ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/375187705

Physicochemical and Microbial Quality of Water from the Ugandan Stretch of
the Kagera Transboundary River

Article in Limnological Review - November 2023

DOI: 10.3390/limnolrev23030010

CITATION READS
1 20
4 authors:
2 Nimusiima Daniel Denis Byamugisha
-4 Mbarara University of Science & Technology (MUST) Mbarara University of Science & Technology (MUST)
4 PUBLICATIONS 2 CITATIONS 13 PUBLICATIONS 83 CITATIONS
SEE PROFILE SEE PROFILE

3 Timothy Omara Emmanuel Ntambi

‘n—l

University of Natural Resources and Life Sciences Vienna Mbarara University of Science & Technology (MUST)

105 PUBLICATIONS 910 CITATIONS 35 PUBLICATIONS 166 CITATIONS

SEE PROFILE SEE PROFILE

All content following this page was uploaded by Nimusiima Daniel on 03 November 2023.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/375187705_Physicochemical_and_microbial_quality_of_water_from_the_Ugandan_stretch_of_the_Kagera_transboundary_river?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/375187705_Physicochemical_and_microbial_quality_of_water_from_the_Ugandan_stretch_of_the_Kagera_transboundary_river?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nimusiima-Daniel?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nimusiima-Daniel?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Mbarara-University-of-Science-Technology-MUST?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nimusiima-Daniel?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Denis-Byamugisha?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Denis-Byamugisha?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Mbarara-University-of-Science-Technology-MUST?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Denis-Byamugisha?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Timothy-Omara?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Timothy-Omara?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Natural_Resources_and_Life_Sciences_Vienna?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Timothy-Omara?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Emmanuel-Ntambi?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Emmanuel-Ntambi?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Mbarara-University-of-Science-Technology-MUST?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Emmanuel-Ntambi?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nimusiima-Daniel?enrichId=rgreq-babb3254320f169a0afd8cd5eef76914-XXX&enrichSource=Y292ZXJQYWdlOzM3NTE4NzcwNTtBUzoxMTQzMTI4MTIwMjc3NjUzOEAxNjk5MDE0ODI0NjUz&el=1_x_10&_esc=publicationCoverPdf

limnological review

Article

Physicochemical and Microbial Quality of Water from the
Ugandan Stretch of the Kagera Transboundary River

Daniel Nimusiima !

check for
updates

Citation: Nimusiima, D.;
Byamugisha, D.; Omara, T.; Ntambi,
E. Physicochemical and Microbial
Quality of Water from the Ugandan
Stretch of the Kagera Transboundary
River. Limnol. Rev. 2023, 23, 157-176.
https://doi.org/10.3390/
limnolrev23030010

Academic Editor: Piotr Klimaszyk

Received: 4 September 2023
Revised: 16 October 2023
Accepted: 2 November 2023
Published: 3 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Denis Byamugisha 1, Timothy Omara

2,31 and Emmanuel Ntambi !

Department of Chemistry, Faculty of Science, Mbarara University of Science and Technology,

Mbarara P.O. Box 1410, Uganda; nimusiimadaniel2@gmail.com (D.N.); dbmugisha@must.ac.ug (D.B.);
emmantambi@must.ac.ug (E.N.)

Department of Chemistry and Biochemistry, School of Sciences and Aerospace Studies, Moi University,
Eldoret P.O. Box 3900, Kenya

Department of Chemistry, College of Natural Sciences (CoONAS), Makerere University,

Kampala P.O. Box 7062, Uganda

*  Correspondence: prof.timo2018@gmail.com

Current Address: Institute of Chemistry of Renewable Resources, Department of Chemistry,
University of Natural Resources and Life Sciences, Vienna (BOKU), Konrad-Lorenz-StrafSe 24,

A-3430 Tulln an der Donau, Austria.

Abstract: Increasing global pollution of water resources undermines the efforts invested in the re-
alisation of Sustainable Development Goals. In developing countries, for example, water pollution
is exacerbated by poor regulatory structures and improper waste disposal. This study, for the first
time, investigated the physicochemical and microbial parameters of surface water from the Ugandan
stretch of the Kagera transboundary river. Surface water (n = 135) from downstream, midstream and
upstream of the river was sampled between February 2021 and June 2021, and analysed following
standard methods for the examination of water and wastewater. Further, the samples were analysed
using flame atomic absorption spectroscopy for the presence of heavy metals: nickel, lead, chromium,
cadmium and copper. The obtained results showed that turbidity (24.77 & 5.5-43.99 + 6.87 mg/L),
colour (118 + 8.90-145.2 + 30.58 Pt-co units), Escherichia coli (4.96 + 7.01 CFU/100 mL), lead
(23.0 £ 11.043.0 £ 12.0 pg/L) and cadmium (3.3 £ 1.0-10.1 + 10.0 pg/L) were at levels that
surpassed their permissible limits as per World Health Organization guidelines for potable water.
These results are lower than previously reported for the Rwandese stretch of this river, but still
present potential health risks to the population whose livelihoods depend on the river. Measures
should therefore be instituted by the East African Community member states to mitigate riverine
pollution and ensure sustainable use of the Kagera transboundary river.

Keywords: Akagera River; Lake Victoria; potentially toxic metals; sustainability; water quality

1. Introduction

The centrality of water to life and the realisation of sustainable development cannot
be underexamined [1,2]. Thus, access to clean and safe drinking water is now listed as
a human right [3], because sustainable development is envisaged to be a balance among
social and economic development as well as environmental protection [4]. As such, the
recognition of water as a fuel for economic growth led to its prioritisation into Sustainable
Development Goal 6 (i.e., clean water and sanitation for all) [5,6]. However, the issue of
water security and scarcity has remained in the global spotlight, despite water being an
otherwise ubiquitous and borderless resource on planet Earth [1,7]. Contamination of water
resources by inorganic, legacy and emerging organic pollutants undermines the efforts
invested in the realisation of the 2030 United Nation’s Sustainable Development Goals [6].
In developing countries, for example, water pollution has exacerbated water insecurity and
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scarcity by making the available water unsuitable for different end uses, widening the trans-
mission window of waterborne pathogens and nutrient—climate synergised eutrophication
of freshwater ecosystems [8].

According to the Sustainable Development Goal 6 Synthesis Report on Water and
Sanitation released in 2023 [9], the world is apparently “off track”. This is especially worse
in the developing countries of Africa, due to possession of more than 70 transboundary
(lentic) water basins and resources [9]. Examples of such African water resources include
Lake Chad (shared by Chad and Nigeria), Lake Victoria (shared among Uganda, Kenya and
Tanzania), Lake Tanganyika (shared by Tanzania, the Democratic Republic of the Congo,
Burundi and Zambia), Lake Kivu (shared by the Democratic Republic of the Congo and
Rwanda), Lake Edward (shared by the Democratic Republic of the Congo and Uganda),
Lake Malawi (shared by Malawi, Mozambique and Tanzania) and the River Nile (shared
by Uganda, Egypt, Ethiopia, Sudan and South Sudan) [10].

Of the lacustrine African water resources, Lake Victoria (L. Victoria) is the largest lentic
freshwater resource, which doubles as the source of the longest river (the Nile River) on the
continent [11]. The lake has been severely polluted, and this has quickly deteriorated its
water quality, lowered fish catches and diminished its biodiversity [12]. This is mainly due
to increasing anthropogenic pressure from its riparian communities, as well as unregulated
pollution of its influent rivers [13].

