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ABSTRACT

xi

Lake Victoria has diverse cyanobacteria associated with varying types and concentrations of 

cyanotoxins. Over 31 variants of microcystins (MC) have been identified in the lake with MC- 

LR, MC-RR and MC-YR as the commonest. Therefore, this study determined the factors 

associated with cyanobacteria and cyanotoxins dynamics, and potential health risk of 

cyanotoxin exposure routes in Lake Victoria. For a comparative assessment, data were 

collected from the lake, water treatment plants (WTPs) and mesocosm experiments in 

Napoleon Gulf (NG) and Murchison Bay (MB) between November 2016 and October 2019. 

Cyanobacterial were identified based on morphological features while cyanotoxins, was based 

on enzyme-linked immunosorbent assay (ELISA), and Liquid Chromatography-Mass 

Spectrometry (LC-MS). Although the phytoplankton community was similar, their dynamics 

were driven by the dominant cyanobacteria, Microcystis flos-aquae and M. aeruginosa in MB 

and DoHchospermum circinate and Planktolyngbya circumcreta in NG. Thus, closed 

embayments, such as MB more susceptible to toxigenic cyanobacteria with potential 

cyanotoxin production. Thus, two classes of cyanotoxins were detected: MC and homoanatoxin 

(HTX) an analogue of anatoxin-a (ATX). Considering MC, significantly higher concentration 

(5-10 pg MC-LR equiv. L’1) was detected in MB compared to NG. This frequently exceeded 

the recommended sanitary threshold of >100,000 cells mL-1 and 1 //g'L1 of MC-LR for 

exposure via drinking water. However, the WTPs efficiently removed the cyanobacteria cells, 

intracellular and dissolved MC to < 1 /zg L-1 of MC-LR. The observed MC have been related 

to the biovolume of Microcystis, influenced by solar radiation, mean wind speed (N-S 

direction) and turbidity. From the in-situ mesocosm experiments, continuous eutrophication 

will enhance the growth of Microcystis and consequently increase MC production and 

concentrations. As Nile tilapia consumed cyanobacteria, such as Microcystis sp. there was 

transfer of MC into the intestines of fish (up to 27.5 pg/g FW of MC-LR) with MC detection 

in the liver (up to 0.48 pg/g of MC-LR FW) and muscle (up to 0.3 pg/g FW of MC-LR) in MB. 

This could increase human exposure through fish consumption. Therefore, due to the 

dominance of toxigenic Microcystis there is need for regular sensitization during bloom events 

and integration of Microcystis biovolume estimation in WTPs are recommended. Locals should 

desist from using contaminated lake water for domestic purpose but rather use treated water 

and reduce recreational activities during bloom events. From this perspective, there should be 

dedicated water quality and fish monitoring from water bodies with toxigenic cyanobacteria 

and evaluate the potential exposure risks to humans.



CHAPTER ONE: INTRODUCTION

1.1 General background to the study

i

1

Lake Victoria has been the subject of various studies, research, and innovations for 

example the 1927 expedition by Graham (Worthington, 1932). There will always be a 

knowledge gap and need to learn more about and understand this incredible environment. Since 

the 1950s, the lake has been subjected to human-induced perturbations, exotic species 

introductions, particularly Nile perch, Nile tilapia, and water hyacinth, pollution, and 

eutrophication, and, most recently, climate change. Particularly, the history and timing of 

eutrophication in the lake dates back as early as 1940s to early 1950s (Kenyan inshore areas), 

late 1960s to early 1970s (open lake), and from the mid-1970s to mid-1980s in Ugandan 

inshore areas (Stager et al., 2009). Despite the variability in this timing of eutrophication 

interests in studying the impacts of eutrophication in East Africa peaked in the late 1990s.

As a result, Lake Victoria serves as an excellent example of the enormous challenge 

that developing countries face in terms of long-term management, monitoring, and protection 

of their surface water resources. Eutrophication resulting from high human population growth 

rates (2.4 - 3.2% per annum) higher than that in the rest of the African continent (UNEP, 2006). 

and related activities lead to recurrent proliferations of water hyacinth and cyanobacteria 

blooms (Wilson et al., 2007). In the last 20 years, several surveillance programs, including two 

phases of the Lake Victoria Environmental Management Project (LVEMP I and II) and other 

research programs, have collected water quality data. However, in the early 2000s, there was a 

surge of interest in cyanobacteria and cyanotoxins (e.g., Ochumba & Kibaara, 1989), and by 

the late 2000s, there had been some breakthroughs and classifications of toxin in lake water 

(e.g., Krienitz et aL, 2002; Sekadende et al., 2005; Okello et al., 2010a; Sitoki et aL, 2012).

Lake Victoria supports human well-being with goods and services such as drinking 

water and inland fisheries in East Africa (Balirwa et al., 2003). However, the lake is 

increasingly threatened by pollution. In the Ugandan part, it has become increasingly eutrophic 

due to human activities since the 1950s. Consequently, the induced phytoplankton dynamics 

from the dominance of diatoms in the 1960s to cyanobacteria in most of the open and closed 

bays of the lake (Talling, 1966). The dominant cyanobacteria taxa reported in most bays of 

Lake Victoria are Dolichospermum (previously Anabaend), Aphanocapsa, Raphidiopsis 

(formerly Cylindrospermopsis), Planktolyngbya, Merismopedia and Microcystis among others 

(Sekadende et al., 2005; Okello & Kurmayer, 2011; Sitoki et al., 2012; Haandc et al., 2011). 

These cyanobacteria taxa are known to produce toxins (cyanotoxins). In Lake Victoria,



2

I

Microcystis spp. has been identified as the major toxin producer (Okello et al., 2010b; Okcllo 

& Kumiayer, 2011) that might impair water quality in northern Lake Victoria. Therefore, there 

is an urgent need to ensure that the goods (e.g., water and fish) and services (e.g., transport and 

navigation) provided by Lake Victoria arc safe for human consumption with proper 

management strategies in case of cyanotoxins production.

Cyanobacteria are prokaryotic phytoplankton members that are thought to have first 

colonized the earth over 2.7 billion years ago (Cavalier-Smith, 2006). Cyanobacteria can be 

found in the natural world as free-living cells, filaments, or colonics suspended in the water 

column or attached to the sediments of surface waters such as rivers and lakes (Hoek et al., 

1995; Chorus, 2012). They contribute a wide range of useful contributions to human well-being 

(Demay et al., 2021), in addition to their significant contribution to photosynthesis and nitrogen 

fixation in aquatic ecosystems. For instance, Limnospira sp. also known as Spirulina sp. has 

been consumed by some human communities in Chad and Mexico for centuries (Carmichael, 

1994) while the nitrogen-fixing species contributes to global soil and water fertility (Chorus & 

Bartram, 1999). The abundant growth of cyanobacteria in reservoirs and surface water, on the 

other hand, are sometimes harmful and degrades water quality, posing a threat to water 

supplies, biodiversity, and productivity.

Cyanobacteria are found in eutrophic waters all over the world and have attracted a lot 

of attention over the years due to their ability to synthesize and produce secondary metabolites. 

These secondary metabolites are either nontoxic or toxic. However, most harmful algal blooms 

have been linked to the production of toxic metabolites (cyanotoxins). Nonetheless, humans 

may be exposed to these dangerous cyanotoxins. The primary routes of exposure for these 

toxins are both oral and dermal, and include drinking water, contaminated fish, certain food 

supplements, and recreation on lakes and rivers. Although it is remarkably easy to identify 

acute cases of cyanotoxins exposures, those of chronic exposures are difficult to assess. For 

instance, fish can accumulate cyanotoxins by ingestion of toxigenic cyanobacteria that 

subsequently find their way up into the food chain. Therefore, in 1996, the World Health 

Organization (WHO) established 1.0 pg/L as a guideline on allowable concentrations of the 

microcystins (MC) variant MC-LR in drinking water. Furthermore, guidelines for recreational 

water were developed based on chlorophyll-a and the abundance of cyanobacterium 

Microcystis sp. (Table 1.1; Chorus & Bartram, 1999). Uganda, like any developing countries 

lacks established alert thresholds based on the WHO guidelines. This threshold should act as 

triggers for water quality risk assessment and monitoring programmes. While these indirect
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<20,000
20,000-100,000
100,000-10,000,000
>10,000,000 

Probability of 
exposure 

Low
Moderate**

High
Very high

Chlorophyll-a 
(Ag/Q _

<10 
10-50 

50-5,000 
>5,000

monitoring thresholds are subject to variations, MC risk assessment has not been done in 

Uganda.

Table 1. 1: The WHO recreational guidelines for cyanobacteria abundance, structural 
microcystin variant MC-LR, and chlorophyll-a in surface waters. Source: Chorus & Bartram 
(1999).

Cyanobacteria (cells/mL)

Cyanotoxins are classified into five categories based on their effects as: hepatotoxins, 

neurotoxins, cytotoxins, dermatotoxins, and irritant toxins (lipopolysaccharides) (Sivonen & 

Jones, 1999). However, based on the chemical composition, cyanotoxins fall into three 

categories, i.e., cyclic peptides (microcystins and nodularins), alkaloids (anatoxin-a, anatoxin- 

a (S), saxitoxins, aplysiatoxin, cylindrospermopsin, lyngbyatoxin-a) and lipopolysaccharides 

(LPSs) (Kaebernick & Neilan, 2001). Apart from the cytotoxic cylindrospermopsin (CYN) 

which occurs in dissolved form, the toxins are mostly inside the cyanobacterial cells and can 

be released in high concentrations during cell lysis (Sivonen & Jones, 1999). Microcystins 

(MC) are cyclic peptides with seven amino acids giving it structural heterogeneity. More than 

240 variants of MC are described to date (Spoof & Catherine, 2017) and their different amino 

acids composition influences their toxicity. The characteristic structure of MC is the unique 

C20 amino acids 3-amino-9-methoxy-2, 6, 8-trimethyl-10-phenyl Deca-4, 6-dienoic acid 

(ADDA) linked to D-glutamate (Carmichael, 2001). Therefore, MC variants are chemically 

similar compounds differing in variable amino acids that also influence the toxicity of the MC. 

Particularly, MC-LR is formed because of the different oc-amino acid found at position 2 and 4 

thus L= leucine and R = arginine amino acids (Figure 1.1A).

The principal neurotoxins produced by cyanobacteria are anatoxin-a (ATX-a), 

anatoxin-a(s) (ATX-a(S)) and the saxitoxins (or PSP-toxins) which include saxitoxin, 

neosaxitoxin, the gonyautoxins and the C toxins. ATXs are mainly produced by strains of 

Dolichospermum (formerly Anabaena), but also, produced by other genera like 

Aphanizomenon, Planktothrix, Raphidiopsis (formerly Cylindrospermopsis), Arthrospira, 

Cuspidothrix, Microcystis, Oscillatoria, and Phormidium (Bernard et al, 2017). ATX-a(S) is 

one of the main ATX analogues, together with ATX-a and homo-ATX (1ITX) (Figure LIB).

