman correlation statistical tool in SPSS was used to correlate
the land use, land cover changes, and water quality changes over the two-decade study period. The
results showed that different land use and land cover activities strongly correlated with particular
water quality parameters. For example, agriculture correlated strongly with nutrients like TP, TN, and
nitrates and turbidity, TSS, BOD, and temp. The correlation with nitrates was statistically significant at
0.01 confidence limit. The findings of this study agreed with what other authors had found in different
parts of the world. The results show that to manage the water quality of L. Kyoga, management
of land use, land cover activities in the catchment should be prioritized. Therefore, the results are
helpful to decision and policy makers and relevant stakeholders responsible for water management.
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1. Introduction

Land use, land cover (LULC) changes are defined as variations to the earth’s surface,
triggered mainly through anthropogenic activities like agriculture, deforestation, and ur-
banization; and natural factors like soil erosion, floods, and landslides; and exacerbated
by climate change (CC) [1-4]. These variations have become significant drivers of change
in the terrestrial and aquatic ecosystems since the industrial revolution [5,6]. There is a
strong connectivity and interdependence between land and water ecosystems through a
network of streams and rivers, runoff, or groundwater. This has made the study of the
relationship between land and water to find mitigation measures at all levels a current
global priority [2,7-11]. Anthropogenic activities in the watersheds, alongside with atmo-
spheric deposition, are the major contributors of nutrients and sediments into the rivers,
lakes, and wetlands [12-16]. Hassan et al. [2] has associated LULC changes to the loss of
agricultural land, water, and soil quality degradation, global warming, and deforestation.
There are several other studies at the global level that have been carried out to show the
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impacts of different LULC activities in the catchment on water resources, including streams
and rivers [17,18], reservoirs [19], wetlands, and lakes [20,21]. Intensive anthropogenic
activities like mining, deforestation, urbanization, and agriculture have had significant
impacts on the normal dynamics and functioning of freshwater ecosystems [2,22-27]. The
consequences of the nutrient and sediment loading into water bodies vary, including eu-
trophication, siltation, and proliferation of invasive water weeds [28,29]. LULC activities
affect water resources in two major ways. Firstly, through point sources like industrial and
domestic effluents [2,30]. Secondly, through non-point or diffuse pollution sources like
agriculture, through applied agro-chemicals, deforestation, livestock grazing, urbanization,
and atmospheric deposition [15,30-36]. Due to the widespread and persistent nature of
diffuse pollution, some studies have described it as a ‘wicked problem’ at a global level [37]
and difficult to control.

The significance of research on the impact of LULC changes in the catchments on water
resources is based on the importance of good water quality to the environment and human
society. Lakes, rivers, and reservoirs provide vital goods, like drinking water, water for
irrigation, protein through fisheries, and services like navigation, energy, recreation through
tourism, climate moderation, and flood control [19,29]. These goods and services are
threatened by pollution of water bodies which result in eutrophication [23,38-40]. Although
eutrophication of water bodies is a naturally slow process, rapid nutrient enrichment of
especially nitrogen and phosphorus [27] accelerates it from the catchment, making it a
global problem [41,42]. The studies have shown that LULC activities in the catchment affect
water quality and regional climate and alter the hydrological cycle [43]. Land degradation
and fragmentation have resulted in the loss of habitats, degradation of water resources, and
loss of biodiversity, all associated with LULC anthropogenic activities at global, regional,
and catchment levels [44,45]. Therefore, although catchments are very important for the
proper functioning of lakes by providing nutrients, excess loading of the nutrients from
LULC change activities is detrimental to the aquatic ecosystems.

Many approaches have been applied to study the linkage between LULC activities
in the catchment with water quality of the receiving water bodies, which started about
forty years ago in the 1970s [46,47]. One of the current approaches is using remote sensing
alongside GIS, to monitor LULC changes and water quality [17,48-51]. This approach has
been found to be cheap, comprehensive, consistent, and repetitive, useful for studies at large
scales [52]. Remote sensing and GIS are therefore critical in the assessment of drivers of
LULC changes and their relationship with lake and reservoir and river water quality [13-55],
and for monitoring the causes of eutrophication [18,23,40,42]. Other approaches include
using conservative multivariate practices [56], like cluster analysis applied to show impacts
on arable land on water quality in Germany and Czech Republic [57]. Principal component
analysis (PCA) in combination with cluster analysis has been applied to determine the
influence of municipal effluent on the water quality of River Nag in India [58]. The use
of the Pearson coefficient has been applied in many countries, including S. Africa [59],
China [60], and Zimbabwe [61].

In Africa, for example, many studies have linked LULC changes with water quality
deterioration [29,49,60,62,63]. In Uganda, the water quality of Lake Kyoga is most likely
to be influenced by LULC activities in the catchment, as suggested by Andama et al. [64].
There may be few industries in the lake’s catchment; hence domestic effluents from urban
centers and diffuse pollution from LULC activities and atmospheric deposition could
probably be the main sources of nutrient loading into the lake. Further, through increased
precipitation, floods, and extreme droughts, climate change exacerbates the influence of
LULC on the lake’s water quality by transporting nutrients rapidly to the lake [34,35].
Catchment deforestation and wetlands conversion makes the lake more susceptible to the
LULC effects. The high annual population growth rate in Uganda, estimated at 3.3% [65],
increased rate of urbanization, industrialization, and the growth of several socio-economic
activities are the primary drivers of the anthropogenic impacts on land, environment,
and water resources [22,45,66]. These impacts affect shallow lakes more; hence L. Kyoga
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is facing significant threats which could be responsible for the proliferation of invasive
water weeds, such as Salvinia molesta and Eichhornia crassipes [64,67]. Despite all these
threats, detailed studies to link LULC activities in the catchments of L. Kyoga and its water
quality have not been carried out. The focus of this study, therefore, is to establish the
linkage between LULC activities in the catchments with water quality. The findings will
be critical for planning and management of not only the water quality of the lake but also
LULC activities in the catchments. Policy and decision-makers like Ministries of Water
and Environment (MWE), Agriculture, Animal Industry, and Fisheries (MAAIF), Lands,
Housing, and Urban Development (LHUD), and other stakeholders should use the results
of this study to inform management actions. Further, studies using the Partial Least Squares
(PLS) regression model, especially at the riverine level, are being undertaken to determine
the linkage between water quality changes and LULC activities in the catchment [68,69].
Such studies are recommended in this study area since they are essential for planning and
management purposes by policy makers.

2. Materials and Methods
2.1. Description of the Study Area

The study area is located in eastern Uganda, north of L. Victoria at 0°24.50” N-2°25.50" N;
32°5'10"” E-34°46/30" E coordinates and covers three catchments, which include Awoja,
Mpologoma, and Lwere, Figure 1. The total number of administrative units (districts)
in L. Kyoga basin is 58, and the study area covers 34 districts. It is managed under the
Kyoga Water Management Zone (KWMZ), one of the four (Kyoga, Upper Nile, Victoria,
and Albert) hydrological water management zones in Uganda, established in 2011. It has
an estimated 9.4 million people [65], which is 22% of the total Ugandan population.
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Figure 1. Geographical location of the study area.