The Kagera River (otherwise known as the Akagera River or Alexandra Nile) is
one of the rivers that discharges its water into L. Victoria after draining the East African
Community countries of Burundi, Rwanda, Tanzania and Uganda [14]. Whereas the
pollution status and water quality of L. Victoria have been extensively investigated, there
is limited information on the actual sources of contaminants, particularly regarding the
contribution of the over twenty-three transboundary and lentic influent rivers such as
Nzoia and Kagera [15,16]. Thus, this study considered the Kagera River, the largest of L.
Victoria’s influent rivers, because it is the most remote headstream of the Nile River that
flows northwards into the Mediterranean sea [14].

The objective of this study was to assess the physicochemical and microbial param-
eters of surface water from the Ugandan stretch of the Kagera transboundary river. The
implications of the findings in comparison with the drinking water guidelines provided by
the World Health Organization (WHO) are further discussed.

2. Materials and Methods
2.1. Study Area

This study was conducted on the Kagera River, focusing on its surface water for
a section that flows through Kikagati, Isingiro District, Uganda (Figure 1). The Kagera
River is an East African Community river which forms part of the upper headwaters of
the Nile River and therefore the longest transboundary river in the region with 785 km
long headstreams: Akanyaru and Nyabarongo Rivers in Rwanda and the Ruvubu River in
Burundi [17,18]. The river begins its journey from the Burundian Lake Rweru and continues
eastwards along the country’s borders with Rwanda and Tanzania until its confluence with
the Ruvubu River; i.e., water in this river comes from the Ruvubu River of Burundi and
Nyabarongo River of Rwanda, which pours into Lake Rweru and eventually into Lake
Victoria [19-21].

The choice of Kikagati as a research area for this study was related to its strategic
position for urban and population growth. In addition, the area has a 16-megawatt hy-
dropower plant on the Kagera River (Kikagati/Murongo Hydropower Project), South
Western Uganda [22] (Figure 2). This is the first cross-border Independent Power Producer
project between Uganda and Tanzania, aimed at enhancing the economic development of
both countries and integration of the East African Power Pool [23].
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Figure 1. Map of Uganda showing location of Isingiro District, Kikagati and the sampling sites on

Kagera transboundary river.

(a) (b)

Figure 2. Anthropogenic activities identified along the Ugandan stretch of Kagera River. (a) Stock-
pile of construction materials for the Kikagati/Murongo hydropower dam, and (b) washing of

motorcycles. Photos taken by Daniel Nimusiima.

The study, therefore, considered this stretch because it has a high potential to influence
water quality and human livelihoods. The study sites were selected along the river with
consideration of some of the streams that feed it in the neighbourhood as well as those
which experience intense human activities and could influence the river’s water quality.
Some of the noticeable anthropogenic activities in the area included construction of the
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Kikagati/Murongo hydropower dam, washing of motorcycles and vehicles (Figure 2),
brick making, agriculture, tin and gold mining, and stone quarrying (at the Nshungyenzi
cave) [24].

2.2. Collection and Preparation of Samples

Water samples were collected from three different points identified by geographical
coordinates as: (i) upstream (—1.06507 N 30.61074 E), about 4 km before the Kagera River
enters Kikagati; (ii) midstream (site 2), the river area within the town council (—1.02230 N
30.69245 E); and (iii) downstream (site 3; —0.99581 N 30.75023 E), about 4 km from the Kik-
agati (Figure 1). Upstream and downstream were chosen as places with less anthropogenic
activity (controls). The midstream is where the hydropower plant and other human activi-
ties are most intense. Monthly composite samples from each site, upstream, midstream
and downstream, were collected in triplicate in the morning, afternoon and evening for
five months (February 2021 to June 2021). A total of one hundred and thirty-five (135)
water samples were collected from the three sampling sites (n = 9 samples per site per
month). Each sample bottle was washed with concentrated nitric acid (5 mL), rinsed with
deionised water (100 mL) and with the river water sample before the final sample was
collected. The collected samples were labelled, placed in a cooler box and transported for
laboratory analysis.

2.3. Measurement of Physicochemical Parameters of Water Samples
2.3.1. Temperature, Total Dissolved Solids, pH, Conductivity and Colour

The pH, temperature and total dissolved solids (TDS) were measured onsite (in
situ) using a waterproof HI 98129-HI 98130 pH/TDS/temperature/conductivity meter
(Hanna Instruments Inc., Woonsocket, RI, USA). The true colour of the 0.45 um membrane-
filtered water samples was determined spectrophotometrically on a Jenway 6705 UV /Vis
spectrophotometer (Bibby Scientific Ltd., Staffordshire, UK) following the manufacturer’s
instructions.

2.3.2. Dissolved Oxygen and Biochemical Oxygen Demand

Measured 300 mL water samples were transferred into four biological oxygen demand
(BOD:s) bottles. Initial dissolved oxygen (DO) concentration was determined immediately
in two of the bottles using a simple DO meter (TES 1600 model), and then the remaining
two bottles were incubated in a BODj5 incubator at room temperature for five days and the
oxygen concentration was determined in triplicate. A blank sample of deionised water was
also prepared following the same procedure. The BODs was calculated using Equation (1)

as per APHA [25].

D1 — D2
BOD5 = —5 1)

where D) = initial dissolved oxygen value after preparation, D, = dissolved oxygen value
after five days of incubation and P is the dilution factor.

2.3.3. Total Alkalinity and Hardness

The double indicator method was used for total alkalinity determination [25]. For
hardness, ethylenediaminetetraacetic acid (EDTA) titration was used to determine total,
calcium and magnesium hardness [25]. Briefly, 2 mL of ammonia buffer solution (16.9 g,
NH,Cl and 143 mL, NH;OH) was added to water samples (25 mL) and the resultant
solutions were titrated in triplicate against 0.01 M EDTA solution using Eriochrome black T.
The end point of titration was indicated by a sharp colour change from wine red to blue.
Total hardness as calcium carbonate (mg/L) was calculated using Equation (2).

Total hardness (mg/L) = VxM >:] 100, 000 o

where V = volume of EDTA used, M = molarity of EDTA and v = volume of sample used.
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For magnesium, the titration was performed using pH 10 borax buffer. Eriochrome
black T indicator (two drops) was added and the mixture was heated for 5 min. The
resultant solution was then titrated against a standard solution of 0.01 M EDTA until a
permanent blue colour was obtained and the amount of EDTA required to reach the end
point was recorded. The titre values were used to compute the concentration of magnesium
in the water samples using Equation (3). Calcium hardness was taken as the value obtained
from subtraction of magnesium hardness from total hardness [26].

VXM x 24
Magnesium hardness (as MgCO,), mg/L = %305 3)

where S = volume of water sample used.

2.3.4. Chlorides

Chloride content was determined by titrating 50 mL of the sample with 0.0141 M silver
nitrate solution in the presence of 5% potassium chromate indicator. The end point of the
titration was indicated by the appearance of a reddish-brown colour of silver chromate [25].
A blank sample using deionised water was also prepared and treated the same way. The
concentration of chlorides was established using Equation (4).

Chiorides (mg/L) — (A=B)* é\/l x 35,450 “

where A = volume of titrant used, S = volume of sample used, B = volume of titrant used
for the blank and M = molality of the silver nitrate solution.