Microcystin-LR 
(Ag/L)__

<10 
10-20 

20-2,000 
>2,000

**Most of the studies conducted in northern Lake Victoria reported values with moderate 
probability of acute health toxicity
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The structural variant MC-LR, produced by the planktonic taxa Microcystis, 

Dolichospermum, Anabaenopsis and Planktothrix is considered as the most toxic (Spoof & 

Catherine, 2017). The first report of the occurrence of cyanobacteria and MC production in 

Lake Victoria, was in Nyanza Gulf (Krienitz ct al., 2002) after which there were increasing 

interests in cyanobacteria! toxins in the region. The different Microcystis sp. such as M. 

aeruginosa, M. botrys, M. jlos-aquae, and M. wesenbergii that have reportedly formed blooms 

in the lake (Okello et al., 2010a). They produced an array of microcystins such as: (MC-RR, 

(Asp3)-MC-RR, MC-YR, (Asp3)-MC-YR, MC-LR, MC-RY, (Asp3)-MC-RY) and 

[NMeSer7]-MC-YR (Haande et al., 2011; Okello et aL, 2010b; Okello & Kurmayer, 2011; 

Sitoki et aL, 2012).

Years later, MC were reported in Mwanza Gulf (Sekadendc et al., 2005), Nyanza Gulf 

(Sitoki et al., 2012) and, in Murchison Bay and Napoleon Gulf (Okello et al., 2010; Okello & 

Kurmayer, 2011; Haande et aL, 2011). These studies have indicated varying concentrations of 

MC in water for example in Nyanza Gulf from < 1 pg/L (Krienitz et aL, 2002) up to 81 pg/L in 

Nyanza Gulf (Sitoki et al., 2012), 1.8 pg/L in Murchison Bay and < 1.0 pg/L in Napoleon Gulf 

(Okello et al., 2010). Furthermore, Semyalo et al. (2010) reported both MC in water (ranged 

from 0.2 to 0.7 pg/L) and in the gut, liver, and muscle tissue of Nile tilapia (Oreochromis 

niloticus) from Murchison Bay. All these studies reported fluctuating levels of MC depending 

on location of the study areas/bays, and season. In addition, the factors responsible for the 

cyanobacteria! dominance and MC production have not been well elucidated, besides the 

concentrations in drinking water and potential bioaccumulation in the food chain not reported.

The occurrence of cyanobacteria has been sustained by specific environmental 

conditions e.g., i) increase in external nutrient inputs from heavily polluted watersheds 

(Musungu et al., 2014; Fuhrimann et aL, 2015; Jovanelly et al., 2015), ii) atmospheric 

deposition - particularly phosphorus (Tamatamah et aL, 2005), iii) mixing and string of 

sediments (Gikuma-Njuru et aL, 2005), and iv) biological processes of nitrogen fixation 

(Mugidde et aL, 2003). These factors are likely to be escalated by the increasing water 

temperature and stratification in water bodies (Paerl & Otten, 2013). Therefore, harmful algal 

blooms are likely to increase with an increase in eutrophication and global wanning, 

consequently, resulting into several environmental challenges e.g., decrease in light 

availability, bottom water anoxia (Paerl & Otten, 2013) and alteration of the trophic structure 

and functionality of the aquatic systems Codd et aL (2017). Based on this background, this 

study aims to integrate the current state of knowledge on phytoplankton and cyanobacteria,
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Humans arc exposed to cyanotoxin via several routes with the oral being the most 

important through ingestion of contaminated water and food, or accidental consumption during 

recreation (Figure 1.2). Until recently, cyanotoxins became an emerging drinking water 

contaminant requiring special attention due to the health concerns. Most importantly, many 

people use both untreated and treated water being therefore leading to exposures to different 

levels of cyanotoxins. This leads to both acute (short term) and chronic effects in humans 

exposed to cyanotoxins. Thus, comparison is made on the dynamics of cyanobacterial biomass 

and cyanotoxins in two contrasting ecological systems (embayments). The study also assesses 

the biomass-toxin relationships, integrating environmental factors and further performing 

mesocosms experimental set up to clarify on the environmental factors associated with 

cyanobacteria dominance and cyanotoxin production. Finally, the study reports on the health 

threat routes since humans can be directly exposed to cyanotoxins in treated and untreated 

water, accumulate in food fish and recreation.

The current threats to cyanobacterial toxins are on the increase mainly due to the 

pressures of excessive nutrient loading (eutrophication) arising from the anthropogenic 

activities as the main driver, supported by tropical warm climate. This increasing threats from 

cyanobacterial toxins required intervention that involved the characterization of these threats 

along the major exposure routes. This intervention has been through identification and 

quantification of the cyanotoxins produced in the embayments of Lake Victoria, testing the 

ecological status of the embayments and further project impacts of the increases in the 

cyanobacterial blooms and generating information to guide the water users around the lake and 

for drinking water production for the major cities along the shores of the lake. In Figure 1.3, 

the right panel are the drivers, threats, and consequences of the continued eutrophication while 

the right panel indicates the impact of continued eutrophication and the major interventions of 

the study and expected outcomes of the study towards sustainable utilization of the surface 

waters for a healthy population.

cyanotoxins dynamics and its health threats assessment on the human health risk routes such 

as drinking water, fish, and recreation.
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i

Impact (s)

Statement of the problem
Since the early 2000s, there has been increase in cyanobacterial blooms, but the 

dynamics and proportions of toxigenic and non-toxigenic cyanobacteria has not been well 

elucidated. Therefore, the potential threat of the types and concentrations of the cyanotoxins 

have not been assessed in the last two decades. Furthermore, the potential threats to the 

shoreline residents (locals), fishermen and recreationist, and water treatment plants (WTPs) 

have not been assessed. There is no data on the efficiencies of the National Water and

Sewerage Corporation (NWSC) WTPs that heavily rely on conventional treatment processes 

of flocculation, rapid gravity sand filtration which may not effectively remove high 

concentrations of cyanotoxins.

Figure 1.2: A schematic causes of the drivers of harmful cyanobacterial blooms (CyanoHABs) 
and the health risks associated with the exposure routes.

Excessive Nutreint 
loading

Anthropogenic 
activities

Ar and water 
Temperature

No studies have attempted to model the factors responsible for sustaining toxigenic 

cyanobacteria and MC (commonest cyanotoxin) concentration in Lake Victoria to guide 

decision making. In the advent of increasing nutrient loading, the predicted changes in the 

planktonic community (phytoplankton including cyanobacteria and zooplankton), impacts 

on the fish community have not been well documented in Lake Victoria. Therefore, the 

riparian populations directly using lake water, or eating the food fish are exposed directly to 

different types and concentrations of cyanotoxins.

Light 
availavility

CyanoHABS ■■............... —-
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1.4 Objective s

1.4.1 General Objective

1.4.2 Specific Objective

The specific objectives of the study were to:

1.

2.

3.

4.

1.5

1.6

9

This study determined the dynamics of cyanobacteria and potential threats associated with 

cyanotoxin exposure routes in Lake Victoria, Uganda.

Examine the temporal and spatial phytoplankton diversity and dynamics in Murchison 

Bay (MB) and Napoleon Gulf (NG), Lake Victoria.

Determine the micro conditions that govern the production of cyanotoxins within the 

two embayments in northern Lake Victoria.

Determine the efficiency of water treatment plants in the removal of cyanotoxins in 

potable (drinking) water.

Determine the response of planktonic communities to nutrient addition and potential 

transfer or biomagnification of cyanotoxins in the Nile tilapia Oreochromis niloticus L.

Signfi cance of the study

Lake Victoria provides several ecosystems goods and services, including water and 

fish. Therefore, the need to control the potential release of cyanotoxins in treated drinking water 

and clarify water safety for consumers. This study contributes to Sustainable Development

Justfi cation/rnp ortance of the study
Although several studies on cyanobacteria exist in Lake Victoria, the causes of their 

dynamics and consequences of their dominance are from the different bays and regions of the 

lake, thus this integrated study to harmonise these findings. This study identified the most 

severely affected areas and embayments on the lake. In addition, WTPs abstract raw water from 

the lake are susceptible to both the cell-bound and dissolved cyanotoxins. Therefore, the need 

to control the potential release of cyanotoxins in treated drinking water and clarify water safety 

for consumers. Without enough data, no legislative measures can be adopted to implement the 

recommended WHO guidelines on drinking water, and recreational activities. A better 

understanding of the cyanobacteria and cyanotoxin and its elimination during water treatment 

is required to advise management. Therefore, it will be necessary to develop monitoring and 

management strategies to warn the population in the event of contamination.



1.7

1.8

io

Goal (SDGs) 6 - Clean water and sanitation, and SDG 3 - Good health and well-being. 

Specifically, targets 3.d: Early warning & global health risks and 6.1- Safe & clean drinking 

water. The study explores i) sanitary risk assessment of all cyanotoxins; ii) production and 

supply of safe drinking water which is cyanotoxin free or within acceptable WHO limits; and 

iii) develops of a dashboard tool for early warming for water safety planning.

Guiding questions and thesis organisation

This thesis is based a literature review, monitoring survey, experimentations, and 

manipulations with their respective outcomes, and presented as standalone chapters. They are 

written in the form of manuscripts either published or in preparation for submission in peer 

reviewed journals. The study determined the dynamics of cyanobacteria and potential threats 

associated with cyanotoxin exposure routes in Lake Victoria (Uganda). After the introduction, 

the thesis is composed of six chapters organized following guiding questions in relation to the 

specific study objectives (Figure 1.4):

Scope of the study

Despite the many cyanobacterial studies on Lake Victoria, the sanitary and health 

threats of cyanobacteria and cyanotoxins in source water, drinking water and fish is poorly 

understood. The scope of the study is limited to northern Lake Victoria using MB as a closed 

embayment and NG as an open embayment. This study integrates environmental sampling 

survey in the embayments for 12 months, water treatment processes for 3 months, and 

mesocosm environmental approaches for 7 days. In this study, microscopy and morphological 

features were used to identify and enumerate the cyanobacteria. For all classes of cyanotoxins, 

Liquid Chromatography - Mass Spectrometry (LC-MS) was used to identify and quantify the 

cyanotoxins, while enzyme-linked immunosorbent assay (ELISA) was used to screen the 

drinking water samples for MC prior to confirmatory tests using LC-MS analyses.

What is the knowledge on cyanobacteria and cyanotoxins in Lake Victoria? Chapter 

two, based on extensive literature review, the state of knowledge on cyanobacterial blooms in 

Lake Victoria allowed to find gaps and similarities on the dynamics of cyanobacteria, 

socioecological causes, and consequences of these blooms. During the review, specific aspects 

of levels of phytoplankton biomass (using Chlorophyll-a as a proxy), cyanobacterial taxa, 

diversity of the cyanotoxins, the dynamics of continued eutrophication and consequences of 

the blooms are integrated. This is made across the embayments and the open lake areas, but
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What are the dynamics potential risks associated with bottom-up (nutrient) and top- 

down control using Nile tilapia Oreochromis niloticus? Chapter five themed bottom-up and 

top-down control of phytoplankton biomass addresses specific objective four that assessed the 

impact of Nile tilapia Oreochromis niloticus on the biomass and composition of cyanobacteria 

biomass and consequently the transfer or biomagnification of cyanotoxins in the fish. It also 

addresses the influence of the projected increase in nutrient loading of both major nutrient 

(nitrogen and phosphorus) and trace elements (EDTA and Fe) on cyanobacteria biomass in the 

embayments of Lake Victoria. The findings with all citations are presented as a manuscript for 
submission to peer reviewed journal.

there is threat of continued eutrophication of Lake Victoria despite the different interventions 

and monitoring frameworks over the past two decades. The state of art of the thesis has been 

published as a review, and all citations are in Harmful Algae 96:101829 

(https://d0i.0rg/l0.1016/j.hal.2020.101829).

Does contrasting environmental conditions within the two embayments (MB and NG) 

of Lake Victoria govern the dominance of phytoplankton diversity and cyanobacteria? 