Lake Kyoga is one of the major lakes in Uganda, connected to L. Victoria by the Victoria
Nile, part of the River Nile that flows up to Egypt [64]. It lies in the country’s central part,
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plays a crucial role in fisheries, water supply, and climate change moderation, and has a
vast irrigation potential. It is the largest (2000 km?), of the many Kyoga aquatic ecosystems,
consisting of a series of satellite lakes, rivers, and a network of dense wetlands [67]. The
wetlands, which used to comprise mainly of extensive mats of Cyperus papyrus L. which
surrounded most of the shores of L. Kyoga and its numerous rivers and tributaries [70,71]
have been heavily degraded. The lake is a shallow reservoir, with the Victoria Nile having a
major influence on its hydrology, alongside other catchment rivers and direct precipitation.
Studies on the lake’s hydrology show that the Victoria Nile contributes 82% of its water,
other catchment rivers contribute 9%, and direct rainfall contributes 9% [67]. Most inlet
rivers, like Awoja, Sezibwa, Victoria Nile, Manafwa, and Mpologoma are from the east,
with only one main outlet river, the Albert Nile, which exits in the west and discharges to L.
Albert after which it continues to Egypt as the White Nile. This pattern is influenced by
Mt. Elgon and its ranges located in the east of the lake, which is a source of most rivers.
Just like hydrology, the chemistry of the lake is governed by the river systems, with Awoja
and Mpologoma rivers influencing the eastern arm, Victoria Nile and Sezibwa influencing
the west, and the central area having influence from all catchments. This is evidenced by
the variation in conductivity and nutrients along the east to west gradient [67]. The flow
pattern of the rivers in the lake’s catchment, their hydrology, and their contribution to the
lake’s water guided the choice of the eastern arm as the study area. Few limnological and
LULC change studies have been carried on this lake since the 1980s [64,67,70-73], hence
the paucity of data and information on many aspects.

Fishing and agriculture are the main activities in and around Lake Kyoga, where the
introduced Nile tilapia (Lates niloticus) and Nile perch (Oreochromis niloticus), and the native
silver Cyprinid (Rastrineobola argentea) are the main commercial species [67]. The lake is also
a source of drinking water for many riparian communities that dwell around it. It is also
used for watering domestic animals, and its ecosystem supports several species of birds
and wild animals, including amphibians, hippopotamus, and crocodiles. Part of the lake’s
wetlands and satellite lakes, i.e., Bisina and Opeta, are designated Ramsar sites, particularly
important for the conservation of birds and ecotourism [74]. Other economic activities
in the study area include urbanization, settlements, navigation, and industry [64]. These
activities, together with deforestation and wetland degradation, mainly for agricultural
purposes, are negatively impacting the water quality of the lake negatively.

The three catchments, Awoja, Lwere, and Mpologoma are located on the east of L.
Kyoga, with Awoja being the biggest with an area of 11,000 km? and 14 sub-catchments [75].
Mpologoma is the second largest, with about 9000 km?, and has 13 sub-catchments [76].
Meanwhile, Lwere is the smallest catchment in the study area, with an area of 1500 km?.
These catchments were chosen because they are drained by the two major rivers, Awoja
and Mpologoma, which discharge to the eastern arm of L. Kyoga [67], a point of interest
since the confluence of these rivers influences the lake’s water quality and hydrology. The
climate of the study area is influenced mainly by lakes Kyoga and Victoria, Mt. Elgon, and
the inter-tropical convergent zone ITCZ [77,78].

2.2. Data Collection Measures
2.2.1. Water Quality Data

One of the biggest challenges of research in surface water resources in Uganda and
most of African countries is the lack of regularly collected and consistent data. This
study used two approaches (primary and secondary) to collect water quality data for
the two-decade long study period (2000, 2010, and 2020). Secondary data were acquired
from the Water Quality Management Department (WQMD), of the Directorate of Water
Resources Management (DWRM), Ministry of Water and Environment (MWE). WQMD
has an overall mandate of monitoring water and wastewater in the country; it has a well-
established National Water Quality Reference Laboratory (NWQRL), which follows the
ISO17025 standards, and is currently undergoing accreditation. It also has a well-established
monitoring network for all water bodies, including ground, surface, and wastewater, and a
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national water quality database. More secondary data obtained from the National Fisheries
Resources Research Institute (NaFiRRI), which occasionally monitors the water quality of
lakes as their principal mandate is on fisheries resources. Other data sources were from
published papers, especially Ogutu-Ohwayo et al. [67]. Data for only samples taken from
the study area (eastern arm) and that had parameters of interest (e.g., physico-chemical
and biological) were considered. Collected data represented all seasons.

Primary data for the year 2020 were obtained from the same sites from which the
secondary data were sampled, although some sites were added within the same area.
Seventeen sites were used for sampling in the study area, Figure 2. Two sites (Alukluk and
Awoja) were located at the inlet points of rivers Mpologoma and Awoja into L. Kyoga. Ten
of the sites were inshore, five from either side of the lake, and the last five were offshore.
Five field trips were conducted in the study area covering all the four climate seasons
experienced in the study area. This sampling was done during the record-breaking floods
of the 20202021 period. Parameters of interest included those measured in the field,
i.e., electrical conductivity (EC), pH, temperature, and dissolved oxygen (DO). Further,
water samples were collected and analyzed in the laboratory for total nitrogen (TN), total
phosphorus (TP), nitrate, soluble reactive phosphorus (SRP), ammonia, total suspended
solids (TSS), biochemical oxygen demand (BODs), soluble reactive Silica (SRSi), turbidity,
and chlorophyll-a (chl-a). These parameters were selected because they represented the
lake’s productivity, were indicators of drinking water quality, reflected LULC activities in
the catchment, and have been used in other related studies [29,43,79,80].
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Figure 2. Sampling sites in the eastern arm of L. Kyoga.

2.2.2. Field Sampling and Analysis

Standard field sampling protocols like calibration of field equipment, preparation
of sample bottles, and preservatives were done before the trip [81]. Hydrolab DS5 mul-
tiparameter data sonde (Hach company) was used for field analysis of DO, pH, water
temperature, and EC. These samples were recorded in profiles from top to bottom, and
values at 0.5 m were selected since the lake is shallow. Sample collection for Chl-a in
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the field was done by filtering the known volume of water using a filtration unit with
glass microfiber papers (GF/B) of 47 mm diameter, pore size 1.0 um until the green color
was observed on the paper [82]. The samples were wrapped in aluminum foil to avoid
degradation from sunlight and preserved in cool boxes. Transparency was measured using
a Secchi disc.

Using a Van Dorn Sampler (2L) at 0.5 m, sampling for laboratory-based parameters
was done. This depth was chosen to represent the water column since the lake is shallow,
with an average depth of 3 m [64], although the average depth at the study area was 5.4 m
attributable to the floods. Unpreserved water samples were taken in triplicates for BODs
measurement, using 500 mL glass bottles. Similarly, unpreserved samples for nitrate, SPR,
SRSi, TSS, ammonia, and turbidity were placed into 1 liter plastic bottles. For TP and TN,
samples were placed in 50 mL plastic bottles, preserved with 10% sulphuric acid. All the
samples were preserved in cool boxes with ice packs until delivery to the NWQRL for
analyses. In the laboratory they were preserved in refrigerators below 4 °C. All the sample
bottles were labeled with site information and sampling date using permanent marker
pens. Other details of the samples, including geo-reference coordinates and volumes were
recorded in notebooks. Procedures used followed those described in Standard Methods [81]
compiled into a field manual.