2.3.5. Total Phosphorous

Total phosphorous content was determined by digesting the sample more rigorously
with a mixture of concentrated sulphuric acid and nitric acid following the vanadomolyb-
dophosphoric acid method [25]. To 100 mL of the sample in a conical flask, nitric and
sulphuric acids (2 M, 2 mL each), ammonium molybdate (0.052 M, 5 mL) and ascorbic acid
(0.15M, 2 mL) were added. The absorbance of the blue-coloured solution was measured at
650 nm on a UV /Vis spectrophotometer using deionised water to prepare the blank. Con-
centrations were determined from a calibration curve of a standard potassium hydrogen
phosphate solution [25].

2.3.6. Nitrates

To 25 mL of the water samples, sulphuric acid (0.5%, 2 mL), hydrochloric acid (2 M,
2 mL), methyl anthranilate (0.5%, 2 mL) and sodium hydroxide (2 M, 2 mL) were added
and mixed for 10 min until an azo red dye was formed. Thereafter, it was poured into
a cuvette and its absorbance read on a spectrophotometer at 540 nm. The blank sample
consisting of deionised water was treated the same way. The nitrate concentration in mg/L
was obtained from a calibration curve obtained using lead nitrate solution of different
concentrations and absorbance [25].

2.3.7. Sulphates

The sulphate in the water sample was determined following the turbidity method
detailed elsewhere [27]. A water sample (25 mL) was measured and added to an Erlenmeyer
flask. A conditioning reagent (50 mL of glycerol, 30 mL of 2 M of concentrated hydrochloric
acid, 100 mL of 95% ethanol and 75 g of sodium chloride) was added. These were mixed
for 3 min, and after 10 min, the absorbance was determined on a spectrophotometer at
420 nm with distilled water as a blank. Sulphate concentration in mg/L was obtained from
the calibration curve of sodium sulphate concentration (10 to 50 mg/L) plotted against
absorbance [25].
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2.4. Heavy Metal Analysis

Water samples were filtered through Whatman filter papers (0.45 um) to remove
suspended solids. They were then digested with a mixture of nitric and hydrochloric
acids (1:3) as per the method. After that, the concentration of heavy metals, lead (Pb),
cadmium (Cd), chromium (Cr), copper (Cu) and nickel (Ni), were quantified using a
flame atomic absorption spectrophotometer (model 240AA; Agilent Technologies, Santa
Clara, CA, USA) at the respective wavelengths (Ni = 232 nm, Pb = 283.3 nm, Cr = 357.9 nm,
Cd =228.8 nm and Cu = 324.8 nm). The actual heavy metal concentrations were determined
from calibration curves constructed from diluted working standards of 1000 ppm stock
solutions of nitrate and chloride salts of the metals.

2.5. Microbial Quality of the Water Samples

Bacteriological analysis of the samples for Escherichia coli (E. coli) used the multiple-tube
fermentation test (most probable number) according to APHA [25]. Briefly, water samples
(10 mL) in labelled lactose broth tubes were carefully mixed and thereafter incubated
anaerobically at 35 °C for 24 h. All the tubes were examined for the production of acids
(observance of a yellow colour) and gas after 24 h of incubation. Production of acid and
gas (appearance of a bubble large enough to fill the concavity at the top of the tubes) after
24 h of incubation indicated a positive presumptive test for E. coli-form bacteria [25]. The
most probable number (MPN) index was determined by comparing the pattern of positive
results (the number of tubes showing growth at each dilution) with statistical tables.

2.6. Analytical Quality Assurance and Quality Control

All reagents used in this investigation were of high analytical purity. All experiments
were performed in triplicate. For heavy metal analyses, linearity of the calibration curves
was checked, and these were within acceptable limits (R? > 0.995 in all cases). Further, the
quality of instrumental results was guaranteed through analysis of procedural blanks and
spiked samples, whose recoveries (range: 97.9% to 101.5%) were analytically considered
acceptable. Relative standard deviations of the experiments (analytical precision) ranged
between 3.7% and 4.9%.

2.7. Statistical Analysis of Results

Microsoft Excel 2019 (Microsoft Corporation, USA) and SPSS (version 26, IBM Inc.,
Chicago, IL, USA) were used to analyse data. Mean variance and standard deviation were
used to assess the spread of the data. One-way analysis of variance (ANOVA) was used to
test significance in parameters across the sampling sites, and Pearson correlation coefficient
(r) was calculated to test for the association of water parameters among sampling sites.
Then, mean values of the measured parameters for the water samples were compared with
WHO guidelines for drinking water [28]. Differences in the mean values were considered
significant if the calculated p-values were <0.05, not <0.01.

3. Results and Discussion
3.1. Spatial Variations in the Physicochemical and Microbiological Quality of Surface Water from
the Kagera River

The parameters of water sampled from the different sluices along the Kagera River
are summarised in Table 1.
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Table 1. Physicochemical profile of water samples from Kagera River from three sampling sites for
five months (February 2021 to June 2021; n = 135).

Parameter Upstream Midstream Downstream WHO Guidelines [28] p-Value

pH 5.80 +0.49 6.01 + 0.54 6.00 £+ 0.56 6.5-8.5 0.7876

Electrical conductivity (uS/cm) 133.38 +7.87 14491 £ 7.42 135.11 £+ 8.43 1500 0.0853
Temperature (°C) 23.38 +0.53 23.43 +0.18 23.41 4+ 0.31 — 0.5822
Colour (Pt-co units) 118.00 + 8.9 145.2 £+ 30.58 122.51 + 10.68 15 0.0979

Total dissolved solids (mg/L) 61.27 + 6.96 69.46 + 6.02 62.08 £+ 8.01 1000 0.1714
Turbidity (NTU) 24.77 + 5.59 43.99 + 6.87 31.11 +4.91 5 0.0007 *
Dissolved oxygen (mg/L) 5.26 & 0.64 3.85 £ 0.47 4.55 £ 0.48 4 0.0048 *
Biochemical oxygen demand (mg/L) 0.95£0.17 2.10 £0.29 1.74 £ 0.17 5 0.0000 *
Alkalinity (mg/L) 32.54 +18.86 43.69 + 23.26 32.95 + 15.44 200 0.6008
Chlorides (mg/L) 8.79 +1.29 11.19 + 1.69 9.47 +2.53 250 0.1646

Total hardness (mg/L) 40.32 + 8.84 53.25 + 10.64 44.23 +9.74 500 0.1423
Calcium (mg/L) 6.36 £ 1.17 9.54 +2.17 8.38 +2.12 150 0.0577
Magnesium (mg/L) 34.19 +7.55 43.97 +10. 45 35.88 + 8.56 250 0.2221
Nitrates (mg/L) 0.200 £+ 0.05 0.36 £ 0.12 0.29 4+ 0.09 45 0.0658

Total phosphorous (mg/L) 0.205 4 0.45 0.53 +0.79 0.30 4 0.39 2.2 0.3800
Sulphates (mg/L) 1.41 +£0.17 041+ 1.09 3.31+0.93 250 0.0004 *

Note: Results are presented as means =+ standard deviation of sextuplicates. — = No established permissible

levels. * Statistically significant at p < 0.05 and p < 0.01. Uganda uses the WHO guidelines for drinking water.