Chapter three which is themed phytoplankton diversity and turnover in Lake Victoria presents 

the findings of the comparative examination of the temporal and spatial phytoplankton 

diversity and dynamics in Murchison Bay (MB) and Napoleon Gulf (NG). This chapter also 

partly addresses the micro conditions that govern the dominance of the different phytoplankton 

particularly cyanobacteria within the two embayments. It gives an indication of the 

consequences of the dominance of toxigenic cyanobacteria. The findings are presented as a 

publication with all citations in Journal of Great Lakes Research, 47(4), 985-996 

(https://d0i.0rg/l 0.1016/j.iglr.2O21.04.021).

Do micro conditions govern the diversity and concentration of cyanotoxins within the 

two embayments (MB and NG) of northern Lake Victoria? In addition, do the WTPs 

efficiently eliminate cyanotoxins in treated water? Chapter four which is themed potential 

threats of toxigenic cyanobacteria and cyanotoxins in Lake Victoria presents the findings that 

addresses the micro conditions that govern the production of cyanotoxins within the 

embayments of northern Lake Victoria. It further addresses the efficiency of the water treatment 

plants that applies conventional water treatment processes in the removal of scstonic algae and 

cyanotoxins in treated water. Thus, chapter four addresses specific objectives two and three of 

this study. The findings are presented as a publication with all citations in Toxins, 14(10), 664 

(https://d0i.0rg/l 0.3390/toxins 14100664).

https://d0i.0rg/l0.1016/j.hal.2020.101829
https://d0i.0rg/l_0.1016/j.iglr.2O21.04.021
https://d0i.0rg/l_0.3390/toxins_14100664
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The general discussion and synthesis of the results is covered in chapter six which covers 

the projected and vulnerability of eutrophication in the embayments of northern Lake Victoria. 

This chapter further assess the consequences of the increase of eutrophication, and the potential 

threats of acute or chronic exposures of cyanotoxins. It further gives perspectives and identifies 

areas for research arising from this study.

The last chapter of this study with the overall conclusions and recommendations for 

sustaining healthy population around the embayments of Lake Victoria.
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CHAPTER TWO

STATE OF THE KNOWLEDGE ON CYANOBACTERIA AND

CYANOTOXINS IN LAKE VICTORIA1

CONTEXT

18

i

There is increasing population growth estimated at 2.4% per year around the 

embayments associated with land use practice such as deforestation, wetland reclamation and 

degradation, poor solid waste, and wastewater disposal. Thus, huge amounts of nutrient 

loading occur from the watershed and thus sustaining eutrophication in Lake Victoria with 

potential toxigenic cyanobacteria! blooms. The knowledge on eutrophication, causes and 

consequences associated with toxigenic cyanobacteria, phytoplankton biomass, cyanobacteria 

and cyanotoxins, and gaps were identified during the bibliographic review It presents the 

analysis of all the relevant literature and examined the phytoplankton biomass, community 

dominance with respect to cyanobacteria, the quantities and diversity of cyanotoxins produced 

in the embayments of the lake over the years, and the related or projected consequences. There 

has been increasing phytoplankton biomass in the embayments of Lake Victoria higher than in 

the open lake given the proximity of the sources of nutrients from the watershed. Generally, 

the interests into cyanobacterial studies gained momentum in the early 2000s and declined in 

the early 201 Os and were no longer studied within the lake despite the health threats associated 

with the cyanotoxins. Generally, there has been reports of dominance of cyanobacteria in all 

the embayments of Lake Victoria, but the specific taxonomic dissimilarities and ecosystem 

functioning resulting from these cyanobacteria communities have not been studied. 

Furthermore, the most reported cyanotoxins from these blooms have been Microcystins (MC) 

and attempts to identify other toxins were only in the Kenyan part of the lake. There are other 

potential cyanotoxins that are produced but are not reported. The consequences of these 

toxigenic blooms have been identified across lake users, particularly on food (fish) and fishing, 

and the direct use of the lake water. Finally, the efforts to control the increasing eutrophication 

of the lake have also been discussed. The detailed specific review is presented below as 

published in Harmful Algae 96:101829 (https://doi.org/10.1016/j.hal.2020.101829)

1 Chapter based on this publication:
Olokotum. M.; Mitroi, V.; Troussellier, M.; Semyalo, R.; Bernard, C.; Montuelle, B.; Okello, W.; Quiblier, C. 
and Humbert. (2020). A review of the socioecological causes and consequences of cyanobacterial blooms in 
Lake Victoria. Harmful Algae, 96. 101829. doi: https://doi.Org/l 0.1016/i.hal.2O2O.10182

https://doi.org/10.1016/j.hal.2020.101829
https://doi.Org/l_0.1016/i.hal
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Africa is experiencing high annual population growth in its major river basins. This growth has resulted in 
significant land use change and pollution pressures on the freshwater ecosystems. Among them, the Lake Victoria 
basin, with more than 42 million people, is a unique and vital resource that provides food and drinking water in 
East Africa. However, Lake Victoria (LV) has experienced a progressive eutrophication and substantial changes in

fiteratare review, we show that cy'artobacterial biomasses and nucrocystm concentrations are higherin the bays 
and gulfs (B&Gs) than in the open lake (OL), with Microcystis and Dolichospermum as the dominant genera. These 
differences between the B&Gs and the OL are due to differences in their hydrological conditionsand in the 
origins, type and quantities of nutrients. Using data from the literature, we describe the multiple ways in which the 
human population growth in the LV watershed is connected to the increasing occurrence of cyanobacteria! blooms 
in the OL and B&Gs. We also described the consequences of cyanobacterial blooms on food resources and fishing 
and on direct water use and wator supply of local populatkms, with their potential con- sequences on the human 
beaSth. FuraHy, we discuss the ad&uns that have been taken for the protection of LV. Although many projects have 
been implemented in the past years in order to improve the management of waste waters or to reduce deforestation 
and erosion, the huge challenge of the reduction of cyanobacterial blooms in LV by the control of eutrophication 
seems far from being achieved.

Paerl ei al, 2316; Ho el a]., 2019). Blooms are also well known to have 
multiple impacts on the ecological functioning of freshwater ecosystems 
(e.g., Paerl et al., 2016; Huisman et al., 2018; Escalas et al., 2019) and 
on the goods and services (G&S) they provide (e.g., Dodds et id., 2009). 
Finally, many papers deal with the production of harmful toxins by 
cyanobacteria and the sanitary risks associated with them (e.g., Bn and 
et a!., 2003; Morel et aL. 2013; Meriluoto et al., 2017).

Among these previous studies, few papers have focused on devel­
opingcountries, with the exception of a few countries such as Brazil and 
China (Merci et al., 2013). In particular, the issue of cyanobacterial 
blooms has been poorly investigated on the African continent, as illu­
strated recently by Svircev et aL (2019). When looking in this review at

HARMFUL 
ALGAE

trds:

icxcy
ral analysis
s of cyanobacterial blooms

Iniroduction
i-TiCLS studies have been conducted in the past 20 years with the 
improving our knowledge of the causes and consequences of 
cterial blooms. Taranu et al. (2015) have shown that the in- 

> occurrence of cyanobacterial blooms is clearly associated with 
easing impact of human activities on freshwater ecosystems 
tie Anthropocene, and it is well established that the main cause 
•bacterial blooms is the nutrient enrichment of phosphorus (P) 
ogen (N) (O'Neil et aL, 2012; Huisman et al, 2018). Recently, 
papers also suggested that climate change might directly or 
(y promote cyanobacterial blooms (e.g.. Moss et al., 2011;
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The LV catchment area has a surface area of 184,200 km2 and is 
shared between five countries (Burundi, Kenya, Rwanda, Tanzania and 
Uganda). As shown in Fig. 1, the catchment is dominated by cropland 
and grassland, with major build-up areas (for example Kampala, Ki- 
sunrai, MiEoma and Mwanza) Located on the shorelines of the B&Gs. LV 
is located 1,100 meters above sea level in East Africa and is the source 
of the White Nile. The lake is shared between the three countries of 
Kenya (6%), Tanzania (51%) and Uganda (43%). LV has a shoreline of 
3,500 km with many B&Gs and a 68,000 km2 surface area, making it 
the world’s second largest freshwater lake and the largest lake in the 
intertropical area (Dobiesz et al., 2010). The maximum depth of the lake 
is 80 m, the average depth is 40 m. and the residence time of the water 
is 23 years. As shown by Talling (1966), Lake Victoria is mono- miebe, 
the overturn period occurring between May and August, while early 
thermal stratification occurs between September and December and 
persistent thermal stratification from January to April (Mugiddeet al., 
2005).

Depending on the areas, the general climate of the Lake Victoria 
basin ranges from a modified equatorial type characterized by heavy 
rainfall throughout the year to a semiarid type characterized by inter­
mittent drought periods. Overall, there are two rainfall periods (long 
rains, March-May, and short rains, October-December) with variations 
ranging from 870 -L561 mm in Uganda and from 400-2,736 mm in 
Tanzania (Kizza et al, 2009). Water temperature recorded at the sur­
face of the lake range from 23*C to 29°C throughout the year (Mugidde

ibution of cyanotoxins worldwide, it appears that data on cy­
ls are available only for 14 of the 54 African countries and for 
(stems on the continent. Among these ecosystems, Lake Victoria 
he most studied, probably because it is the second largest lake 
iorld and provides goods and services (G&S) to millions of 
[Downing et al., 2014; El-Noshokaty, 2017). Moreover, LV has 
lierienced rapid water quality degradation that has led to eu- 
phication, which is considered a major threat to the ecological 
! of the lake (Hecky et al, 1994; Juma et aL, 2014) as it results 
’current proliferations of aquatic weeds (e.g., water hyacinth) 
I cyanobacteria (Lung’ayia et at, 2000; Opande et al., 2004; 
al., 2014). The proliferation of water hyacinth has been more 

l>n trolled since the end of the 1990s with biological, mechanical 
teal strategies (Opande et ah, 2004; Wanda et ah, 2015), but 
cteria blooms persist in LV, particularly in the bays and gulfs 
(Haande et al., 2011; Sitoki et al, 2012; Mbonde et aL, 2015). 
,V basin has one of the highest population densities in Africa, 
oral large cities located along the shores of the large bays and 
g., Kampala in Uganda, Kisumu in Kenya, and Mwanza in 
a) (Fig. 1). An understanding of the interplay of ecological and 
atomic processes acting directly or indirectly on the lake is of 
interest. In this context, we address the state of knowledge on 
istribution of cyanobaderial bJooms and cyanotoxins in LV; (ii) 
al and environmental factors and processes potentially ex- 
the occurrence of cyanobaderial blooms, with a particular 

s on changes that have occurred in its watershed during the last 
; (iii) the consequences of these blooms on the ecosystem G&S 
1 by the lake and (iv) the management practices implemented 
e goal of reducing nutrient loads and consequently the
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physicochemical conditions and microbial communities of the OL arc 
quite different from those of the B&Gs. In the B&Gs, phytoplankton 
biomasses are often >30 pg Chl-a L >, with cyanobacteria often 
comprising more than 60% of the total phytoplanktonic biomass and 
frequently comprising more than 80% (Table 1). The rest of the phy­
toplanktonic community is mainly composed of Chlorophyta, Crypto- 
phyta, Dinophyta and Euglenophyta (e.g., Haande et aJ., 2011;Sitoki 
et al., 2012).