2.2.3. Laboratory Analysis

All samples were delivered to the NWQRL for lab analyses, and the nutrient parame-
ters were analyzed using a discrete analyzer, Gallery Plus, manufactured by ThermoFisher
Scientific, Waltham, MA U.S.A. The parameters included SRSi, NO3, NH4, SRP, TP, and
TN, with results reported in mg/L. However, TP and TN were analyzed after digestion
using persulphate as an oxidizing agent. All the analysis methods were in accordance
with Standard Methods [81]. Chlorophyll-a, was analyzed using ethanol cold extraction
method, and DR 6000 spectrophotometer manufactured by Hach Company, was used to
read absorbances at 665 nm and 750 nm. The results were calculated and reported in ug/L
in accordance to Standard Methods [81].

TSS, a surrogate parameter for LULC change degradation activities in the catchment
was determined by a gravimetric method using a virgin GF/B filter paper. Results were
calculated and reported in mg/L [81]. Turbidity was measured in the laboratory using a
turbidimeter, and results reported in Nephelometric Turbidity Units (NTU). The BODs was
determined using incubation method for five days in an incubator at 20 °C. The results
were calculated as BODs in mg/L according to Standard Methods [81].

2.3. Land Use Land Cover Data Acquisition, Geometric, and Radiometric Correction

Global optical satellites were the primary sources of remotely sensed data and informa-
tion for LULC classification and change detection. Landsat 5TM (Thematic Mapper), 7ETH
(Enhanced Thematic Mapper Plus), 80li (Operational Land Imager) cloud-free satellite
images of the path (170, 171, 172), and rows (59 and 60), of period 2000, 2010, and 2020 were
acquired from United States Geological Survey (USGS) (https:/ /earthexplorer.usgs.gov
(accessed on 20 November 2020)).

To minimize the impacts of the changing season, images for this study were selected
based on season, keeping in view the vegetative characteristics of the area. This enabled
the achievement of better results. Thus, images were acquired between May and July
(Table 1), which is the period after the first rainy season [83] (https://fews.net/file/113534)
(accessed on 15 October 2020). During the search, the same months were maintained
to ensure consistencies and avoid differences due to seasonal effects, thus enhancing
spectral analysis.
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Table 1. Properties of the images acquired for LULC analysis.
Image Path/Row Pel‘lf)(? 9f Percent Cloud Cover
Acquisition
Landsat 7 170,171,172 /59&60 May 2000 3%
Landsat 5 170,171, 172 /59&60 July, 2010 5%
Landsat 8 170,171, 172 /59&60 June, 2020 6%

)
Shrub

Grassland
Agriculture
Water
Wetlands
Forests
Woodlands

2.4. The Framework of Relationship between LULC Change and Water Quality

A summary of activities carried out, and steps followed during this research study
to assess the impact of LULC changes on the water quality of L. Kyoga are indicated
in Figure 3.

—_[ L. Kyoga basin ] ([ EC )
) pH

DO

Sam p||ng Analyses Temp
\ 4 Turb
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—
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Figure 3. Conceptual framework of the relationship between LULC change and water quality.

2.5. Data Processing
2.5.1. Water Quality Data

All water quality data were compiled according to the years of study (2000, 2010, and
2020), and arranged into respective parameters (Table 2). Descriptive statistics, including
annual means, maximum, minimum, and standard deviations for the study years, were
calculated. For EC, the mean value was considered as the field equipment used for mea-
surement like hyrolab DS5 had a 25 °C temperature correction incorporated, as temperature
impacts EC. pH was considered a mean of [H*] as it is not a linearly distributed parameter,
converting it to concentrations and back to pH. The mean values were used for correlation
with LULC changes.

Pearson correlation coefficient (r) was used to determine a linear relationship between
LULC change and water quality parameters [29,59,61,84,85]. The IBM SPSS version 25 soft-
ware was used to calculate r, at 95% and 99% confidence limit, from the sample size, n = 3.
It determined whether the correlation was positive, negative, or non-existent, depending
on the relationship of the bivariate data. LULC change was used as an independent vari-
able, while water quality parameters were used as dependent variables, as pointed out
by Namugize et al. [59]. Different authors have used different ranges to determine the
levels of correlations; however, this study adopted those of Namugize et al. [59], where val-
ues ranged from £0-0.09 represented no relationship, +0.1-0.35 for weak, £0.36-0.67 for
moderate/medium, and +0.68-1 for a strong relationship, respectively. The same software
calculated the significance of correlations at 0.05 and 0.01 confidence levels (two-tailed).
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Table 2. Descriptive statistics (mean, max, min, and standard deviation), n = 5 for parameters.

Year 2000 2010 2020
Parameter Mean Max Min Stdev  Mean Max Min Stdev  Mean Max Min Stdev
EC (uS/cm) 245 270 227 14.779 256 286 226 20.653 204 218 15 2.189
pH [H'] 7.6 8.1 7.2 0.287 7.6 8.5 6.5 0.515 8.2 9.9 0.3 0.169
DO (mg/L) 8.0 9.8 6.6 1.072 7.3 8.65 5.7 0.941 6.0 8.81 0.9 0.621
Temp (°C) 26.8 28 25.8 0.576 27.2 28.7 25.8 0.956 27.7 30.4 0.6 0.185
Turb (NTU) 6.8 10.3 3.6 1.828 10.2 14.4 6.1 2.175 8.9 13.3 1.8 0.685
POy (mg/L) 0.019 0.026 0.014 0.003 0.023 0.058 0.009 0.016 0.036 0.210 0.003 0.012
TP (mg/L) 0.049 0.084 0.027 0.014 0.077 0.111 0.054 0.019 0.192 0.930 0.014 0.042
NOj3 (mg/L) 0.048 0.110 0.017 0.027 0.063 0.107 0.022 0.028 0.110 0.450 0.017 0.026
TN (mg/L) 1.003 1.300 0.700 0.176 1.262 1.700 0.729 0.269 1.728 2.930 0.176 0.089
NHy4 (mg/L) 0.024 0.042 0.012 0.008 0.031 0.060 0.018 0.011 0.112 0.780 0.008 0.047
BODs (mg/L) 1.7 2.5 0.9 0.382 2.8 4.8 13 0.888 3.7 19.3 0.4 1.197
SRSi (mg/L) 10.1 13.2 8.5 1.2 12.0 149 9.0 1.7 21.6 31.0 1.2 1.229
TSS (mg/L) 2.6 3.7 1.8 0.647 3.8 5.5 2.6 0.804 7.1 22.0 0.6 0.938
Chl-a (ng/L) 18.5 23.5 144 2.534 22.5 35.8 9.6 6.931 35.2 92.3 2.5 4.386

2.5.2. Land Use, Land Cover Change Data
Image Processing

Satellite image processing was used to extract attributes of the target images in different
stages, including image correction, enhancement, cloud removal, subset/masking, and
band composition/stacking, using the ENVI software version 5.3. Image pre-processing
involved setting background pixel values using ENVIROI tool, masking cloud cover using
(QA) band, to avoid severe distortion of image statistics and overall accuracy. The images
were mosaicked using seamless techniques and color correction applied based on the
histogram matching method.