3.1.1. pH

The hydrogen potential (pH) of a solution is a measure of its acidity or alkalinity. In
this study, the pH was 5.00-6.22 upstream, 5.10-6.53 midstream and 5.02-6.44 downstream.
In all the three sampling sites, the mean pH values were slightly below the recommended
range of 6.5 to 8.5 [28,29]. This indicated that water from the Kagera River is slightly acidic,
probably due to some discharge of waste along the stream. The lower pH (5.80 & 0.49)
recorded upstream could probably be due to saturation of carbon dioxide in water due to
photosynthesis of aquatic plants along the river before Kikagati town council [30]. Carbon
dioxide forms a weak acid when dissolved in water. However, it affects the pH of water
bodies. Besides this, the acidic pH could be due to microbiological degradation of organic
waste into the Kagera River water. Statistically, the pH of the Kagera River water showed
no significant differences among the three sampling sites (p > 0.05) but it was positively
correlated with temperature and total alkalinity (r = 0.823 and 0.696, respectively; Table 2).
The strong positive correlation of pH with temperature is due to the fact that an increase in
temperature increases the dissociation and mobility of ions responsible for pH change: i.e.,
endothermic autoionisation of water [31,32].

In a similar case to this study, Mukisa et al. [33] reported the lowest pH value of the
River Mubuku of 5.87 and attributed it to microbiological activities on waste which in turn
release carbon dioxide into water, hence decreasing its pH. Studies carried out on the River
Rwizi showed pH ranging from 5.9 to 6.9, and this was attributed to the hydrolysis of
cations, acidic gases dissolved in water and decomposition of organic matter in the river
water [34]. Lema and Mwegoha [35] and Sikuku [36] reported higher pH values of 7.75-8.82
for the Kanoni River (Tanzania) and 7.32 to 8.24 for Kenyan rivers: Hippo Point, Kisat,
Mbogo, Nzoia, Nyando, Woroya and Yala. The pH values obtained in the Kagera River in
this study are lower than the 7.96-8.22, 6.2-8.0, 6.6-7.5, 5.85-7.60 and 8.05-8.30 reported
for water from the Nyabugogo and Nyabarongo rivers, Rwanda [37]; Mohokare River
(Lesotho) [38]; and the River Aturukuku [39], River Nyamugasani [40] and River Rwimi of
Uganda [33,40], but comparable to 5.60-7.40 and 5.58-6.80 for the River Nyamwamba and
River Mubuku of Uganda [33,41].



Limnol. Rev. 2023, 23

164
Table 2. Pearson correlation coefficient (r) of water quality parameters measured along the Ugandan stretch of Kagera River.
Parameter pH EC TDS DO BODs Chlorides TH Mg Nitrates TP Colour  Sulphates Turbidity E. coli Pb Cu Ni
pH 1
EC 0.38 1
Temperature 0.823 ** 0.087
DO 0.231 —0.658 ** —0.238 1
BODs 0.206 0.506 0.337 —0.670 ** 1
Alkalinity 0.696 ** 0.412 -0.519* -0.09 0.349
TH —0.169 0.631* 0.525 * 0.531 * 0.486 0.675 ** 1
Ca 0.071 0.634 * 0.356 —0.513 0.793 ** 0.525 * 0.733 **
Mg —0.199 0.555 * 0.536 * —0.472 0.359 0.648 ** 0.982 ** 1
Nitrates —0.187 0.065 0.847 * —0.435 0.526 * 0.582 * 0.607 * 0.642 * 1
Colour —0.133 0.466 0.590 * —0.501 0.334 0.670 ** 0.828 ** 0.852 ** 0.684 ** 0.265 1
Sulphates 0.115 0.173 0.620 * 0.543 * 0.853 ** 0.635 * 0.473 0.402 0.625 * 0.191 0.457 1
Turbidity 0 0.311 0.491 0.561 * 0.635 * 0.555 * 0.432 0.406 0.645 ** 0.495 0.690 ** 0.707 ** 1
E. coli 0.092 0.613* 0.138 —0.408 0.396 0.313 0.486 0.448 0.201 0.862 ** 0.605 * 0.232 0.654 ** 1
Pb —0.092 0.0708 ** —0.042 —0.629 * 0.336 0.271 0.374 0.341 0.193 0.485 0.42 0.134 0.468 0.616 * 1
Cd —0.428 0.197 0.198 —0.452 0.261 0.376 0.095 0.054 0.324 0.037 0.201 0.218 0.396 0.036 0.592
Cu —0.154 -0.217 0.343 —0.216 0.524 * 0.386 0.028 0.021 0.543 * 0.168 0.034 0.685 ** 0.398 —0.23 —0.055 1
Ni 0.128 0.224 0.582 * —0.315 0.238 0.398 0.516 * 0.581 * 0.603 * 0.317 0.787 ** 0.442 0.696 ** 0.592 * 0.285 0.012 1

Note: * Correlation is significant at the 0.05 level (2-tailed). ** Also significant at the 0.01 level (2-tailed). TH = total hardness, TP = total phosphorous.
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3.1.2. Electrical Conductivity

The EC of water is a measure of electric current flowing through a solution of water
due to ions in it. It is related to the concentrations of total dissolved solids (TDSs) or salts in
a specific water body as well as the water’s temperature. This property, termed conductivity,
is a useful tool to assess the purity of water, and its permissible limit lies in the range of
750-1000 1S/ cm [28]. In this study, the EC ranged between 125.67 and 142.50 puS/cm (mean:
133.38 £ 7.87 uS/cm) upstream, 136.77 and 157.00 uS/cm (mean: 144.91 £+ 7.42 uS/cm)
midstream, and 127.22 and 148.44 uS/cm (mean: 135.11 4+ 8.43 uS/cm) downstream. At
all the three sluices, mean values slightly increased down the river, and this could be
due to an increase of soluble ions along the stream. However, the values were within the
recommended range of 10 to 1500 uS/cm within the sampling time frame [42]. There was
no significant difference in the EC of Kagera River water among the three sampling sites
(p > 0.05), but EC showed a strong positive correlation with total hardness (r = 0.631), lead
content (r = 0.708) and dissolved oxygen (r = 0.658). This significant positive correlation of
EC and total alkalinity is attributed to ions (CO3%2~, OH ") that cause conductivity. However,
EC was slightly higher midstream when compared to other sampling sites, probably due to
the presence of ions coming from the discharge of waste and runoff from artisanal mining
areas and the Kikagati/Murongo hydropower dam construction. An EC change affects
aquatic life, and this requires an osmoregulation process to maintain water ions and active
transport in their bodies.

In Nigeria, Butu et al. [43] found the EC of the River Rido to range from 79 to
146.3 uS/cm [43], which is close to the values obtained in this study. The values obtained
in this study are slightly higher than 80.44, 63.15 and 12-119, 43-103 and 99.91 uS/cm for
water in Ugandan rivers, Lhubiriha, Mobuku, Rwimi and Nyamwamba, but lower than
460.51, 946.08, 118.57, 81-220 and 140.82 uS/cm in the River Lubigi, River Nyamugasani,
River Sio, River Rwimi and River Victoria Nile reported by Bwire et al. [44] and Busulwa
and Bailey [40]. Turinayo [45] reported an EC of 108-1524 uS/cm for water from the River
Musamya in Uganda. In the Nyabugogo and Nyabarongo rivers in Rwanda, an EC of
74.3-102.0 was reported [37]. In several Kenyan rivers (Hippo Point, Kisat, Mbogo, Nzoia,
Nyando, Woroya and Yala), Sikuku [36] found EC to have values ranging from 0.08 pS/cm
to as high as >200 uS/cm. Another investigation in Mohokare River water (Lesotho) [38]
reported an EC of 2000-3800 uS/cm, which is far higher than obtained in this study. In
Tanzania, very high values of EC (47.0-23,000 uS/cm) were reported in Imeta, Ngerengere-
Morogoro, Mirongo and Msimbazi rivers [46]. A high EC of water samples indicates the
presence of a higher content of different salts and organic and inorganic materials such
as alkalis, chlorides, sulphides and carbonates. As a measure of water quality, significant
changes in EC are indicators of discharges or some other source of pollution entering
the river.