In the OL, the phytoplanktonic biomass is generally’ less than 20 pg 
Chl-a L—1, and changes from a dominance of diatoms to a dominance of 
cyanobacteria are frequently found (Table 1). The works of Lung’ayia 
et al (2000) and Sitoki et aL f2012) in the Nyanza Gulf and the OL in 
Kenya suggest that these changes could be partly driven by the 
alternation of dry and rainy seasons.

Irrespective of the season, cyanobacteria were dominant in the 
B&Gs, while diatoms were clearly dominant in the OL during the dry 
season and represented 50% of the phytoplanktonic biomass during 
the rainy season. In the latter case, cyanobacteria were the second most 
dominant group of phytoplankton. Interestingly, Mbonde et aL (2015) 
have shown in a comparative study performed in 16 closed and open 
bays that the degree of connectivity of these bays to the OL greatly 
impacts their phytoplankton communities. The average phytoplankton 
biovolumes were much higher in the closed bays than in the open bays, 
and the same finding was found when considering only the cyano­
bacteria! biovolumes (Supplemental Fig. 1).

Main cyanobacteria! gerxra fbsmd in Ldte Victoria. A great diversity of 
cycnobactcrial taxa, including both nitrogen fixing taxa such as

t evolution of the LV phytoplankton community. As shown from 
aological data by Verschuren et at (2002), the phytoplankton 
,Sn in LV has increased since the 1930s. Though there is in­
nutrient data for this time period, it appears that the phes- 

iMTOenteatims increased (freer 1.1 to 2.9 pmoles L—1 between 
|> and 1990s) and that eutrophication manifested towards the 
be 1980s (Hecky, 1993; Hecky et al., 2010). The increasing 
content led to an increase in the phytoplanktonic biomasses 

■s in the diatom community, from the dominance of Aulacoseira 
Ipminance of Nitzschia (Stager et al., 2009) and in the total 
'nkton community, from the dominance of green algae 
'hyta) and large diatoms (Badilzriophyta) to the dominance of 
iteria (Lehman and Bransirator, 1994; Ochumba andKibaara, 
ng et al. 2001; Verschuren et aL, 2002; Hecky et aL, 2010). This 
,ce of cyanobacteria in phytoplankton communities is now 
jly found in the three countries bordering the lake (Kenya, 
•i and Uganda), particularly in the numerous B&Gs (Fig. 2).
paces in the phytoplankton biomasses and community compositions 
j£Gs and the open lake (OL). As naled by Talling (1987), the

Tistorical and current status of cyanobacteria and 
yanctadns in Lake Victoria
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3.3. Determinism and consequences of human population growth in the LV 
watershed

Linking demographic changes with the increasing occurrence of 
cyanobacterial blooms

Demographic data on the LV watershed. The African continent con­
tinues to experience a high annual population growth estimated at 2.6% 
per year in its major river basins (World Population Prospects, 2017). 
The population density in the LV basin almost doubled over the past 20 
years from 27.2 million to ca. 42 million inhabitants (Bremner et al., 
2013), which is considered the largest human population in the wa­
tersheds of the great lakes of the world (Dobiesz et al., 2010). This 
population increased by 2.4 - 3.2% annually (> 6% in some urban areas 
such as Kampala, Uganda), a growth rate that is higher than that 
observed in the rest of the African continent (UNEP, 2006). The data 
from the Center for International Earth Science Information Network - 
CIESIN - Columbia University (2018) indicates that the population 
density in major cities has increased from a maximum of 100 persons 
per km2 to over 23,000 persons per km2 in the last two decades. A strong 
and similar exponential population increase has been observed

From the analysis of the data available in the literature on the causes 
of cyanobacterial blooms in LV, we built a flow diagram (Fig. 3) 
describing the multiple ways in which the human population growth in 
the LV watershed is connected to the increasing occurrence of cyano­
bacterial blooms in the OL and B&Gs.

As summarized in Fig. 3, the increase in the populations density in 
the LV basin, such as everywhere in the world, has resulted in in­
creasing food, housing and product demands (FAO, 2016). All these 
demands have many consequences on land use in the watershed, in­
cluding farming and fishing activities, as well as formal and informal 
urbanization and industrial and commercial activities. All these pro­
cesses are described in Section 4.1. Then, as developed in Section 4.2, the 
changes occurring in anthropogenic activities and land use have ledto 
increasing nutrient pollution in the OL and B&Gs through three main 
processes: the aerial deposition of phosphorus and nitrogen, the dis­
charge of mineral and organic nutrients by rivers and a decrease in 
natural purification due to wetland degradation. Finally, Section 4.3 
shows why the B&Gs are more polluted than the OL and the processes 
leading to the decrease in water quality.

genotypes (potentially producing MC) in Microcystis populations varied 
from 3.3% to 39 2“.. in Murchison Bay and from 12.9% to 59.3% in the 
Napoleon Gulf.

So far, 240 MC variants have been described in the world (Spoof and 
Catherine, 2017), but onlv a few studies have investigated the MC 
variant composition in the cyanobacterial blooms from LV (Table 1). 
Nevertheless, up to seven different variants have been identified by 
Okello and Kurmaver (2011) and up to 31 variants have been identified 
by Miles et al. (2013). However, the most common variants detected in 
the lake are MC-LR, MC-RR and MC-YR (e.g., Okello and Kurmayer, 
2011, in Murchison Bay and the Napoleon Gulf; Sitoki et al.,2012, in the 
Nyanza Gulf; Mbonde et al, 2015, in the Mwanza Gulf). The 
proportions of all these MC variants were highly variable de-pending 
on the sampled area. For example, the average estimatedproportions of 
the MC-LR variant in the Murchison Bay and the Napoleon Gulf (May 
2007 - April 2008) were 12.4 ± 2% and 0.5 ± 0.3%, respectively, 
according to Okello and Kurmaver (2011) but reached50 ± 6% in the 
Nyanza Gulf (July 2008 - Sept 2009) (Sitoki et al.,2012). The small 
standard deviations associated with these proportionsseem to express 
low temporal variations for a given area in LV. How- ever, higher 
variations are sometimes reported in the literature, as shown for 
example bv the large standard deviation found in the mean proportion 
(31 ± 52%) of the MC-YR in the Nyanza Gulf (Sitoki et al. 2012).

spermum, Cylindrospermopsis/Raphidiopsis or Anabaenopsis and 
rogen-fixing taxa such as Microcystis, Planktolyngbya, 
opedia, Cyanodictyon or Aphanocapsa, is often found in B&Gs and 
(Table 1). An underlying dominance of Dolichospennum spp. or 

istis spp. cyanobacteria has been observed in the literature de- 
g on the location, year and month of sampling considered. For 
le, Gikuma-Njuru et al. (2013a) observed a dominance of Do- 
rnmm and small cyanobacteria such as Cyanodictyon and Apha- 
between March 2005 and March 2006 in the Nyanza Gulf 

), while Sitoki et al. (2012) found that Microcystis was clearly the 
lominant cyanobacteria in the same area from July 2008 to 
bcr 2009. In Murchison Bay (Uganda), Microcystis dominance 
ted by Poste et al. (2013), whereas the dominance of Dolichos- 
i was found in Murchison Bay and the Napoleon Gulf by Okello 
rmaycr (2011) and Okello et al. (2010a). Similar observations and 
(ions between a dominance of Dolichospennum and a very 
led cyanobacterial community were also observed byl laande et 
1), depending on the date and the sampling station within 
son Bay. In Tanzania, Sekadende et al. (2005) found a dominance 
>ms and cyanobacteria belonging to the Planktolyngbya genus in 
'anza Gulf between May and August 2002 Several years later, 
e et al. (2015) observed a dominance of Dolichospennum and 
'St is in the different B&Gs of Tanzania, including the Mwanza 
etween November and December 2009.
re is no clear explanation for these spatial and temporal varia- 
the dominant cyanobacterial genera, but it is known that var- 
in nutrient concentrations can influence the composition of 

iicterial communities. For example, it has been proposed that 
proportions of nitrogen-fixing cyanobacteria such as 
ipermum sp. could be linked to a nitrogen limitation in the lake 
|de et al., 2003; Gikuma-Njuru and Hecky, 2005). In the same 
any studies have shown that Microcystis sp. is the most common 
forming species in freshwater ecosystems with high phosphorus 
rations (e.g., Poste et al., 2013).

'■ocystis and Dolichospennum genera arc well known as the main 
M producers of cyanotoxins of the microcystins (MC) family, but 
'permum is also known to produce several families of cyano­
including anatoxin-a (ATX) (Bernard et al., 2017). To our 
Ige, all studies in LV have focused on MC, and only one study 
led in the Nyanza Gulf (Kenya) focused on ATX (Kotut et al., 
"llthough Dolichospennum was dominant and Microcystis was 
J, ATX was undetectable in both environmental samples and in 
led strains. During the same study period, the estimated MC 

-•ation was approximately 1 jig cqMC-LR.L-1 (Krienitz et al., 
3tut et al., 2006). Some of these cyanobacteria are also known 
lially produce other cyanotoxins such as the amino acid variant 

jl-amino-L-alanine (BMAA) and saxitoxins, but these cyano- 
_ivc not been investigated in LV.
jerous studies have dealt with the detection of MC in LV (Table 

-rst study reporting the presence of MC was that of Krienitz et 
j and was performed in the Nyanza Gulf ( Fable 1). After this 

ly, MC occurrence was recorded in different parts of the lake, 
|i the B&Gs but also in the OL in some cases (Sekadende et al., 
■>ki et al., 201?) (Fable 1). Highly variable concentrations of MC

'nd in LV, from less than 1 jig.L-1 in Murchison Bay (Uganda) 
et al., 2010) up to 81 ug.L-1 and

—1 in Nyanza Gulf (Kenya) (Sitoki et al., 2012; Simiyu et al., 
-pectively), the highest concentrations being found in scums or 
■face of the lake (Table 1). A positive correlation between the 
-entrations and Microcystis abundance was found by Okello 
AOa, b), Sitoki el al. (2012) and Mbonde et al. (2015).’Finally, 
“J al. (2010b) observed during a onc-year monitoring study

|7 - April 2008) that the proportions of the mcyB+
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60s in Kenya, Tanzania and Uganda (Supplemental Figure 
;ther hand, Burundi and Rwanda, which experienced civil 
l99Gs and do not have direct access to the lake, have seen 
> population growth.
f this papulation growth in the LV watershed. A recent report of 
tional Institute for Sustainable Development (Daz6 and 
1016) pointed out that migration in the Great Lakes Region 
tea is due partly to both voluntary decisions to migrate and 
ration. Concerning the voluntary migration, many people 
ed towards the lake basin to take advantage of the economic 
ied to the fisheries in the basin (Awange and Obiero, 2006; 
I, 2009). As reported in Mkumbo & Marshall (2015), more 
IOO people are directly or indirectly employed in fisheries, 
’ from fisheries supports approximately 4 million people. 
' LV the world's largest host for inland freshwater fisheries 
ltd Perrings, 2011). On the other hand, forced migrations 
ed from armed conflicts and violence in Rwanda and 
'im 1993 to 20(E) and in the Democratic Republic of Congo 
to 2002). Many of these migrants are located in rural areas 
Crawford, 2016).
wees of population growth on land use, urbanization and an- 
ctwities. As established in the diagnostic analysis performed by 
ctoria Environmental Management Project (LVEMP), more 
f the inhabitants living in the LV basin are from the rural 
; in Burundi, Kenya, Rwanda and Tanzania (see also Fig 1), 
anda, 94% of the inhabitants living in the LV basin are urban 
tria Environmental Management Project LVEMP, 2007).

as already observed in the developing world 
ry, 2008), the three countries with direct access to the lake

tetwecn flic increase in the human population density around Lake Victoria and the occurrence of cyanobacteria blooms in the open lake and in the baysand gulfs, 
nic matter; P; Phosphorus; N: Nitrogen

and with livelihoods that rely on the lake have also experienced rapid 
urbanization that has led to the development of large cities located on 
the B&Gs, such as Kampala (>2 million inhabitants) on Murchison Bay 
(Uganda), Kisumu (approxi mately 1 million inhabitants) on the Nyanza 
Gulf (Kenya) and Mwanza (>400,000 inhabitants) on the Mwanza Gulf 
(Tanzania) (Supplemental Fig 3).