Image Rectification and Enhancement

To determine temporal changes, geometric compatibility of images of different periods
is essential, and image rectification was done using the ENVI SPEAR Orthorectification
Wizard. The imageries were geometrically corrected using a 1:50,000 scale topographical
map using WGS 1984 spatial coordinate system. Ground control points (GCP’s) on the
satellite image and the topographic maps were identified, and the linear geometric correc-
tion function was applied. Enhancement of the satellite data, using a linear enhancer to
reset brightness and contrast was made to improve image visual contrast. Visual analysis of
enhanced images was done using the median filter, which resulted in smooth sharp-edged
images. Images were permanently enhanced through Radiometric calibration. Finally, the
atmospheric correction was performed to eliminate inherent image properties like water
vapor and solar elevation. This was done based on Quick Atmospheric Correction (QUAC)
method [86].

Image Classification and Accuracy Assessment

Image classification and interpretation give accurate information on LULC change,
which can be useful derived from multiband raster satellite image is helpful in monitoring
environmental change and effects of land use change on the environment [87]. Image
analysis and interpretation to develop classification products was done using several core
principles such as spectral, radiometric, spatial differentiation, and digital band combina-
tions. Pixel-based supervised classification technique based on Random Forest classifiers
was adopted in this study because it offered better extraction of LULC features [88]. It
operates by constructing a multitude of decision trees at training time, and the class is
decided by a forest with most trees. The training sites were validated with ground truth
point information collected by a GPS receiver on the ground. Furthermore, the signature
separability function tool was run against the training data and class signature to examine
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quality before classification [88]. These classified images usually have some errors; hence
accuracy assessment using reliable statistical technique, error matrix was done to show the
level of accuracy and precision during classification [89]. A stratified random sampling
technique was adopted to collect 60 sample points from each category in every classified
map; hence 480 sampling points were generated in each land use land cover type to check
the classification accuracy [90]. Thus, using the error matrix, necessary elements of accu-
racy assessment like user accuracy (errors of commission), producer accuracy (errors of
omission), overall accuracy, and kappa index were obtained.

Kappa coefficient (K) is a robust multivariate technique and is extensively used to
assess inter-rater arrangement between categorical variables [91]. It takes into account all
elements in the confusion matrix and not only the diagonal elements. Accuracy assessment
of all LULC maps generated (2000, 2010, and 2020) was carried out through the development
of an error-matrix.

Overall accuracy and Kappa coefficient of the raster layers of the study area were
determined using statistical Equations (1) and (2).

overall accuracy = 2;21 Xiis @

where x;; = diagonal elements in the error matrix; x = total number of samples in the
error matrix. . .
- = nY ;1 X — Y1 (Xiy kx4
Kappa coefficient (K) = 21*21 iy Liz (¥ * ¥4i) , ()
n2 =Yg (Xis *x4)
where ¥ = number of rows in the error matrix; x;; = number of observations in row i and
column i. x;, and x,; = marginal totals of row i and column i, respectively, and n = total

number of observations (samples/pixels).

3. Results
3.1. Water Quality

The water quality of L. Kyoga basin, especially the eastern arm, showed changes
from 2000 to 2020. Mean annual TP concentrations increased during the study period
from 0.05 mg/L in 2000 to 0.19 mg/L in 2020. The increase for the first decade 2000-2010
(0.05-0.08 mg/L) was slight, compared to the rapid increase for the last decade 20102020,
i.e., from 0.08-0.19 mg/L (Figure 4). Like SRP, the concentration of TP showed an increasing
trend from 2000 to 2020, although the increase was slight throughout the study period.
The annual concentrations of nitrates and ammonia followed the same trend, with mean
concentrations of 0.074 mg/L and 0.056 mg/L, respectively. The study period variations
ranged from 0.017-0.45 mg/L to 0.012-0.78 mg/L, respectively.

NUTRIENT CONCENTRATIONS IN L. KYOGA

2
& 0.250
g
=  0.200
£
& 3J 0.150 ——PO4
i TP
S 2 0.100
e NO3
& 0.050 N NH4
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YEARS

Figure 4. Variations in nutrient concentrations over the study period.
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Chl-2 showed an increasing trend from 2000, with an annual average of 18.5 ug/L to
35.2 ug/L in 2020. There was a rapid increase in chl-a from 2010 to 2020, which coincided
with an increase in TP and other nutrients. The nitrogen-based parameters of TN, nitrate,
and ammonia all depicted an increasing trend over the study period (Figures 4 and 5).
The annual concentration of TN for the year 2000 was 1.0 mg/L; in 2010, it increased to
1.26 mg/L, while in 2020, the mean annual concentration had reached 1.73 mg/L (Figure 5).
The TN variation over the two-decade study period ranged from 0.73 to 2.93 mg/L, with
the minimum concentration observed in 2000 and the maximum concentration observed in
2020 (Table 2). The concentration of BOD, which is an indication of organic matter in water,
showed an increasing trend (Figure 5). In the 2000s, the concentrations were relatively low
at 1.7 mg/L, gradually increasing to 2.8 mg/L in 2010 and eventually reaching 3.7 mg/L in
2020 on average. The range over the study period was 0.9-19.3 mg/L. Water temperature
over the study period showed slight annual average increase, from 26.8 °C in 2000 to
27.2 °Cin 2010 and eventually 27.7 °C in 2020 (Figure 5).
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Figure 5. Concentrations of BOD, TN, Temp, and Chl-a over the study period.

The concentration of SRSi in the water, which is influenced by LULC activities, espe-
cially stone quarrying in the catchment and usually delivered into the lake by rivers, also
showed increasing trends during the study period (Figure 6). In the 2000s, the levels were
low (10.1 mg/L), gradually increasing to 12.0 mg/L in 2010, before almost doubling in the
next decade to 21.6 mg/L. On the other hand, the DO level showed a decreasing trend with
an increase in LULC activities in the catchment. It ranged from an average concentration
of 8.0 mg/L in the 2000s to an average of 6.0 mg/L in 2020 (Figure 6). Other parameters
like temperature, TSS, pH, and turbidity showed varying trends in the study period. Both
TSS and pH showed increasing trends. pH, however, showed a slight increase from 2010
to 2020 but remaining the same from 2000 to 2010. The annual mean TSS concentrations
showed an increasing trend from 2.6 mg/L to 3.8 mg/L to 7.1 mg/L for 2000, 2010, and
2020, respectively. Turbidity depicted an increasing trend, although there was a slight
reduction in concentration from 2010 to 2020 (Figure 6). This could be associated with the
dilution of water in the lake from record-breaking floods of 2020-2021.