3.1.3. Temperature

Temperature affects the physical, chemical and microbiological processes in water
bodies. It is an essential parameter used to evaluate the quality of drinking water. In
addition to the aforementioned, high temperatures may alter the colour and taste of water
or encourage the growth of microorganisms [47—49]. For this study, temperatures span from
22.27 °C to 23.59 °C with a mean value of 23.38 £ 0.53 °C upstream, 23.20 °C to 23.62 °C
(mean: 23.43 £ 0.18 °C) midstream and 22.88 °C to 23.65 °C (mean: 23.41 4+ 0.31 °C) down-
stream. Though there are no WHO permissible levels for temperature of potable water [28],
cold water is more palatable than warm water [28]. For this study, temperature did not
significantly differ between the sampling sites but it was strongly positively correlated
with pH (r = 0.823). This may be because an increase in temperature increases solubility
of salts, which causes pH variation. The high temperatures could be due to velocity of
water down the stream, waste discharge and altitude of the area, among other factors. The
solubility of oxygen reduces in warm water compared with cold water. Aquatic lives need
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a specific range of temperature to live in, and for production purposes the mean value
(23.43 £ 0.18 °C) obtained from this study was fit for aquatic life [33,50].

3.1.4. Colour

Colour is a primary water quality concern for aesthetic reasons [47]. Coloured water
can be interpreted as unfit to drink, even though it may be safe. Colour of water in this
study ranged from 104.67 to 129 Pt-co units (mean: 118.00 £ 8.90 Pt-co units upstream;
114.44 to 194.33 Pt-co units (mean: 145 4 30.58 Pt-co units) midstream; and 109.44 to 137.33
Pt-co units (mean: 122.51 + 10.68 Pt-co units) downstream. Colour did not significantly
differ (p > 0.05) among the sampling sites but it was positively correlated with nickel
content (r = 0.684), TDS (r = 0.590), chloride content (r = 0.670), Mg2+ ions (r = 0.852) and
turbidity (r = 0.690) and was negatively correlated with total hardness (r = —0.828). Nickel
compounds are coloured, so this could have contributed to the strong positive colour
correlation and similar increase in turbidity and colour. At all the sampling sites, the mean
values of colour were above the recommended value of 15 Pt-co units [28,29]. The slight
increase observed in colour values from upstream to downstream of the river stretch could
be due to decomposition of organic matter, weathering of rocks and turbidity changes.
Highly coloured water affects light penetration, thus affecting photosynthesis of aquatic
plants which in turn affects the ecosystem.

3.1.5. Total Dissolved Solids and Turbidity

TDS is a measure of the dissolved inorganic and organic materials in water. It affects
the taste of drinking water if the concentrations exceed 2000 mg/L [28,42]. In the current
study, TDS ranged from 51.33 to 70.22 mg/L (mean: 61.27 & 6.96 mg/L) upstream, 60.33
to 76.66 mg/L (mean: 69.46 + 6.02 mg/L) midstream and 5.11 to 72.89 mg/L (mean:
62.08 £ 8.01 mg/L) downstream. Statistically, TDS did not differ significantly among sites
(p > 0.05) but it was positively correlated with total hardness (r = 0.525), nitrates (r = 0.626),
colour (r = 0.590) and sulphates (r = 0.620). It was also negatively correlated with nickel
(r = —0.582) and total alkalinity (r = —0.519) (Table 2). Nitrates and sulphate ions are some
of the examples of dissolved ions in the Kagera River water, and this brings a positive
correlation with TDS. There was a slight increase in TDS along the river downstream due
to waste discharge, increase in temperature in the dry season and non-point sources [50].
However, all the TDSs measured were within the recommended range of 1000 mg/L [28].
High TDS tends to reduce the aesthetic quality of water, interferes with washing operations
and can be corrosive to plumbing fixtures [51]. Studies carried out on the River Mubuku and
River Nyamwamba of Uganda [41] and River Jamuna, Bangladesh by Uddin et al. (2014)
found very high TDS values (19376580, 1344.0 and 106-131 mg/L, respectively) compared
to those found in this study. There was a slight increase in TDS downstream, probably due
to the decay of organic matter, urban runoff and silting from the Kikagati/Murongo dam
construction.

On the other hand, turbidity is due to presence of dissolved and suspended matter
such as salts, clay, silt, sediments, organic and inorganic matter, plankton and other mi-
croscopic organisms in water. Turbidity in this study was from 19.76 to 32 NTU (mean:
24.77 £ 5.59 NTU) upstream, 37.11 to 47.71 NTU (mean: 43 £ 1.09 NTU) midstream and
24.53 t0 36.76 NTU (mean: 31.11 = 0.93 NTU) downstream. There were significant differ-
ences in the turbidity readings from the three sampling sites (p< 0.05). This could probably
be due to discharge of waste along the Kagera River downstream. Further, turbidity was
positively correlated with nickel content (r = 0.696) and E. coli counts (r = 0.654). This
positive significance in turbidity was attributed to runoff from the town council, agricul-
tural fields, discharge of untreated sewage and chemical weathering of underlying rocks
beneath the river. At all the three sampling sites, the mean values of turbidity were above
the recommended value of 5 NTU [28]. Significantly high turbidity values affect feeding
mechanisms in aquatic life and reduce the rate of photosynthesis in aquatic plants, and
this may result in destruction of the ecosystem of the Kagera River. The turbidity values
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obtained in this study are higher than the 5.0-6.99 and 4.00 reported in water from the
River Nyamwamba and River Mubuku, Uganda [41].

3.1.6. Dissolved Oxygen and Biochemical Oxygen Demand

Dissolved oxygen values in this study were 4.33 to 5.96 mg/L (mean: 5.26 &= 0.64 mg/L)
upstream, 3.28-4.58 mg/L (mean: 3.85 + 0.47 mg/L) midstream and 3.99 to 5.08 mg/L
(mean: 4.55 & 0.48 mg/L) downstream (Table 1). The values of DO obtained in the upstream
and downstream samples were within the recommended WHO range of 10-12 mg/L [28].
Dissolved oxygen differed significantly among the sampling sites (p < 0.05), and it was negatively
correlated with some parameters like BODs (r = —0.670), total hardness (r = —0.531) and
sulphates (r = —0.543). Upstream, DO was slightly high, probably due to more aquatic
plant life around the area. Depletion of oxygen in a water resource could be due to aeration
oxidation of discharged organic matter from urban and heavily populated areas, and this
creates a negative correlation since increases in organic matter content in rivers leads to
low oxygen levels.