The main consequence of increasing population densities in rural 
areas is a change in land use, particularly to cropland (see Fig. 1). The 
agricultural development involves ca. > 80% inhabitants' that depend 
on small-scale mixed farming operations, thus, influencing the land use. 
As highlighted in the LVEMP report (Lake Victoria Environmental 
Management Project LVEMP, 2007), agricultural development includes 
wetland destruction and/or degradation, livestock overgrazing bush 
burning land fragmentation, and deforestation. Deforestation (for set­
tlement and agriculture development) is spreading at an alarming rate, 
e.g, in Uganda between 2000 and 2015, the deforestation rate was 
33% annually, which is higher than that in other countries of the 
watershed (02% for Burundi, 03% for Kenya, 1_7% for Rwanda and 
03% for Tanzania) (FAO, 2015). This deforestation rate has increased 
from 1990-2015 in Uganda (from 2.0% in 1990-2000 to 3.3% in 2000- 
2010, reaching 5.5% in 2010-2015). In typical developing countries,both 
rural and urban populations depend heavily on the forest environment 
and products, such as building materials, crafts, firewood, charcoal, 
food, flavoring and traditional medicine, for their livelihood (UNEP, 
2I¥; Mwavu and Witkowski, 2908).

The drivers of deforestation identified in the LV watershed can be 
classified into two broad categories (Waiswa et al., 2015). The direct 
human uses of forest resources (;) (Geist and Lambin, 2002; Mwavu and 
Witkowski, 2008) include the unplanned spread of agricultural areas 
over forest areas, firewood and timber harvesting clearing
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3.6. Ollier processes involved in the increasing occurrence of cyaiiobacterial 
blooms in LV

Role of changes in the fish community. Nile perch and several tilapimc 
species (Nile tilapia: Oreochroniis ndoticus L.: (). leucostictus; Coptodon zillii) 
wcic introduced into the lake in the 1950s and became dominant

3.5. Why do the bays and gulfs of L V have more cyanobacteria blooms than 
the open lake?

mainly due to crop cultivation (Isunju, 2016), despite their high esti­
mated economic value of between USS 760,000-1,300,000 (Schuijt, 
2002). Similar observations have been made for the Nyanza Gulf in 
Kenya by Juma et al. (2014). In Tanzania, Musamba et al. 
(2011). showed that an increase in the anthropogenic activities in the 
Musoma urban area was associated with the degradation of wetland 
coverage at the average rate of 6.5 ha yr-1 between 2001 and 2008. 
Knowing that wetlands are located at the mouths of themajor rivers and 
in the inshore areas of the lake (Okeyo-Owuoret al., 2012) and that they 
play a major role in waste removal and water purification (Raburu et 
al.. 2012), their degradation contributes to the decrease in water 
quality in the B&Gs.

The consequences of all these processes acting on the nutrient load 
in LV is that high concentrations in soluble elements (SRP, NO.i and 
NFL) have been recorded in the past twenty years in this lake 
(Supplemental Table 1). The average TN:TP ratios in B&Gs (14.5) are 
almost double those in OL (8.1) (Mugidde et al., 2005). This suggests 
that there is a global N limitation in LV, which is more pronounced in 
offshore area.

and for human settlement, sand mining and brickmaking. The 
:t drivers concern the underlying sociopolitical factors impacting 
i practices, such as unclear land tenure and/or property rights, 
r forest monitoring and the noninvolvement of users in forest 
nance, conflicts of interest, political interference, and negative 
tions about planning policies (Place and Otsuka, 2002; Mwavu 
itkowski, 2008).

Two main kinds of processes seem to be involved in the greater 
amount of eutrophication observed in the B&Gs compared to the OL.

First, several big towns are located on the banks of the B&Gs, such 
as Kampala on the Murchison Bay, Kisumu on the Nyanza Gulf and 
Mwanza on the Mwanza Gulf. As shown for the Murchison Bay 
(Uganda) (Kabcnge et al., 2016, Akurut et al, 2017), the exponential 
deterioration of the water quality between 1990 and 2014 was largely 
due to increasing quantities of waste generated in Kampala City' and 
discharged in the bay . Similar observations were made by Cornelissen 
et al. (2014) for the Mwanza Gulf (Tanzania). Several B&Gsalso receive 
water from rivers carrying high nutrient loads resulting from 
agricultural farmland in the catchment (Shayo et al., 2011). This 
contribution has been shown for example for the Nyanza Gulf (Kenya) 
by Gikuma-Njuru et al. (2013b). As already described in section 3.2, the 
decrease in the natural depuration in the wetlands located in the B&Gs 
contributes to their hyper eutrophication.

Second, the hydrodynamic conditions experienced by the B&Gs fa­
vors cyanobacteria blooms. In the closed B&Gs (e.g., Murchison Bay, the 
Nyanza and Mwanza Gulfs) experiencing limited exchange with theOL, 
the long water residence time and the high nutrient load from their 
watersheds promote and sustain the development of cy'anobactcrial 
blooms. Moreover, the majority of the B&Gs are very shallow, as illu­
strated by the Nyanza Gulf, which has a mean depth of <10 m (<5 m 
in the eastern part of the gulf). Typically, at shallow depths, all water is 
mixed daily and there is thermal stratification during high insolation 
periods (Gikuma-Njuru, 2008). Consequently, the alternation of mixing 
and stratified periods can potentially promote the release of nutrients 
from the sediments, which can then sustain cyanobacteria growth (see 
for ex. Cao et al., 2016). In addition to the mixing and stratification that 
occurs at shallow water depths, the high turbidity occurring in these 
shallow and mixed B&Gs (Silsbe et al., 2006; Loiselle et al, 2008 & 2010) 
could promote the development of bloom-forming cyanobacteriasuch 
as Microcystis spp. or Dolichospermum spp., which are able to oc- cupy 
the top of the water column where light is available for their growth, 
due to their gas vesicles (Gikuma-Njuru, 2008;
Ssebiyonga et al„ 2013).

shown in Fig various processes associated with land occupa- 
anges and activities have led to the eutrophication of the OL and 
Numerous studies have focused on identifying the different 

ses that lead to nitrogen and phosphorus pollution in LV, and 
ain processes have been identified. These processes include (i) 
charge of rivers from heavily polluted catchments (Verschuren 
002; Musungu et al., 2014; Fuhrimann et al., 2015; Jovanelly et al., 
(ii) atmospheric deposition, in particular of phosphorus (P) 
iting for 55% of the total phosphorus input m LV) (Tamatamah 
1005); (iii) the biological fixation of atmospheric dinitrogen (N?), 
seems to greatly exceed the contributions of atmospheric N 
lion and river N inputs (Mugidde et al., 2003); and to a lesser 
(iv) nutrient recycling and release from the sediments (Gikuma- 
st al., 2010).
; two first nutrient pollution pathways for LV water are directly 
:o human population growth and activities. First, changes in land 
items have contributed to enhanced erosion. In Uganda and 
(ia, the presence of settlements on the LV shoreline zone were 
ted with high soil erosion estimates of between 17 and 87 ton.

1 (Isabirye et al. 2010). The rate of soil loss in the LV basin 
pears to depend on the land use system (tree plantation versus 
nd) (Bamutaz.e et al., 2017). Other human-induced disturbances, 
1 timber harvesting and soil compaction by cattle, also increase 
i of soil erosion (Karamage et al., 2017). Similarly, TP and TN 
faerie deposition mainly seem to result from burnt biomass, 
town dust and industrial and domestic activities (see the review 
tuiyot and Muhandiki, 2014).
ind, due to the urban human population growth, increasing 
'les of solid and liquid waste originate from (i) the human po- 
bs living in the large cities located near the B&Gs and (ii) in- 
' activities such as the activities of large manufacturers of steel 
Ction materials, factories that produce batteries, soap, paint, 
plastics, corrugated iron sheets, or pharmaceuticals, and brew- 
!lnnerics, former copper smelters and abattoirs (Muwanga and 
», 2006). Moreover, as shown in Tanzania (Cockx et al., 2019), the 
Ration of the rural population results in changing food de- 
which include increasing consumption of high-sugar foods and 
These changes in the demand for food have led for example to 
illation of bottling factories in the three main cities located 
. the lake (Kampala, Mwanza and Kisumu). For Kampala 
i), onlj' ca. 8% of all wastes (domestic and industrial) are col- 

,|nd treated (M.itagi, 2002), and the efficiency of the sewage 
jit plants is poor, with up to ca. 89% frequency of non- 
nce with the national standard for BOI>, (Lake Victoria 

^mental Management Project (l.VFMP) 2005). In the same way, 
,;t al. (2008) have shown that point source effluents due to in­
i’ industrial activities in the Jinja area have contributed to the 
.ig nutrient loads in the Napoleon Gulf.
|ly, the progressive reduction and degradation of wetlands has 
,i major role in the degradation of water quality. This de­

an is due to housing, industrialization, infrastructure develop­
ed agriculture (Kansiime ami Nalubega, 1999; Fuhrimann et al., 
j, the Kampala Metropolitan Area (Uganda), the proportion of 
" degraded wetlands increased from 13% in 1993 to 46% by 
"yakaana et al.. 2U07). In particular, Nakivubo wetlands ex- 
d a 62% loss in wetland vegetation between 2002 and 2014,



ll<irmlul Alf;<h 96 (202111 10182911. el al.

5.

3.7. Consequences on food resources and fishing

3.8. Consequences on direct water use and water supply

27

As shown in Fable 1, the MC concentrations in the LV water fre­
quently exceed 1 fig.L- ’, which is the threshold proposed by the WHO

Consequences of cyanobacterial blooms on the different uses of 
the lake

Fishing is an important food resource for approximately 1.5 million 
people living on the lake shores as well as for the 42 million inhabitants 
in the watershed of LV. In this context, cyanobacterial blooms have two 
main impacts on the fish communities: (i) the changes in the environ­
mental conditions of the fish due to the blooms, with potential negative 
impacts on the abundance and diversity of the LV fish community, and 
(ii) the accumulation of cyanotoxins in the fish and the associated risks 
for the human populations consuming those fish.

It has been shown in numerous water bodies worldwide (e.g., 
1’admavathi and Veeraiah, 2009; Lehman et al., 2010) that severe cy­
anobacterial blooms impact fish populations, mainly through changes 
induced in environmental parameters such as dissolved oxygen con­
centrations. Indeed, severe anoxia is recorded at the bottom of deep 
lakes or throughout the water column in shallow lakes due to the high 
respiration activity of bacteria degrading organic matter produced by 
cyanobacteria. In LV, several studies have linked water quality de­
gradation to eutrophication and the changes occurring in the fish 
communities. For instance, Kundu et al. (2017) reported significant 
differences in the fish community structure in the Nyanza Gulf, where 
severe cyanobacterial blooms are frequently observed, and just outside 
of the gulf where better water quality occurs. Furthermore, Kolding 
et al. (2008) examined the relationship between the deterioration of 
water quality and the decline of Nile perch in the lake. They 
hypothesized that the low oxygen concentrations at the bottom of the 
lake resulting from the degradation of phytoplanktonic organic matter 
may be the cause of the decline in Nile perch. However, this hypothesis 
is still in debate, as discussed by Mkumbo & Marshall (2015).