3.2. Land Use, Land Cover Changes

The identified dominant LULC change classes in the study area included agricul-
ture/cultivated land, grasslands, forests, and water bodies. Other LULC classes included
woodlands, wetlands, shrublands, and built-up /urban areas, see Table 3.
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Figure 6. Variations in concentrations of DO, Turb, SRSi, TSS, and pH over the study period.
Table 3. Description of LULC categories.
Land Cover Descriptions
Shrubland Include areas with small closed or scattered trees
This category includes pastures, savanna vegetation, grazing lands, bare lands, rocks, and unmanaged
Grassland a
areas that are not covered by any of the categories.
. Cultivated and cultivable land with crops, animals, and also agroforestry areas that do not qualify as
Agriculture

forest lands
This includes an area used for settlements, permanent concentration buildings, and artificial structures,
such as transport infrastructure and activities, ranging from large villages to town scale
Water bodies Areas of catchment covered with large volumes of water, such as lakes, rivers, and reservoirs
Areas with herbaceous layer, broad-leaved deciduous trees, closed and vegetative cover with abiotic and
biotic forces of its biotope
Are areas where water covers the soil or is present either at or near the surface of the soil all year or for
varying periods during the year with vegetation
Areas of the catchment with more than 0.5 hectares with trees higher than 5 m and a canopy cover of

Woodland 5-10 percent, sometimes with the cover of shrubs, bushes, and grasses. Tree plantations and woodlots are
part of woodlands

Urban/built-up

Forests

Wetlands

Agricultural land was dominant throughout the study period; in 2000, it covered 40%
of all LU classes, increasing to 45.8% in 2010 and eventually expanding slightly to 45.9% in
2020 (Table 4). The increase in agricultural land was at the expense of other LULC classes,
especially grasslands, shrubs, wetlands, and forests, which reduced in the land cover area
(see Figure 7). Grasslands were the second dominant LULC class, especially in the 2000s,
where they covered 19.7% of the total LCLU classes; they, however, reduced to 10.7% in
2010 and slightly increased to 11.1% in 2020. The grasslands were mainly dominant in
the northern (Karamoja) areas of the catchment, where the nomadic type of livelihood is
practiced. Furthermore, a big part of this area is covered by the protected Pian Upe Game
Reserve, which covers Bulambuli and Nakapiripirit districts (Figure 8). Forests were also
dominant in the study area, especially in 2010, covering 17.8%. This was an increase from
11.6% in 2000; their area coverage, however, dropped to 4.8% in 2020 (Table 4). However,
the reduction in forests between 2010 and 2020 was replaced by planted woodlands in the
study area as a response (Figure 7). Water bodies exhibited decreasing trends over the
study period as their area coverage decreased from 8.4% to 7.9% to 7.7% for 2000, 2010, and
2020, respectively, see Table 4.



Sustainability 2022, 14, 372

12 of 26

Table 4. Distribution of LULC change classes by Area and Percentage.

Class Type AREA (Km?)

2000 2010 2020 Over all change

2 o, 2 o, 2 [ Area, ka [

LULC Class Area, km Yo Area, km Yo Area, km Yo 2000-2020 Yo
Shrubland 1772 6.2 2990 10.4 3010 10.4 +1238 +4.3
Grassland 5680 19.7 3073 10.7 3192 11.1 —2488 —8.6
Agriculture 11,524 40.0 13,204 45.8 13,230 45.9 +1706 +5.9
Urban/built-up 108 04 210 0.7 208 0.7 +100 +0.3
Water bodies 2407 8.4 2282 7.9 2222 7.7 —185 —0.6
Wetlands 1870 6.5 1894 6.6 1710 5.9 —161 —0.6
Forests 3335 11.6 5124 17.8 1386 4.8 —1949 —6.8
Woodland 2117 7.3 36 0.1 3855 13.4 +1738 +6.0

Total 28,813 100 28,813 100 28,813 100

Woodlands, shrublands, wetlands, and urban/built-up areas also showed changes
over the study period. In particular, Woodlands showed varying area coverage over the
study period, where in 2000 they covered 7.3% of the area, reducing to just 0.1% in 2010
before increasing to 13.4% in 2020 (Table 4). This showed that the woodlands were mainly
destroyed between 2000 and 2010 (Figure 8). Shrublands were almost exclusively found
in the northern part of the study area (Karamoja), (Figure 8). They covered 6.2% in 2000
and increased to 10.4% between 2010 and 2020 (Table 4). The same trend was also observed
with urban/built-up areas, which increased from 0.4% in 2000 to 0.7% in 2010 and 2020
(Table 4). Lake Kyoga basin boasts of high coverage of wetlands in Uganda [67]; they
covered 6.5%, 6.6%, and 5.9% for the years 2000, 2010, and 2020, respectively, see Table 4.
Although wetlands made some gains from 2000-2010, overall, they lost their area from
2010 to 2020 (Figures 7 and 8).

Decadal analysis of different LULC changes was carried out, (Figure 9), it showed
that whereas agriculture made gains in the area from 2000 to 2010, there was only a slight
increase between 2010 and 2020, the same trend observed in shrublands, wetlands, and
built-up areas. Woodland and grasslands, however, lost area in the 2000-2010 decade, but
made gains in the area in the next decade of 2010-2020, with woodlands making more
gains. Forests gained area in the 20002010 decade, but made severe losses in the 2010-2020
decade. Water bodies lost in the area overall over the two decades.

In terms of net gains and net losses for different LULC change classes (Figure 10),
woodlands showed opposing trends over the two decades. Whereas they had net area loss
of around 2000 km? in the 2000-2010 decade, they made gains during the 2010-2020 decade
of more than 3500 km?. The forests made opposite trend, they gained in the net area in
2000-2010 period, but lost area in 2010-2020 period. Wetlands made more net losses in
2010-2020 than the gains in 2000-2010; meanwhile, water bodies showed net losses over
the study period. Urban areas also showed only net gains over the study period, with the
2000-2010 period showing more gains than 2010-2020. Agriculture showed the net gain
trend in 2000-2010 of around 1500 km?, but the loss in 2010-2020 was too little. Grasslands,
however, had a big net loss of area of around 2500 km? but had a slight net gain in the
area in 2010-2020. Like agriculture and forests, Shrubs gained net area in 2000-2010, but
showed a slight decrease in the 2010-2020 period.

Accuracy and Kappa Coefficient

The overall accuracy of classification of maps and the Kappa coefficient (K) for the
study years were calculated (see Table 5). The results showed that the classification of the
LULC change classes was done with better accuracy, hence reliable.
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Figure 9. LULC gains and losses over the study period (2000—2020).
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Figure 10. Net LULC change gains and losses over the study area in two decades (2000—2020).

Table 5. Accuracy and Kappa coefficient results.

Year Overall Accuracy Kappa Coefficient (%)
2000 87.41 73
2010 95.57 82
2020 91.89 78

3.3. Impacts of LULC Change on Water Quality of L. Kyoga

Fourteen crucial water quality parameters in drinking water, lake production, irriga-
tion, and an indication of trophic status were linked with eight LULC change classes, Table 6.