The BODs results for the Kagera River were from 0.67 to 1.09 mg/L (0.95 + 0.17 mg/L)
upstream, 1.94 to 2.47 mg/L (mean: 2.10 £ 0.29 mg/L) midstream and 1.93 to 1.49 mg/L
(mean: 1.74 & 0.17 mg/L) downstream. At the three sites, mean BODs values were below
the recommended value of <5 mg/L for drinking water. The values differed significantly
among the sampling sites (p < 0.05), suggesting that there was decomposition of organic
matter along the studied stretch of the Kagera River. It was positively correlated with
calcium (r = 0.793), sulphates (r = 0.853) and turbidity (r = 0.635) but negatively correlated
with DO (r = —0.670). Negative correlation of DO with BODs indicates that more oxygen
is depleted by aerobic microorganisms to decompose organic matter deposited along the
river [52]. Positive correlation of BODs with sulphates could be due to oxidation of sulphur
compounds by bacteria, which in turn may increase sulphates in surface water [53].

3.1.7. Total Alkalinity

Alkalinity is the measure of water’s buffering capacity or its ability to resist changes
in pH upon the addition of acids or bases. Alkalinity of natural waters is due to the presence
of carbonates (CO3%™), bicarbonates (HCO5 ™) and hydroxyl ions (OH™). Total alkalinity in
this study was 15.1-60.22 mg/L (mean: 32.54 £ 18.86 mg/L) upstream, 17.67-69.11 mg/L
(mean: 43.69 £ 23.26 mg/L) midstream and 18.68 to 51.56 mg/L (mean: 32.95 £ 15.44 mg/L)
downstream. The slight increase in alkalinity could be due to dissolution of soluble ions
along the river due to low pH. At the three sampling sites, the mean values obtained
for total alkalinity were below the recommended value of 200 mg/L [28]. There was no
significant difference in total alkalinity among the sampling sites (p > 0.05). A strong
positive correlation was observed with pH (r = 0.696) but it was negatively correlated with
TDS (r = —0.519). The observed positive correlation with pH could be due to the fact that
the buffering capacity of the river is caused by changes in the pH of the river system [54].
Previous studies on water from the River Rwizi found total alkalinity (22 and 86 mg/L)
within the permissible range as being like that of the Kagera River [34]. High values of
alkalinity in drinking water lower stomach pH and cause gastrointestinal disorders, skin
irritations and corrosion of piping systems [42]. Thus, water from the River Kagera should
always be monitored in order to avoid such effects in future.

3.1.8. Total, Calcium and Magnesium Hardness

Water hardness is a measure of divalent cations (Ca?* and Mg?*) present in water [55].
Water can be classified as hard or soft; water with more than 300 mg/L of hardness is
generally considered to be hard, while more than 150 mg/L of hardness is noticed by
most people, and water with less than 75 mg/L is considered to be soft. Water with
hardness exceeding 200 mg/L is considered poor whereas that with hardness greater than
500 mg/L is unacceptable for domestic purposes [55]. Highly hard water is chemically rich
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in dissolved minerals, especially calcium and magnesium ions, which for aesthetic reasons
may have an unpleasant taste [56].

Total hardness in this study ranged from 29.78 to 44.73 mg/L (mean: 40.32 + 8.84 mg/L)
upstream, 42.22 to 71.0 mg/L (mean: 53.25 £ 10.64 mg/L) midstream and 31.89 to
54.67 mg/L (mean: 44.23 £ 9.74 mg/L) downstream. There were no significant differences
in total hardness values among the sampling sites (p > 0.05) but a strong positive correlation
was observed with Mg?* (r = 0.982), Ca* (r = 0.733), chlorides (r = 0.675), EC (r = 0.631)
and TDS (r = 0.525) and a negative correlation was observed with DO (r = —0.531). The
significant positive correlation of Ca?*, Mg?* and total hardness is because both ions cause
total hardness in water bodies and so an increase in their concentrations leads to an increase
in total hardness and vice versa. Along the Kagera River stretch considered in this study;,
there was an increase in total hardness due to the discharge of waste, runoff from artisanal
mines, and soil from the Kikagati/Murongo hydropower dam construction. All the mean
values obtained from this study were below the recommended value of 200 mg/L [28] and
were comparable to the 44-55 mg/L [57] and 50 and 100 mg/L [34] of CaCOj in the River
Rwizi. Higher results of total hardness were reported in drinking water from Arba Minch
Town in Ethiopia, in the range between 119.20 and 135.11 mg/L for CaCOs [50].

Both low and high values of hardness may be harmful to the human body. Low levels
of hardness may activate colon carcinogens or trigger rectal cancer and cardiovascular
diseases [58,59] because calcium and magnesium ions are capable of binding bile acids
and fatty acids, thus affecting the creation of colon mucosa [60]. Higher hardness values
may lead to the development of kidney stones and dermal diseases [61]. In addition to
these health risks, hard water is a nuisance as it causes mineral buildup on fixtures (hence
corrosion) and poor soap or detergent performance due to scum formation.

Mg?* ions contribute to total hardness when they exist in water as either magnesium
hydrogen carbonate or magnesium sulphate. This is supported by a strong positive correla-
tion between total hardness and Mg?* concentration (r = 0.982) in water samples obtained
from the Kagera River. Mg?" ions in this study ranged between 24.66 and 62.34 mg/L
(mean: 34.19 £ 7.55,43.97 £ 10.45 and 35.88 £ 8.56 mg/L for upstream, midstream and
downstream samples, respectively). Excess intake of Mg?* leads to laxative effects, kidney
stones, hypertension, death and cerebral vascular mortality [42]. On the other hand, Ca?*
ions cause total hardness when present as calcium hydrogen carbonate or calcium sulphate.
In this study, the concentration of Ca?* ions spans between 5.12 and 10.89 mg/L (mean:
6.36 = 1.17,9.54 + 2.17 and 8.38 &£ 2.12 mg/L upstream, midstream and downstream,
respectively). All the mean values obtained in this study did not surpass the recommended
limit of 150 mg/L for drinking water [28]. Excess intake of Ca?* ions (hypercalcemia)
may lead to reduced absorption of minerals in the intestines, retardation in growth and
reproductive failure [28].

3.1.9. Nutrients (Nitrates and Phosphorous)

Nitrates in this study ranged from 0.14 to 0.25 mg/L (mean: 0.20 £ 0.05 mg/L)
upstream, 0.215 to 0.532 mg /L (mean: 0.36 &= 0.12 mg/L) midstream and 0.159 to 0.42 mg/L
(mean: 0.29 =+ 0.09 mg/L) downstream. Along the river, there was an increase in nitrate
concentrations, probably due to runoff from agricultural fields, and all the mean values
obtained from this study were below the recommended value of 45 mg/L [28]. Hence, there
is no harm to the end users of Kagera River water due to low levels of nitrates obtained
from the study. Statistically, there was no significant difference (p > 0.05) in the nitrate
concentrations among the three sampling sites but a moderate positive correlation was noted
with total hardness (r = 0.607), turbidity (r = 0.645), colour (r = 0.684), Ni** (r = 0.603), Mg?*
(0.642), sulphate (r = 0.625) and TDS (r = 0.626). The strong positive correlation of nitrates
with Ni?* and TDS could be a result of soluble nickel nitrate compounds and TDS as one
of the dissolved particles in water from the Kagera River, respectively. Also, low levels
of nitrates like those of the Kagera River were reported for water from the River Rwizi,
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with nitrate concentrations ranging from 0.119 to 0.577 mg/L, and this was attributed to
anthropogenic activities [57].