The second impact of cyanobacterial blooms on fish communities is 
associated with the potential accumulation of cyanotoxins in the fish 
and their subsequent potential consequences on human health. Based 
on laboratory and field studies in several countries, it is known that MC 
can accumulate in fish tissues (e.g., Jiang et al., 2012; Nchabeleng 
et al., 2014). In LV, three studies (Semyalo et al., 2010; I’oste et al., 2011 
and Simiyu et al., 2018) have shown the accumulationof MC in several 
fish species. The extent of MC accumulation displayed considerable 
variability (from 0.5 to 90 gg.kg~1 wet weight) among the fish species. 
For the highest toxin concentrations, the estimated daily exposure to 
MC could exceed the tolerable daily intake (TD1) proposedby the WHO 
for chronic exposure from fish consumption (i.e., TDI of
0.04 jig MC-LR per kg body weight per day) (Ibclins and Chorus, 2007), 
especially for Haplochromis spp. and Haslrineobola argentea (Silver fish), 
which are consumed whole. With the growing cage aquaculture in the 
B&Gs of LV and the incidence of increasing nutrient loading from 
aquaculture, cultured fish could accumulate cyanotoxins, but no data 
are available. Consequently, all these data suggest that the consumption 
of fish from LV could significantly contribute to the chronic exposure of 
human populations to MC.

are projected to increase in the second part of this century. Similarly, 
Thiery et al. (2016) projected that LV' will be a hotspot for heavy 
thunderstorm events in a future with warmer climate scenarios. These 
changes might have dramatic consequences on LV because extreme rain 
events contribute to runoff and soil erosion, which enhance the eu­
trophication of aquatic ecosystems (e.g.. Moss el al., 2011) and conse­
quently the occurrence and intensity of cyanobacterial blooms (e.g., 
Michalak et al., 2013).

itu-Ohwayo, '.901; Aw.and Obiero, 2006). Consequently, 
I (2018) discussed the possibility that the changes in the fish 
litv composition during the 1960s could have aggravated the 
ns of eutrophication and the proliferations of cyanobacteria in 
lake. Although Goldschmidt cl al. (1993) emphasized the im- 

i? of endemic phvtoplanktivorous and detritivorous haplochro- 
ecies in the littoral and sublittoral areas of LV' before the 1980s, 
Jccies were victims of Nile perch predation, that led to a dra- 
krease in their biomasses (Marshall, 2018). Thus, in the context 
phication, Batjakas et al. (1 ••97) suggested that the replacement 
nic phytoplanktivorous species by predatory Nile perch could 
•ilitated the proliferation of cyanobacterial blooms. Moreover, 
■tested by Marshall (2018), cyanobacteria could have been fa­
ir the decrease in the population of large phytoplankton grazers 
i zooplanktonic community due to their consumption by juve- 
y perch The other main introduced fish species (Nile tilapia, O. 
I is well-known to ingest a diversity of prey items including 
jinkton (e.g. Bwanika et al. 2006). In LV, many authors have 
ported that the diet of O. niloticus often has large proportion of 
inkton dominated by cyanobacterial species 
myalo et al, 2011; Rumisha and Nehemia, 2013; Jihulya, 2014). 
icteria has also been shown to contribute to the bulk of the diet 
pecies in other tropical aquatic ecosystems (Teferi et al., 2000; 
et al., 2003; Lu et al., 2006; Torres et al., 2016; Zakaria et al., 
|9). However, new data on the quantitative predation of cyano- 
by O. niloticus are needed before concluding that this species 

y a significant top-down role on the dynamics of cyanobacteria. 
.; 2005, the stock of Nile perch in LV has rapidly decreased by 
ynately 50%, mainlv due to overfishing (Matsuishi et al., 2006; 
p et al., 2007; Mkumbo and Marshall, 2015) but also because of 
fadation of the water quality (e.g. anoxia). During the same 
the biomasses of other species such as Nile tilapia, catfishes or 
fus biomasses have increased because they arc less susceptible 
ided water quality (Kolding et al., 2008). The recent decrease in 
rh stocks also favored an increase in haplochromine prey spe- 
iough their biomass and diversity remain low compared to the 
I; perch era (Marshall, 2018). It is difficult to predict the con­
es for cyanobacterial blooms to all these changes occurring in 
'munities of LV knowing that the grazing rates of both fish and 
kton have always been low in LV, particularly since the 1980's 
1 al., 2012).
’dition to the changes occurring in capture fisheries, the recent 
i in cage culture farms in the B&Gs (Aura et al., 2018;Opiyo 
18; Musingu; i el ai . 2019) constitutes an additional threat for 
It is well known that aquaculture can contribute significantly 
trient enrichment of freshwater ecosystems (Zhang el al., 2016). 
eon Gulf (Uganda), Fige.w et al. (2018) observed organic matter 
■ient enrichment in the sediment due to cage fish farming. In 
Say (Tanzania), an increase in nutrient concentrations was 

i after cage farming establishment (Kashindye et al., 2015), 
Kenya, it was reported increasing eutrophication in shallow 

.» to aquaculture waste feeds (Njiru et al., 2018). These areas are 
ill portions of LV where caged fishfarming has occurred, but 
teas begun to spread among the various B&Gs of the lake. Thus, 
,il data are needed to study this issue and its related 
•nces on water quality.
tial impact of climate change. The potential impact of climate 
in eutrophication in LV' and consequently on cyanobacterial 
lias been poorly investigated. Lehman et al. (1998) suggested 
eutrophication of LV may have been accelerated by climate 
particularly by increased water temperature and reduced ver- 
,ing, which are two processes that arc known to influence the 
bn dynamics of cyanobacteria.
itly, Tariku and Gan (2018), modeled the impacts of climate 
in the extreme precipitation indices and temperature of the 
le Basin and indicated that the extreme precipitation indices
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-o reduce eutrophication and the occurrence/intensityof 
ictcrial blooms

logical 
existing

trajectory of LV and the necessity to carry out ambitious and sustain­
able management measures to address this major problem. The mod­
eling approach developed by Downing et al. (201-1) shows that con­
trolling eutrophication is key to the protection and restoration of LV and 
its ecosystem functions and G&S. This finding is shared by many 
scientists as well as the local and international authorities in charge of 
the management of LV. Over the past 10 years, many actions have been 
taken to restore LV under the authorities of the East African Community’ 
(EAC), Lake Victoria Fisheries Organization (LVFO), Lake Victoria En­
vironment Management Program (LVEMP), and Nile Basin Initiative 
(NBl) (Kayombo and Jorgensen, 2006).

We have attempted to differentiate the issues affecting the B&Gs and 
the OL resulting from population growth and human activity because (i) 
the B&Gs arc more polluted than the OL and (ii) the main sources of 
pollutants affecting these areas are different. The pollution of the B&Gs 
is largely due to the discharge of (i) solid and liquid wastes/pollutants 
originating from big cities located on their shores and (ii) sediments and 
nutrients from the intensive agricultural farmland. Consequently, effi­
cient wastewater collection and treatment of these domestic and in­
dustrial pollutants are critical in reducing the hyper eutrophication of 
the B&Gs. In Murchison Bay' (Uganda), most of the influxing nutrients 
are carried by the Nakivubo channel (I'uhrimann el al., 2015), com­
prising mainly the rainwater and the domestic and industrial waste­
water of Kampala (Matagi, 2002; Kayima et al., 2008). With this goal in 
mind, the Kampala Capital City Authority' (KCCA) launched the Green 
Industry' Campaign in 2016 with the goal of improving wastewater 
treatment (KCCA, 2018). Recently, the KCCA also piloted a new action 
plan to improve fecal sludge collection and transport from household 
pit latrines, which are common in Kampala suburbs (KCCA, 2017). Fi­
nally'/ the construction of a new wastewater treatment plant in Kampala 
(Bugolobi/Nakivubo sewage plant) should increase the sewage treat­
ment capacities of the National Water and Sewerage Corporation 
(NWSC), which oversees water sanitation in Uganda. Similar ap­
proaches have also been implemented for Kisumu located near the 
Nyanza Gulf in Kenya and for Mwanza located near the Mwanza Gulf in 
Tanzania in the framework of the Lake Victoria Water Sanitation Pro­
jects (LVWATSAN), which were first launched in 2004 but still continue 
to support actions for the improvement of solid and liquid waste 
management (https//unhabitat.org/thc-lake victoria-water and-
sanitation-project/).

All these actions arc very important for the protection of the B&Gs 
of LV, but estimating their "real" impacts on the improvement of the 
water quality in the B&Gs remains difficult. Indeed, in urban areas, the 
wastewater collection networks are still limited, which results in the 
treatment of a small proportion of sewage, and with the predicted in­
creased population growth rate (2 - 5% annually), sewerage production 
will increase.

In addition to improving wastewater collection and treatment, the 
protection and restoration of the numerous wetlands that arc associated 
with the B&Gs is also important. As discussed before, many wetlands 
have been degraded due to the pressures linked to population growth. 
Consequently, several projects in the three riparian countries around LV 
focused on the rehabilitation of natural wetlands and the construction 
of artificial wetlands. These programs arc aimed at securing and 
maintaining the hydrological and ecological integrity of wetlands 
(MWE, 2018). This initiative requires active involvement and partici­
pation of the local communities living in these areas, as shown in Kenya 
by Rabin u et al. (2012) and in Uganda by Wacker et al (2016).