With the Pearson correlation coefficient of +0.68-1.0 representing a strong correlation,
the results show strong positive and negative correlations between LULC changes and
water quality parameters (see Table 6). The EC, for example, was strongly impacted by
wetlands, forests, and waterbodies, with wetlands having a significant positive correlation.
A decrease in water bodies strongly correlated with all the parameters, with only DO
and EC having positive correlation, while Temp, turb, pH, TSS, Chl-a, BOD, and nitrogen
and phosphorus-based nutrients showing negative correlation. Change in cultivated
land/agriculture and shrubland influenced all nutrients (TP, TN, nitrates, SRP, NH4),
physical parameters (turbidity, Temperature, TSS, and EC), and biological parameters
(BOD, DO, Chl-a). With the exception of DO and EC, which had a solid and moderate
negative correlation, respectively, all other parameters had a positive correlation, with
nitrate showing significant correlation at a 0.01 confidence limit. In particular, Nitrate
showed a significant correlation with shrublands, grasslands, agriculture, and urban/built-
up areas. Built-up areas had a significant correlation with nitrate at a 0.01 confidence level.
This showed that these LULC changes were the main contributors of the nitrate into the
lake, and nitrate play a significant role in lake production. The increase in the agricultural
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area, therefore, has major impacts on the physico-chemical and biological properties of
Lake Kyoga, which increase with the increase in cultivated land.

Table 6. Pearson correlation results for LULC change and water quality parameters change, n = 3.

Water Quality  Shrubland Grassland Agriculture Urban/Built-up  Waterbodies Wetlands Forests =~ Woodland
EC (us/cm) —0.303 0.265 —0.317 —0.303 0.555 0.997 * 0.961 —0.937
pH 0.500 —0.466 0.513 0.500 -0.721 —0.991 * -0.879 0.841
DO (mg/L) ~0.768 0.742 —0.777 —0.768 0915 0.885 0.661 —0.603
Temp (°C) 0.832 —0.810 0.840 0.832 —0.953 —0.830 —0.576 0.514
Turb (NTU) 0.925 —0.940 0.920 0.925 —0.784 —0.003 0.354 —0423
POy (mg/L) 0.682 —0.653 0.693 0.682 —0.858 —0.936 —0.749 0.698
TP (mg/L) 0.866 —0.846 0.873 0.866 —-0.971 —0.792 —0.523 0.458
NOj3 (mg/L) 0.998 ** —0.999 * 0.999 ** 0.997 ** —0.961 —0.381 -0.027 —0.048
TN (mg/L) 0.822 —0.799 0.830 0.822 —0.948 —0.840 —0.591 0.530
NH, (mg/L) 0.500 —0.466 0.513 0.500 —0.721 —0.991 * ~0.879 0.841
BODs5 (mg/L) 0.893 -0.875 0.900 0.893 —0.983 —0.756 —-0.473 0.406
SRSi (mg/L) 0.627 —0.596 0.639 0.627 ~0.819 ~0.959 ~0.795 0.748
TSS (mg/L) 0.706 —0.678 0.717 0.706 —-0.875 —-0.924 -0.727 0.674
Chl-a (ug/L) 0.685 —0.656 0.696 0.685 —0.860 —0.935 —0.746 0.695
* Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed).
Forests, wetlands, grasslands, and waterbodies had similar impacts on a range of
essential parameters in the lake ecosystem. Parameters including pH, temp, TP, SPR, nitrate,
TN, NH4, BOD5, SRSi, TSS, and Chl-a had strong negative correlation with these LULC
change classes (Table 6). Despite having a strong correlation, pH, and ammonia had a
significant correlation with wetlands. A decrease in these LULC classes, as observed in the
catchments, has resulted in an increase in the concentration of these parameters in the lake.
The EC and DO, however, had a positive correlation with these LULC changes, with pH
having a significant correlation with wetlands.
3.4. Trophic Water Quality Status of L. Kyoga
There are no clear agreed international trophic water quality status standards or
guidelines for freshwater ecosystems like rivers, lakes, and wetlands. Africa in general
and Uganda in particular have few or no such indices, especially for physico-chemical
parameters. Florida has, however, developed four (Chl-a, TP, TN, and Transparency or Sechi
depth) physical-chemical based indicator values for the determination of the trophic status
of lakes. The trophic status includes Oligotrophic, with good clear water quality but not
suitable for fish production; Mesotrophic, with a moderate level of productivity; Eutrophic,
with a high level of productivity but not suitable for recreation; and Hypereutrophic, bad
water quality with the highest level of biological productivity [92]. The findings for this
study were nevertheless compared to the limits of the trophic status of Florida to determine
the trophic status of L. Kyoga water quality in terms of pollution (Table 7).
Table 7. Trophic water quality status of L. Kyoga.
Year 2000 2010 2020 Trophic States
Parameter Mean Mean Mean Oligotrophic Mesotrophic ~ Eutrophic =~ Hypereutrophic L. Kyoga Trophic state
Chl-a (ug/L) 185 225 352 <3 3.0-7.0 7.0-40.0 >40 Eutrophic (2000-2020)
Eutrophic (2000-2010)
TP (mg/L) 0.049 0.077 0.192 <0.015 0.015-0.025 0.025-0.10 >0.1 Hypereutrophic (2020)
g Eutrophic (2000-2010)
TN (mg/L) 1.003 1.262 1.728 <0.4 0.4-0.6 0.6-1.5 >1.5 hypereutrophic (2020)
Sechi depth (m) 1.1 0.9 0.9 >3.96 2.44-3.96 0.9-2.44 <0.9 Eutrophic (2000-2020)
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L. Kyoga was shown to be in a eutrophic state, slowly progressing to a hypereutrophic
state in terms of TP and TN from 2000 to 2020. The mean TP and TN concentrations
showed that the lake was eutrophic between 2000 and 2010 and progressively turned into
hypereutrophic in 2020. Sechi depth/transparency and chl-a on the other side indicated
that the lake was in a eutrophic state; see Table 7.

There are also some water quality indices for lakes that different organizations have
developed for different purposes. For example, the World Health Organization (WHO),
Bureau of Indian Standards (BIS), International Scientific Indexing (ISI), Environmental
Protection Agency (EPA) of the United States, United Nations (UN), and Central Pollution
Control Board (CPCB) have developed some indicative values for specific parameters to
guide classification of water resources. The findings of this study were compared with
these water quality indices to determine a rough status of L. Kyoga water resource (Table 8).

Table 8. Water quality status indices.