Phosphorous is an essential nutrient for aquatic plant growth like algae, but when
there is much accumulation of it in water bodies, it causes eutrophication. In the form of
phosphates, phosphorous occurs naturally in rocks and other mineral deposits which are
gradually released into waters as runoff from agricultural activities, laundry activities and
through chemical weathering of rocks [32]. Phosphorous in this study ranged from 0.144 to
0.263 mg/L (mean: 0.205 £ 0.45 mg/L) upstream, 0.152 to 1.99 mg/L (mean: 0.53 £ 0.79 mg/L)
midstream and 0.096 to 1.01 mg/L (mean: 0.30 £ 0.39 mg/L) downstream. There was
an increase in the mean concentration of phosphorous downstream, which could have
resulted from anthropogenic activities [62], but all values were below the recommended
value of 2.2 mg/L [28]. There were no significant differences (p > 0.05) in the phosphorous
concentrations, but they strongly correlated with E. coli (r = 0.862) count (Table 2). This
significant positive correlation is due to fact that phosphorous (as phosphates) favours the
cultivability of E. coli [63].

3.1.10. Chlorides and Sulphates Content

Chlorides quantified in this study ranged from 7.48 to 10.32 mg/L (mean: 8.79 + 1.29 mg/L)
upstream, 8.94 to 13.10 mg/L (mean: 11.19 £ 1.69 mg/L) midstream and 6.39 to 12.33 mg/L
(mean: 9.47 & 2.53 mg/L) downstream. At the three sites, there was an increase in chloride
concentration downstream and all mean values obtained were below the recommended
value of 250 mg/L [28]. Chloride concentration was not significantly different for the three
sampling sites (p > 0.05). Chloride was strongly and positively correlated with TDS (r = 0.769),
total hardness (r = 0.675), nitrates (r = 0.582), colour (r = 0.670), Mg2+ (r = 0.648) and Ca**
(r = 0.525). The significant positive correlation of chloride with Mg?* and total hardness
could be due to soluble compounds of magnesium in the river. High concentrations of
chloride ions in drinking water cause bad taste, skin irritations and burns, asthmatic attacks
in children and increased risk of blood cancer [28].

Sulphate occurs naturally in mineral deposits of pyrite, magnesium sulphate, calcium
and barium sulphates. Sulphate in water bodies is a result of oxidation of sulphate ores and
from anthropogenic activities [64]. The levels quantified in the Kagera River span from 1.23 to
1.69 mg/L (mean: 1.41 & 0.17 mg/L) upstream, 3.10 to 5.75 mg/L (mean: 4.41 & 1.09 mg/L)
midstream and 1.98 to 4.26 mg/L (mean: 3.31 & 0.93 mg/L) downstream. At the three sites,
there was an increase in the mean values of sulphates due to runoff from the urban centre,
the mining area, agricultural land and around the Kikagati/Murongo dam construction
site. However, all the mean sulphate values obtained were below the recommended value
of 250 mg/L [28]. Sulphate concentration differed significantly among the sampling sites
(p < 0.05) and showed positive correlation with copper (r = 0.685), turbidity (r = 0.707),
nitrates (r = 0.625), chlorides (r = 0.635), BODs (r = 0.853), DO (r = 0.543) and TDS (r = 0.620).
The significant positive correlation of sulphates with copper or chromium is a result of
their soluble salts, probably dissolved in the river. Oxidation of sulphates by aerobic
microorganisms could also bring positive correlation with turbidity and BODs. A study
conducted on the River Rwizi reported a concentration of sulphates ranging between 12 and
14.67 mg/L, which is slightly higher than that obtained in this study [34]. Another study in
the Nyabarongo and Nyabugogo rivers, Rwanda found phosphates at concentrations of
0.270-0.86 mg/L [37], which are lower than in this study. High concentrations of sulphates
in water may lead to corrosion of water pipes, dehydration from diarrhoea effects and an
unpleasant taste if they are above the recommended limit of 250 mg/L [28].

3.1.11. Microbial Profile of the Samples

E. coli is a group of bacteria commonly found in the intestines of warm-blooded
animals, but its detection in fresh water indicates the presence of pathogens (disease-causing
organisms) [65]. The recorded E. coli counts (14.83 CFU /100 mL and 10 CFU/100 mL)
were present in midstream water samples taken in February 2021 and May 2021, with a
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mean value of 4.96 & 7.01 CFU /100 mL. These counts surpassed the recommended value
of 0 CFU/100 mL for E. coli in drinking water [42]. This could be due to open defecation
and discharge of waste including faeces from pin latrines, which are a few metres from the
river banks [66]. Our previous study in the Mpanga River (Uganda) indicated that it had
very high E. coli counts (0.4-30 CFU /100 mL) which were attributed to effluent discharge
from the Kabundaire abattoir of the Fort Portal tourism city [65].

The E. coli counts recorded positively correlated with phosphates (r = 0.862), turbidity
(r = 0.654) and colour (r = 0.605). A strong positive correlation of E. coli with phosphates
was attributed to an increase in phosphate levels from farm lands by erosion, among other
sources. In addition, phosphorous (phosphates) support the growth of E. coli [67]. The
absence of E. coli in samples downstream and in other months of the study could probably
have been due to its short life span of 5-10 days [68].

Taken together, most of the parameters exhibited the highest values in samples taken
from midstream of the river. This is because this stretch of the river has the highest level of
anthropogenic activity such as construction of the Kikagati/Murongo hydropower dam,
washing of motorcycles and vehicles (Figure 2), brick making, agriculture, tin and gold
mining, and stone quarrying [24,69-72].

3.2. Spatial Variations in the Heavy Metal Content of the Surface Water Samples
3.2.1. Lead

Lead is a naturally occurring potentially toxic metal and a component of many metal
alloys, car batteries and domestic appliances. In this study, Pb ranged from 20.0 to 30.0 ug/L
(mean value: 23.0 & 11.0 ng/L) upstream, 29.0 to 60.0 pg/L (mean: 43.0 &+ 12.0 pug/L)
midstream and 2.0 to 47.0 ug/L (mean: 29.0 £ 4.0 pg/L) downstream (Figure 3). Along the
river, there was an increase in the mean values of Pb due to runoff from the urban centre,
agricultural fields, the Kikagati/Murongo hydropower dam construction area, erosion
around the tin mines and oil leakages from vehicles [73]. All the mean Pb concentration
values obtained were above the provisional value of 10 ug/L [28]. There was a significant
difference in Pb concentrations among the three sampling sites (p < 0.05). It also had a
positive correlation with EC (r = 0.708), DO (r = 0.629) and E. coli count (r = 0.616). Of these,
the positive correlation of Pb concentration with EC may be due to the presence of soluble
inorganic compounds in the river water, which increases conductivity.

L)

Concentration (pg/

== NN W W e gl
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Pb Cd Cr Cu Ni

Heavy metal

Figure 3. Heavy metal content (ug/L) of water from the Ugandan stretch of the Kagera transboundary
river. Concentrations are means of triplicate analyses. * Statistically significant differences (p < 0.05)
in the concentration of the metal among the sampled sites along Kagera River.
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Higher Pb concentrations similar to those of the Kagera River have been reported in the
River Rwizi, Uganda [33,57]; River Nyamwamba (Uganda); Mpazi River, Nyabarongo and
Nyabugogo rivers, Rwanda [37,74]; Dzindi, Madanzhe and Mvudi rivers, South Africa [75];
and Marimba River, Zimbabwe [76] (Table 3). The occurrence of Pb in rivers at elevated
levels may be due to the use of leaded gasoline and lead-based paints, as well as the
dumping of used lead acid accumulators [77-79]. In the study area where there is tin
mining, Pb is known to be associated with tin (cassiterite) in quartz-mica veins in contact
with granitic bodies intruded into shales [69-72].