Concerning the OL, it has been shown that in addition to river 
discharge, aerial depositions are the main source of nutrient inputs in 
the lake (e.g., Tamatamah et al., 2.005; Kayombo and Jorgensen, 2006). 
Therefore, a reduction of these inputs would be associated with an in­
tegrated approach for the protection of the catchment area, including 
better soil cover management and improved land use* patterns (Okungu 
and Opango, 2005; Vuai et al , 2.013). To adequately protect the wa­
tershed, deforestation needs to be halted and forests need to be

is and Bartram 1999) for drinking waler, and sometimes exceed 
^—1, which is the lowest threshold set bv the sanitary authorities 
he northern countries for recreational activities (Chorus el al., 
Consequently, as emphasized b\ Kotut cl al. (2006), these MC 
trations in the B&Gs are now a real challenge for local water 
itics. However, regular monitoring of the MC concentrations in 
e water and in the treated water produced by the plants located 
B&Gs is not regularly performed. Moreover, there is no in­

ion on the sanitary risks for people directly using lake water for 
tic activities, including cooking and washing, or for recreational 
cs during bloom events.
addition to the potential threat of cyanobactcrial blooms to 
i populations through the consumption of raw or Ireated water or 
linated fish, these blooms have direct and indirect consequences 
price and quantity of drinking water produced by the treatment 
In Uganda, Oyoo (2015) showed that cyanobactcrial blooms 

cd the price oi the waler in different ways. First, a clarification 
,'as added to the oldest water treatment plant (Gaba I) to improve 
ter quality. Second, the dosage of aluminum sulfate used in the 
increased three times from 1993 to 2008 due to the increasing 
?ncc of cyanobactcrial blooms, and pre-chlorination was in- 
?d to enhance coagulation and settling (Olokolum, 2017). Third, 
inobacteria blooms in Murchison Bay have forced the water 
authorities and institutions to establish a new water treatment 
utsidc of the bay at Katosi (Damba channel), which will incur 
nal costs due to the construction of a long pipeline to carry the 
[drinking water to the Kampala metropolitan area.
addition to the increasing costs of water treatment due to cya- 
?rial blooms, Oyoo (2015) reported the impacts of cyano­
ll blooms on the availability of water to local populations. The 
ed frequency of backwashing to avoid clogging of the sand filters 
water treatment at Gaba 1 & 11 in Kampala decreases the runtime 
machinery, which consequently decreases the quantity of water 
ted by the plants for populations. The costs of production and the 
jility of treated water are very important in developing countries 
st when the price increases and/or the availability decreases, the 
Populations tend to use alternative water resources that are not 
: their health (Moe and Rheingans, 2006).
Mly, from all these data, Fig 4 shows the potential health im- 
:'f cyanobactcrial blooms for human populations living around 
Scorning the health impacts of cyanotoxins, limited data de- 
ites their real adverse effects on human populations. However, 
:hc high recorded MC concentrations and the potentially high 

■’e of humans to these toxins (in comparison to populations from 
led countries), these impacts on human health should be ser- 
jnsidcrcd. This hypothesis is supported by Roegner et al (2020) 
t that the health of peri-urban fisher communities in the area of 
is threatened by the consumption and use of lake water con- 

B?d with MC and other harmful algal bloom components.
?r, in addition to the disturbances caused by cyanobacteria 

-he production of drinking water, human populations can also 
.? nontreated water from the lake or poorly treated water with 
I exposure to fecal pathogens associated with waterborne dis­

cing that it is well established that the eutrophication of 
jer ecosystems promotes cyanobactcrial blooms, the reduction 

zal nutrient inputs in the lakes is the main sustainable strategy 
=,?cyanobactcrial blooms (e.g I luisman et al , 2018). LV is a very 
■socioecological ecosystem, and there is limited documented 

■£e (and understanding) regarding the social and cco-
and interactions involving LV. However, based on

’e, we provide arguments for the eutrophication

https//unhabitat.org/thc-lake
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^tcntial impacts of cyanobactcrial blooms on human health in Lake Victoria

;c waler; DW: Drinking water
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plant functioning
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availability
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This review paper has been prepared in the framework of the WaSAf 
program (Sustainable Monitoring and Management of Surface Water 
Sources in Africa), which is funded by the French Facility for Global 
Environment (Fonds Francois pour 1'Environncment Mondial, ITEM).

Increased price 
of the DW

the demographic growth and the rising concentration of the 
i into urban areas in Africa (United Nation, 2018), we may 
it the next decades, eutrophication of freshwater ecosystems 
ated cyanobacteria! blooms will continue to increase in LV 
n many other African lakes. Knowing that all these lakes 
onerous ecosystem G&S and are vital for the water and food 
e high microcystin concentrations recorded in water and 
V and the data of Roegner et al (202G; suggest that cyano- 
ad their toxins constitute a serious health concern for local

populations. The same is probably true in many countries of the in- 
tertropical area in Africa. Consequently, it is becoming urgent in Africa 
(i) to implement long term monitoring programs of cyanobacteria and 
cyanotoxins in lentic freshwater ecosystems, (ii) to define water policies 
and rules for cyanobacteria and cyanotoxins and to inform human po­
pulations about sanitary risks and (iii) to take actions for reducing the 
exposure of human populations to cyanotoxins knowing that among 
these actions, the provision of affordable and easily available treated- 
water is an urgent priority.

In a longer-term perspective, the battle against eutrophication will 
be one of the great challenge for African countries. As shown in this 
review, the three main components in this battle will concern (i) the 
wastewater treatment and management in urban areas knowing that 
currently available treatment methods might not be used in Africa due 
for example, to the Lack of appropriate structure (Wang el al , 2014), (ii) 
the prerr.otion of a sustainabfe agriculture, such as conservation agri­
culture, allowing to provide foods to a growing population whilst 
minimizing environmental impacts (Giller et al, 2015) and (iii) the 
protection and restoration of wetlands, which can play a very important 
role in nutrient retention and reduction, even for great lakes (Watson 
et al, 2016).

As already experienced in developed countries, all these actions for 
reducing the exposure of human populations to cyanotoxins and the 
eutrophication will be very costly and consequently require interna­
tional financial cooperation. There is also need for international colla­
borative research programs involving scientists and people from local 
institutions working in the water domain. Finally, the involvement and 
participation of the local communities will be also a key factor for their 
successful devclopmenL

his constitutes a much greater challenge due to the com­
be drivers of this phenomenon (Masese et aL, 2012;Waiswa 
j. These authors also note the absolute need to in- volve local 
ies in all these processes.
framework of the LVEMP I and II projects, several soil con- 
md afforestation projects were implemented to limit soil 
d the aerial deposition of nutrients in the lake. The impact of 
tets on the water quality of the OL has not been estimated, 
considering the size of the watershed and the increasing 

1 density, soil conservation projects will require considerable 
efforts by the five countries before expecting 'significant 
h the water quality of the main lake.
faction with LVEMP projects, national management plans 
been implemented in the countries belonging to the LV wa- 

1 Kenya for example, a master plan for the conservation and 
S management of water catchment areas was proposed in 
e Ministry of Environment and Mineral Resources (MEMR, 
! catchment management plans have been implemented, for 
>r the Awach Kano, leading to reduced de- forestation, water 
nd gully erosion (Nyanchaga andOpenji, 2017). In Tanzania, 
tehn vent-based actions have been implemented for the 

1 of LV in the framework of Integrated Water Resources 
ail and Development (IWKMD) pans (Domasa, 2019).
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Since the 1930s, the phytoplankton production in Lake Victoria has increased but the 

real manifestation of eutrophication was in the late 1980s (Hecky, 1993). This increase was 

accompanied by shifts in the diatom community, from the dominance of Aulacoseira to the 

dominance of Nitzschia (Stager et al., 2009) to the dominance of cyanobacteria (Ochumba and 

Kibaara, 1989). Generally, the lake is characterized as “dominated by cyanobacteria’’ but 

composed of both toxigenic and non-toxigenic cyanobacteria taxa. Therefore, there is a 

knowledge gap in the a-diversity and [3-diversity of phytoplankton species from both open and 

closed embayments experiencing different levels of nutrient loading. In this regard, this chapter 

provides a comparative assessment of the spatial-temporal dynamics of phytoplankton 

community and cyanobacteria in Napoleon Gulf (NG) and Murchison Bay (MB). These two 

embayments have large differences in the catchment population densities, are subjected to 

different levels of anthropogenic pressures and catchment activities such as wetland drainage, 

industrialization and urbanization, and wastewater management (e.g., direct discharge of waste 

from the Nakivubo channel into MB). Furthermore, the hydrodynamic conditions are distinct 

as NG is a large and open bay and has the outlet of the lake (R. Nile) while MB is a much 

smaller and more closed embayment. Results from the study affirms that there was high nutrient 

loading into MB. that caused significantly high phytoplankton biomass and affected the 

community diversity and turnover. For example, there was high proportions of N-fixing 

cyanobacteria such as Dolichospermum sp. in NG while in MB, there was high proportion of 

Microcystis sp. Therefore, much as the bays are dominated by cyanobacteria, different taxa are 

responsible the functioning of those respective bays. Consequently, there is no need for 

generalization of the embayments of the lake and the potential level of toxin production. The 

details of the dynamics of the phytoplankton community in NG and MB is presented below.

VICTORIA2

' Chapter based on this publication:
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'co turn, M. Trousselller, A. Escalas et

Eutrophication of Lake Victoria led to changes in its phytoplankton communities. However, different levels of 
eutrophication exist in the open lake and the bays, and between embayments. This study utilized spatial and temporal 
sampling of Napoleon Gulf and Murchison Bay, exhibiting different trophic conditions. Over one year, we investigated 
phytoplankton biomass, richness, diversity* and dissimilarity, and related the dynamics of the dominant species to the 
limnological and climatic cocditioes^ The results confirmed that Napoleon Gulf and Murchison Bay showed large 
differences in eutrophication saaics, with low er nutrient concentrations in Napoleon Gulf than in Murchison Bay, where a 
sarecg gradient was observed frara nnstcre to offshore areas. These txtriert dynamics resulted in a 4 to 10 fold higher 
dhfcnophy H-a rn Murchison Bay tihan vn Napoleon Gulf. From the embayments, 135 phytoplankton taxa were recorded with 
no significant differences in alpha diversity. However, high dissimilarity m community structure was observed in beta 
diversity, mostly due to a turnover among the dominant toxigenic species. Thus, from a similar species pool, there was a 
shift in the dominant toxigenic cyanobacteria from Microcystis flos-aquae and M. aeruginosa in Murchison Bay, 
Doiichospermum drdnale and Planktofyngbya drcumcreta in Napoleon Gulf to D. drdnale in the offshore stations. 
These cyanobacteria are toxigenic taxa with known health hazards. Using partial least square models, we showed that 
both climatic variables (e^, wind, solxr radiation) and levels of inorganic dissolved nutrients (e.g^ SRP, NO , and 
NH^asre the main drivers of difSsnsaces and dominance in cyxDofexcteria communities in northern LakeVksoru.

A

ir years of anthropogenic pressures. Lake Victoria is now 
:red to be persistently eutrophicated and polluted (Downing 
012; Juma et al., 2014; Mbonde et al., 2015; Nassali et al., 2020; 
urn et al., 2020). One well-known consequence of eutrophication 
significant modification of the phytoplankton community, 
is the cornerstone supporting the productivity of all .xpiafic 
ems (Boynton et al., 1983). How­

ever, anthropogenic pressures are not uniformly distributed, and bays 
and gulfs appear more affected by eutrophication than the open lake 
(Ngupula et al., 2012; Olokotum et al., 2020). In addition,the trophic 
status of the bays and gulfs varies greatly across the lake especially for 
the constricted and open bays (Mbonde et al., 2015). Beyond the 
ecosystem services identified for the whole lake (St r et al., 202U), 
these bays and gulfs provide crucial services for the riparian 
populations that are likely to be impaired by eutrophication. Most of 
these embayments are shallow and increasingly susceptible to point 
source pollution and, consequently, experience changes in 
phytoplankton diversity and increased biomass. These planktonic 
communities may experience extreme increases in biomass and drastic 
composition shifts, which

I ■ •
JVIER

nutrient loading and climatic parameters influence the dominance and
jiiilarity of toxigenic cyanobacteria in northern bays of Lake Victoria
Olokotum *b, Marc Troussellier Arthur Escalas c, Sahima Hamlaouid, William Okello b,Ronald Semyalo Jean- 
is Humbert0, Cecile Bernard -
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Materials and methods

.'or characteristics <»!' the study sites and their catchment

Characteristics

annual report nt 2019; water connections by NWSC doesn't necessarily equal the number of households since oncconncction might
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Kiriny.i (.3.611)
Walukuba (2X.8X1)

Bugolobi (9.734)
Gabj I. II. A. Ill (315.X97,

Murchison Bay

32 ,3X:5l.52sF..O 15*2 5.03* N
1.4 1X4
256 (1.37”)
593.92

5 million (Day) and 2 million (Night) 
Kinawataka (0 21). Nakivubo I and 11(4 3

and 4 91) and Namanvc (38 3)