Years 2000 2010 2020
Parameter Mean Range Mean Range Mean Range WQI References
EC (uS/cm) 245 227-270 256 226-286 204 173-218 2250 [93,94]
pH [H'] 7.6 7.2-8.1 7.6 6.5-85 8.2 6.9-9.9 6.5-8.5 [95,96]
DO (mg/L) 8.0 6.6-9.8 7.3 5.7-8.7 6.0 0.67-8.81 >6.0 [97]
Temp (°C) 26.8 25.8-28 27.2 25.8-28.7 27.7 25.6-30.4 30 [98]
Turb (NTU) 6.8 3.6-10.3 10.2 6.1-14.4 8.9 1.01-13.3 <5 [98]
PO4 (mg/L) 0.019 0.014-0.026 0.023 0.009-0.058 0.036 0.001-0.21 0.025 [99]
TP (mg/L) 0.049 0.027-0.084 0.077 0.054-0.111 0.192 0.05-0.93
NO3 (mg/L) 0.048 0.017-0.110 0.063 0.022-0.107 0.110 0.02-0.45 20 [100,101]
TN (mg/L) 1.003 0.700-1.300 1.262 0.729-1.700 1.728 0.89-2.93
NH4 (mg/L) 0.024 0.012-0.042 0.031 0.018-0.060 0.112 0.001-0.78
BOD (mg/L) 1.7 0.9-2.5 2.8 1.3-4.8 3.7 0.7-19.3 <2 [93,94,102]
SRSi (mg/L) 10.1 8.5-13.2 12.0 8.9-149 21.6 13-31
TSS (mg/L) 2.6 1.8-3.7 3.8 2.6-5.5 7.1 1.0-22
Chl-a (ug/L) 18.5 14.4-23.5 22.5 9.6-35.8 352 8.4-92.3 <4.0 [103]

The pH values in the study area were within recommended limits, although the pH
was tending to an alkaline level in 2020. According to WHO [98], the turbidity was above
the recommended limit for a water body used for drinking purposes. This was observed
in all the study periods. Soluble reactive phosphorus was below the recommended limit
for surface water between 2000 and 2010; however, in 2020, the concentration went above
the limit set by EPA [99]. Like phosphates the biochemical oxygen demand, was within
pollution limits set by different authors in different countries in 2000 and 2010; however, it
was above the limits by 2020 [93,94]. Chlorophyll a was above the limits set by the UN [103]
in all the study periods.

4. Discussion

Analysis of LULC changes in the study area showed that non-point sources of pollution
were the main driver of water quality changes in the Lake Kyoga basin. Agriculture was
the most dominant LU activity in the study area, followed by grasslands, forests and
waterbodies. Agriculture was not only dominant in the study area, but also nationally
as most people depend on rainfed agriculture as a source of food and income. It had
strong correlations with most of the water quality parameters, with significant correlation
with nitrate (Table 6). Its impacts on water quality emanate from different directions,
including soil erosion, due to unsuitable tillage approaches, like soil excavation, with poor
soil conservation measures, as pointed out by Guzha et al. [104]; and Fatumah et al. [105],
and cultivation on steep slopes of Mt Elgon. Application of agro-chemicals, like fertilizers,
herbicides, and plant growth boosters, which contain phosphorus, nitrogen, and potassium,
are also major sources of the nutrients observed. Heavy rains in the area caused by climate
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change as reported in the related study [106], exacerbates LULC impacts into the lake as
floods help to deliver sediments and nutrients into Lake Kyoga. This is done through a
network of rivers and streams including rivers, Awoja, Mpologoma, and Manafwa, with
effects on water quality as has been shown elsewhere [43,80,107-114]. Most of the forests,
grasslands, woodlands and shrublands have been destroyed for different reasons, including
agriculture and charcoal burning to provide for the ever-growing human demands for
energy in the form of charcoal, timber, and livestock grazing, which has impacted water
quality, including reduction of essential DO [115-117]. The only relatively intact natural
resources are those gazeted and guarded by security, like Afromontane Mt. Elgon Forest,
Elgon National Park, Pian Upe wildlife reserve and woodlots planted by individuals [118].
These areas are however, being encroached upon for settlement, and agriculture due to the
increasing population pressure.

Wetlands play a key role in filtering nutrients and settling sediments from the catch-
ments before the water enters the lake ecosystem; they also act as refugia and nursery areas
for fish [119,120]. Lake Kyoga and its catchment wetlands, in the 1980s used to have a
dense network of natural vegetation with Miscanthidium spp, papyrus, and Typha, being
the primary vegetation [71], and the lake had good water quality. Since the increased
conversion of wetlands areas into mainly rice fields [118], an economic activity which
cannot sequestrate nutrients like the natural vegetation [121-123], loading of nutrients into
the lake has continued. This was indicated by the increase in the concentrations of nutrients,
sediments and chl-a over the study period (Figure 4). The increase in urban/built-up areas,
especially from 2010, could be associated with population increase and shortage of land
for agriculture in the study area. The developing is driven by business purposes as an
alternative source of livelihoods. These centers affect not only the water quality through
point and non-point sources, but also hydrology of rivers and channels. They are sources
of nutrients and sediments into L. Kyoga. The strong correlation between increase in urban
centers with physico-chemical and biological parameters, especially DO, temp, turb, SRP,
TP, nitrate, TN, BOD, and TSS is evidence of this relationship. Studies from other coun-
tries [14,59,124-127] agree with these findings. Water bodies showed a slightly decreasing
trend over the study area; and this could be associated with increased evapotranspiration
due to high temperatures and droughts caused by climate change [106]. This decrease had
an impact on all the water quality parameters in L. Kyoga as seen by solid positive and
negative correlations. Similar results were obtained by other authors [29,30,128,129]. The
degradation of wetlands, especially for agriculture [123] was driven by land shortage and
the growing demand for food and income from an ever-growing population. Therefore,
to protect the lake from further deterioration of water quality, there is need to manage LU
activities in the catchment.

The LULC change activities in Awoja, Mpologoma, and Lwere catchments had impacts
on the water quality in the eastern arm of L. Kyoga. This was shown by the steady
deterioration over the study period, from year 2000 to 2020. This could be the same
situation throughout the lake. The major physical, chemical, and biological parameters
showed an increasing trend over the study period (Figures 4-6). These nutrients do not
work in isolation, but synergize with each other to cause impacts on flora and fauna of the
Lake Kyoga ecosystem. They play an essential role in the functioning and productivity
of the lake, as pointed out by Wiens [7] and Miranda et al. [43]. Phosphorus, for example,
is a limiting factor for algal growth and lake productivity in many aquatic ecosystems;
hence its input together with nitrogen to L. Kyoga from the catchments had an impact on
the trophic status of the lake, which agrees with the findings of Miranda et al. [43]. Algae
and macrophytes, which are primary producers, require these nutrients for their growth,
hence forming the basis of the food chain in the lake, thereby supporting fish and other
fauna that depend on these nutrients. However, the continued nutrient enrichment of
L. Kyoga from agro-chemicals in quantities beyond the systems’ ecological requirements
is a threat. It has led to a shift in the lake’s trophic status to a eutrophic state, tending
to a hypereutrophic state, characterized by algal blooms, shortage of DO, and increased
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macrophyte biomass, as has been pointed out by other authors [130-133]. The consequences
are reduced transparency, and an increase in organic matter [86], siltation and reduction
of the lake depth; deposition and hence storage of nutrients in sediments, unprecedented
death of Nile perch in 2020 [134], as was observed by other earlier studies in L. Victoria
basin [135,136]. The lake’s shallow nature makes resuspension of nutrients especially
phosphorus by wind action, making nutrients available for algae and other flora [137].
Phosphorus, in particular, is reported to be more in the water column in the shallow lakes
than in the sediment due to low retention capacity and frequent sediment resuspension
of shallow lakes [138], since it is a limiting factor for algae, its ever presence leads to
algal blooms.