Table 3. Comparison of concentration (ng/L) of toxic metals in water from Kagera River with
previous studies.

River (Country) Pb Cd Cr Cu Ni References
Kagera River (Uganda) 20.0-60.0 2.1-10.1 BDL-35.0 BDL-80.0 11.3-31.7 This study
Pager River (Uganda) 296-576 278-524 - - - [80]
Kagera River and tributaries
(Rwanda) 45.0 965.0 15.0 - - [15]
400-8210 50-1400 790-13,470 210-10,740 - [41]
River Nyamwamba (Uganda) 270400 - - 1900-61,000  670-12,000 [81]
470 - - 740 -
River Mubuku (Uganda) 53 - - 25 - [33]
River Rwimi (Uganda) 67 - - 10 -

River Manafwa (Uganda) 20-100 10-20 3-11 3-60 1.5-9.5 [51]
Nyabarongo River (Rwanda) 500-750 BDL-106 BDL-60 BDL-240 - [19,37]
Nyabugogo River (Rwanda) 590 BDL 150 290 - [37]

Sosiani River (Kenya) 20-1890 - 3.0-50 1-275 - [82]
Mara River (Tanzania) 10-710 BDL-110 BDL-310 BDL-20 - [83]
Marimba River (Zimbabwe) 213-544 - - 130-140 210-330 [76]
Dzindi, Madanzhe and Mvudi rivers
(South Africa) 10.5-20.1 1.6-9.3 - 2-3 - [75]
River Kabul (Pakistan) 337-810 150-380 157-480 - 368-2120 [84]
Bolong River (China) 0.34-0.64 0.11-0.54 1.74-3.08 5.42-7.37 10.7-18.2 [85]
Rongna River (China) 0.49-2.41 0.12-0.64 1.56-6.37 1.89-806 7.45-60.1
River Ganga (India) 37-163 10-59 19-725 32-125 - [86]
Turag River (Bangladesh) - 6.8-17.0 33.9-633.4 14.8-170.3 128.2-620.7 [87]
Akcay River (Turkey) BDL-0.36 - 3.63-12.44 BDL-6.34 10.17-90.42 [88]
Tisa River (Romania) 1.6-5.14 0.11-2.06 1.38-59 3.07-18.9 2.9-31 [89]
Kor River (Iran) - 200-17,360 740-55,500 80-22,710 1100-25,280 [90]

Note: BDL = below method detection limit; — = not determined.

3.2.2. Cadmium

In this study, Cd concentration varied from 2.1 to 4.0 pg/L (mean: 3.3 £+ 1.0 pg/L)
upstream, 3.1 to 29 pg/L (mean: 10.1 & 11.0 ng/L) midstream and 2.0 to 9.0 ug/L (mean:
4.8 £+ 2.0 pg/L) downstream. Along the river, there was increasing Cd concentration down-
stream, probably due to runoff from the urban centres, disposed nickel-cadmium batteries,
erosion from mines, agricultural farms, Kikagati/Murongo hydropower dam construction
in the region, or oil leakages from vehicles. There were no significant differences in the
concentration of Cd among the sampling sites (p > 0.05). All the mean values were above
the WHO recommended value of 3.0 pug/L [28]. In contrast, the levels of Cd we found
in this study were lower than indicated in previous studies (Table 3). Exposure to Cd
may result in dysregulation of calcium metabolism, hypercalciuria, stomach irritations,
diarrhoea and kidney stones [91].

3.2.3. Chromium

The concentration of Cr ranged from BDL to 13.0 ug/L (mean: 12.5 &+ 1.0 pg/L)
upstream, 18.0 to 28.0 ug/L (mean: 24.0 £ 4.0 pg/L) midstream and BDL to 35.0 pug/L
(mean: 20.0 £ 9.0 ng/L) downstream. Along the selected stretches of the river studied, there



Limnol. Rev. 2023, 23

172

was an increase in mean values of Cr due to runoff from chromium metal waste, erosion
around tin mines and metal pieces from the Kikagati/Murongo dam construction areas. All
values for the concentration of Cr were below the recommended value of 50 pug/L [28]. The
concentration of Cr differed significantly among the sampling sites (p < 0.05). Compared to
previous studies, the levels of Cr in the Kagera River were lower than reported in some
Ugandan rivers and those in other parts of the world (Table 3).

3.2.4. Copper

Copper is a naturally occurring essential nutrient but becomes a drinking-water contami-
nant if it appears in high concentration beyond the recommended limit of 2000 ng/L [28]. In
the present study, Cu ranged from BDL to 3.0 ug/L upstream, BDL to 180 pg/L midstream
and BDL to 150 pg/L downstream. Along the river stretch from upstream, there was an
increase in the mean values of Cu, probably due to runoff from urban centres, erosion
around tin mines and metal pieces from the Kikagati/Murongo dam construction region.
However, there was no significant difference of Cu concentrations among the sampling
sites (p > 0.05) and these were well below the recommended levels of Cu by the WHO [28].
On the other hand, there were strong positive corrections between Cu and sulphates
(r = 0.685) as well as nitrates (r = 0.543) (Table 2). These significant positive correlations
could attest to the existence of soluble salts of Cu as sulphates or nitrates in the Kagera
River.

Studies conducted on rivers on the African continent and elsewhere have reported
Cu at concentrations that are comparable to this study (Table 3). High-level intake of Cu
could cause yellowing of the skin, low blood pressure, vomiting, Cu poisoning as well as
neurological disorders [92,93].

3.2.5. Nickel

Nickel concentrations ranged from 6.3 to 21.0 pug/L (mean: 150 & 5.0 pg/L) up-
stream, 190 to 640 ug/L (mean: 31.7 £ 10.0 ug/L) midstream and 4.5 to 19.0 ug/L (mean:
0.0113 +£ 0.005 mg/L) downstream. All these concentrations were below the recommended
value of 0.04 mg/L for Ni suggested by the WHO [28]. The concentration of Ni differed
significantly among the sampling sites (p < 0.05), and it was strongly correlated with ni-
trates (r = 0.603), colour (r = 0.787) and turbidity (r = 0.696), as shown in Table 2. This
strong correlation of nickel with colour and turbidity is attributed to the fact that most
nickel compounds are coloured (greyish to blue, violet, or even black, depending on the
salt concentration).

Food is the main source of Ni exposure in a non-smoking and non-occupationally
exposed population. In water, the main source of Ni is from weathering, dissolution
and atmospheric evaporation of nickel-rich rocks and soils [94]. The results obtained in
our study were comparable to the Bolong and Rongna rivers (China) [85] and Tisa River
(Romania) [89] but lower than reported in the River Nyamwamba (Uganda) [81], Marimba
River (Zimbabwe) [76] and Turag River (Bangladesh) [87].

4. Conclusions

This study;, for the first time, investigated the physicochemical and microbial param-
eters of surface water from the Ugandan stretch of the Kagera transboundary river. We
found that some of the physiochemical and microbial parameters of the water samples
(turbidity, colour, E. coli count, Pb and Cd) were at levels that surpassed their permissible
limits as per WHO guidelines for drinking water but are lower than previously reported
on the Rwandese stretch of this river. These results suggests that there are potential public
health risks that could arise from both direct intake and dermal contact with water from
this stretch of the Kagera River. We recommend that measures should be instituted by the
East African Community member states to mitigate the pollution of this transboundary
water resource as well as strive for its sustainable use for regional development.
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