Temperature plays a significant role in controlling the rates of reactions in the wa-
ter body, especially in shallow lakes, which do not experience stratification. The ob-
served increase in temperature results in an increased algal and macrophyte productivity;
together with nutrient enrichment, it has favored the invasion and spread of tropical
invasive water weeds, especially S. molesta (locally known as Nankabirwa weed) and
Eichhornia crassipes [139,140]. These invasive weeds have destroyed fish breeding areas,
reduced light penetration into the lake, and hence reduced the concentration of DO in the
water, affecting fauna and flora in the lake. They have also affected fisheries by destroying
fishing gear, affected water supply, watering of domestic animals, and navigation, as has
been reported by other authors [64,67]. Further, an increase in temperatures results in
increased evapotranspiration rates, leading to the lake’s net water loss, as has been pointed
out by other studies [28,141,142]. The reduction in water bodies, together with wetland
degradation, and forest and woodland reduction impacted chl-a, SRSi, and pH (Table 4),
which agrees with other findings [85,143,144]. The increased algal biomass, indicated by in-
creased chl-a, impacts fish yields; by supporting secondary and tertiary producers, and also
increases DO levels in the lake. But the increased nutrient enrichment from the catchment
has led to increased poor water quality, with negative impacts in the L. Kyoga ecosystem, as
has been observed in other studies [24,145]. Although SRSi is vital for the growth of inver-
tebrates like snails and diatoms, its increased enrichment is a cause of concern as it could
increase algal blooms and proliferation of invertebrates. The pH of a water body influences
the release of SRP from sediments [146], and the growth of macrophytes [147], it also buffers
water and helps in dissolution of metals in water [85]. Its variation over the study period,
therefore, had impacts on the functioning, food chain, and food web interactions, and EC
of L. Kyoga ecosystem. There was an observed increase in EC over the study period, a
finding which agrees with results from other studies [117,148], and is likely to affect the
mineral balance of the lake. The increase in BOD5 showed raised loading of organic matter,
which is biodegraded by aerobic microorganisms, leading to the reduction of DO, and
release of nutrients as has been reported by other authors [149-151]. Further, studies in
Poland, Brazil, and Malawi [85,152,153] also showed the same correlation between DO and
LULC changes.

The impacts of LULC change do not only affect water quality, but also economic
activities and livelihoods. For example, fishing in L. Kyoga for Nile perch, Nile tilapia, and
silverfish locally called ‘Mukene’ [67], is one of the major economic activities that provides
food/protein and generate revenue for the central and local governments, in addition to
the local communities. The lake’s pollution from catchment LULC change activities is
threatening not only the fisheries but also other ecosystem functions and services provided
by lake Kyoga. For example, the lake ecosystem has a huge potential for tourism, water
supply to the riparian communities and upcoming cities like Mbale and Soroti, irrigation,
and agriculture, which are under threat. Therefore, restoration of forests, woodlands,
grasslands, shrublands, and wetlands, which are great sinks for nutrients and sediments
from the catchments and management of urban centers should be prioritized as pointed
out by the findings of MWE in the Awoja catchment plan report [75]. Proper management
of built-up areas will lead to reduction in the concentrations of physico-chemical and
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biological parameters and an increase in DO. The impacts of LULC change have also been
observed in Chaohu Lake Basin China, USA, and Japan [124,154-156].

5. Conclusions

This study has proved the linkage between land and water resources as observed
in different parts of the world. It has further shown that LULC change activities in the
catchment affect the water quality of the adjacent water bodies, with climate change being
the catalyst of the linkage. Over the study period, the water quality of L. Kyoga has
shown a deteriorating trend associated with LULC change activities in the catchments,
and these trends will continue getting worse if no action is taken to restore good water
quality. The deterioration of water quality has been rapid, especially from 2010 to 2020, a
worrying trend that requires urgent mitigation measures. The trends showed degraded
water quality, as indicated by physico-chemical and biological parameters that are getting
degraded. This study has proved that Lake Kyoga is in a eutrophic state, tending to a
hypereutrophic state according to the Florida physico-chemical trophic state indices. The
consequences of this eutrophic state include invasion of the lake by invasive water weeds
like water hyacinth and Nankabirwa and death of Nile Perch in the lake due to poor water
quality, especially reduction in the concentration of DO. The suitability of this water for
drinking, irrigation, biodiversity conservation, fisheries, and recreation are also threatened.
Agriculture was a dominant land use form in the lake’s catchment, alongside land, the
cover was characterized by forests, wetlands, woodlands, grasslands, shrublands, and
urban centers. These LULC changes impact the water quality of L. Kyoga negatively in
most cases.

Any efforts to improve the water quality of the Lake Kyoga ecosystem from the current
degradation trend should prioritize management of LULC changes in the catchments. The
responsible stakeholders, like local government officials and the line ministries, need
to enforce statutory laws and regulations on protecting water bodies. Like river bank
protection, protecting and preserving of 100-200 m of lake banks, prohibition of wetland
degradation. These findings are, therefore valuable for all relevant stakeholders, including
decision and policy-makers responsible for the management of water resources including
L. Kyoga. These include MWE, MAAIF, and regional bodies like Nile Basin Initiative
(NBI) Countries, CSOs, and NGOs. Drivers and pressures of these LULC changes that
include population increase, poverty, shortage of land, need for energy in the form of
charcoal, and shortage of better alternative ways of livelihoods should be studied, pointed
out, and addressed. This will help reduce the pressure of the LULC changes and water
quality eventually. Management activities, like restoration of wetlands, re-afforestation,
and forestation, improvement of agricultural practices like the use of terraces of the steep
slopes of Mt. Elgon, and provision of cheaper alternative sources of power like solar and
biogas should be prioritized.

Conservation and restoration efforts are being made in the study area by MWE,
through the wetlands department and regional offices under KWMZ, together with local
governments, non-government organizations (NGOs), civil society organizations (CSOs),
and the local community. The continued degradation trend shows that more work remains
to be done to stop and reverse the situation. This kind of research should be extended to
other water bodies in Uganda and the region. Therefore, strategic measures for sustainable
utilization of the lake’s resources, management, and protection of its catchment from further
degradation to stem further water quality deterioration should be prioritized. This study
focused on the physico-chemical and biological aspects of the lake’s water quality. There
is a need to study the impact of LULC activities on other aspects of L. Kyoga ecosystem,
including sediment deposition and quality; bathymetry studies should be helpful in this
area. Other limnological aspects like zooplankton, phytoplankton, macroinvertebrates,
macrophytes dynamics with LULC changes should be done. The other potential source
of nutrients load into the lake includes atmospheric deposition, and it is recommended
that this is done to facilitate a wholistic mitigation approach. Monitoring of pollution
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status of aquatic ecosystems like lakes, reservoirs, streams and rivers, and wetlands is vital
for management purposes. It is therefore recommended that Uganda, East Africa, and
Africa as a whole should develop water quality trophic status indices to guide management
options by policy and decision-makers.
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