Study site and sampling procedures
The Napoleon Gulf and Murchison Bay are in the northern part of 

Lake Victoria (Uganda) and their characteristics are summarized in 
Table 1. Napoleon Gulf is surrounded by Jinja City, Buikwe and 
Buvuma districts. The gulf receives non-point source chemical pol­
lutants (Oguttu et al.. 2008), nutrients and wastewater across the 
worland systems near the source of the Nile (major drainage outlet of 
Lake Victoria). Murchison Bay is surrounded by the Greater Kampala 
Metropolitan Area (KMA) which includes the districts of Kampala and 
Wakiso that are highly industrialized with large human populations. 
This bay receives a direct discharge of

iVaslcwatcr plant (connections)* 
prinking water plant (connections)* ____________
itional Water and Sewerage Corporation (NWSC)
7 households.*-Area it Inner Murchison Bay in parentheses

Napoleon Gulf

33 I51II.64:F. 0 24!59.54*N
5.7 IX.I 
125 
1X7.92 
900.0(H) 
Kafunta (1.62) Kirinya (0.92). Mascsc (2 2)

and Budumbuli (4.3)

i result in harmful algal blooms (HABs). These I lABs impair the 
'gieal functioning of these ecosystems and have both direct and 
cct consequences for the local population. While many studies 

separately investigated the biomass and taxonomic 
position of phytoplankton community from different bays and 

(Olokotum et al., 2020), understanding the drivers of 
bplankton community modifications under different eutroph- 
■n pressures in Lake Victoria is still required. For that, we needto 
ictcrize not only phytoplankton communities' biomass, but also 
diversity, both alpha (number of species within a com-munity 
4e) and beta (extent of species replacement along 
'onmental gradient) diversity (Whittaker. 197'2; Wilson and 
jda, 1984) Alpha and beta diversity have been used to provide 
lit into habitat integrity and comparative changes along envi- 
jental gradients (Wilson and Shmida, 1984; Whittaker et al., 
I. Although phytoplankton alpha diversity is driven by local 
onmental conditions, beta diversity may be highly dependent on 
■:rsal mechanisms and differences among environmental 
jitions of study sites (Mores o et al., 2017) which could be dif- 
t between the bays and gulfs of Lake Victoria. These differ- 
. arc known to be due to species replacement (turnover) and 
ps loss or gain from one site to another (Baselga and Orme.

This component of beta diversity is crucial towards under­
ling ecological status of bays and gulfs of Lake Victoria, 
pticeable differences between these bays and gulfs, and the 
Jake were observed as early as the 1920s (Worthington 1930), 
|;‘ evidence of an increase in phytoplankton biomass, as 
pphyll a (Chl-a) concentration, was recorded from the 1960s. 
Kenyan part of the lake has experienced an increase in Chl-a 
.ntration from 3-5 gg/L to 40-60 pg/L between the 1960s and 
DOOs, with an extreme value of 650 Hg/L in the Nyanza Gulf 
li el al., 2012). In the northern part of Lake Victoria (Uganda), 
al bays and gulfs showed ’he same pattern. For instance, in 
thison Bay, Chl-a concentration increased from
|/L to 60 Jig/L between the 1990s and the early 2000s (Kallqvist 
I 1996; Haande el al., 2011) and now exceeds
lig/L (Haande el al., 2011). Using paleolimnological data, 
'huren et al. (2002) showed that the increase of phytoplankton 
ass since the 1930s mirrors the growth of human population and 
dlural activities within the Lake Victoria watershed .There has also 
a shift in phytoplankton community composition from green 

'and diatoms to cyanobactei ia, especially toxin-producing ones 
iotum el al , 2020). Eutrophic bays andgulfs such as Nyanza Gulf 
Sya (Onyango et al., 2020), Tanzanian bays (Mbonde et al., 2015) 
Murchison Bay in Uganda (Okello and Kurmayer 201 I), have 
‘bacteria as the dominant taxonomic group. Cyanobacteria! 
is in the bays and gulfs may have a direct impact on humans 
'gh the contamination of water and fish consumed by local 
lations (Onyango et al.,202G).

vocation
Sampled depth (n») (Min -Max) 
Size (kin'i
Catchment area (kin')
Estimated population
Major wetlands (kin-')

Investigations of phytoplankton distribution in the 1950s (Falling 
1957) found associations with thermal stratification. By2010 based 
on correlations, environmental factors such as sampling depth, light 
attenuation, and nutrients (SRI’, Nil’, TN and TP) were proposed to 
account for the changes in community structure from diatoms to 
cyanobacteria (I’oste et al., 2013). In this con- text, it is important to 
identify theenvironment.il variables whichhave significant effects on 
dominant cyanobacteria species to pro- pose actions that can 
efficiently limit their impact. To identify these control factors, it is 
necessary to obtain data from sites with different degrees of 
eutrophication from the closed and open embayments of Lake 
Victoria.

At present state, there are significant contrasts between the 
constricted and open embayments and the open lake, especially 
regarding the dominance of Cyanobacteria (Mbonde et al., 2015; 
Olokotum et al., 2020). Although I laande et al. (2011), provided 
insights into the dynamics and factors influencing Cyanobacteriain 
Murchison Bay, modelling approaches were not attempted. Studies 
by Silsbe et al., (2.006), reported how spatial and temporal 
environmental variations have affected primary productivity from the 
shallow to deep waters. We investigated the spatial and temporal 
changes of phytoplankton community biomass and diversity (alpha 
and beta) in two embayments in the northern part of LakcVictoria. 
Murchison Bay (MB), a constricted/closed bay and Napoleon Gulf 
(NG) an open bay, for which previous studies have reported 
different eutrophication status (Silsbe et al., 2006, Posteet al., 2013), 
and connection with the main lake provided suitable sites for a 
comparative study. In these two sites, the lake receiveswastewater 
from and supplies drinking water for the two largestcities in Uganda 
(Kampala and Jinja) but is also consumed directly by people living on 
the shores who depend on it for fishing (Outaet al., 2020) and 
aquaculture (Musinguzi et al 2019). In both bays, the phytoplankton 
community characteristics, climatic and limno- logical variables were 
measured monthly for one year along a transect from the inshore to 
the open lake.

theenvironment.il
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The Chl-a concentration was measured by filtering 100-500 ml of 
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meteorological data (rainfall, air temperature, wind speed and 
Nation) were obtained from the Jinja and Kampala weather 
operated by the Uganda National Meteorological Authority 
l To determine the influence of seasons* we used the rainfall v
m UNMA to classify the months as wet (>60 mm total 
n = 6 in Napoleon Gulf Napoleon Gulf and n = 7 in Murchison 

"I dry months (<60 mm total rainfall,n = 6 in Napoleon Gulf and 
Murchison Bay). In addition, climatic data for the previous 5 
lays before sampling (D5 &D10) and day of sampling (DO) 

;)ir temperature, mean wind speed D5, total rainfall D5 and 
^lar radiation DIO) were used for modelling the biovolume 
jfiant phytoplankton species.

using a portable depth sounder (Hondex PS-7), and water trans­
parency using a Secchi disk (diameter “ 20 cm). Water temperature, pH, 
electrical conductivity, dissolved oxygen, turbidity, and fluorescent 
dissolved organic matter (fDOM) were measured in-situ using the YSl 
Sonde EXO2 multiprobe meter (Sonde 16B1Q2461). Water samples for 
chemical analysis were collected every meter of depth at each site using 
a 2-L horizontal van Dom sampler as described by Wetzel and 1 ikcns 
(2000a). The samples were collected in a 20 L bucket as a composite 
sample. From the composite sample, 2 L were taken for chlorophyll-a 
(Chl-a) and nutrients analyses while 20 ml were used for 
phytoplankton analysis.

Samples for dissolved nutrient measurement were immediately 
filtered using Whatman GF/C filters (0 47 mm). Soluble reactive 
phosphorus (SRP) was determined using the ammonium molyb­
date method (Wetzel and Likens 2000b), nitrate (NCh-N) by the 
sodium salicylate method (Muller and Wiedemann 1955), ammo­
nium (NHi-N) using the indophenol blue method (Krom 1980), and 
soluble reactive silica (SRSi) using the yellow molybdate- silicic add 
method (Wetzel and Likens 2000b). Raw water samples were also 
collected in acid-washed polyethylene containers for total 
phosphorus (IP) and nitrogen (TN) analysis using the persulphate 
digestion oxidation methods described in Wetzel and Likens (2000b).

'Cum. M. TrousselHer, A Escalas et

er mainly from the K.MA through the Nakivubo channel 
_djacent wetland systems. Thus, point source pollution is 

tninent in Murchison Bay than Napoleon Gulf. In addition, 
Bn Bay is a more enclosed bay and has a much more pop- 
=tershed than Napoleon Gulf.
—Sampling campaign was carried out monthly between 

r 2017 and October 2018. At each site, water samples were
—from four stations (NG1-4, MB1-4) along a transect from the 
-i the offshore station located 16 km outside the Murchison Bay 
■i>!eon Gulf area (Fig. 1).

gS-

8 
1:80.000
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each sampling operation (site x month x station), we 
ied several limnological variables. Water depth was 
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■analysis
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Total phytoplankton biovolume was significantly and positively 
correlated with log-transformed Chl-a (R- = 0.55, p < 0.0001, ESM

Limnological and climate data, SRP, NO-, NH+, SRSi, water tern 
perature, mean wind speed (D5) and mean solar radiation (D10), 
were log-transformed to ensure normal distribution before fitting 
partial least square (PLS) regression models to the observed biovolume 
of dominant taxa (M. flos-aquae, M. aeruginosa, D. circinate and P. 
circumcreta).

in the mean biovolume of the dominant taxa along the spatial transect 
were evaluated Phytoplankton biovolume data were square root- 
transformed to increase the influence of rare taxa in the dis-similarity 
matrix. B-diversity based on the Bray-Curtis dissimilarity index was 
applied to the square root-transformed phytoplankton biovolume to 
characterize the differences in phytoplankton community between and 
within bays (tested using PERMANOVA). The same Bray-Curtis 
dissimilarity matrix was ordinated using non-mctric dimensional 
scaling (nMDS). Further, the similarity percentage breakdown (SIMPER) 
analysis (Clarke, 1993) was used to assess the average contribution of 
individual phytoplankton taxa to biovolume-based Bray-Curtis 
dissimilarity between bays and within stations.

A total of 14 limnological and four climatic variables were used to 
characterize the environmental conditions experienced by' phy­
toplankton communities in Napoleon Gulf and Murchison Bay 
(Fable 2 and Electronic Supplementary Material (ESM) Table SI). The 
two bays differed in Secchi depth, turbidity, conductivity andfDOM 
(Mann-Whitney test, p < 0.05, ESM Table SI). Regarding limnological 
variables, the levels of turbidity, dissolved organic matter (fDOM), TP, 
SRP, NI P and TN were significantly higher in Murchison Bay than in 
Napoleon Gulf (6-10 times for fDOM, 10 times for NH", Mann- 
Whitney test, p < 0.001, ESM Table SI). We also observed correlation 
between variables, for instance, negative correlation between fDOM, 
turbidity and ratio of N:P in Napoleon Gulf, while Sccchi depth and 
NH" were negatively correlated in Murchison Bay' (Fig. 2A). The 
physico-chemical conditions in thefour stations of Napoleon Gulf are 
more homogeneous than thoseobtained in the Murchison Bay, with 
station 1 being different from stations 2 to 4. This was revealed by the 
lower overlap of ellipscsfrom each station on the PCA (Fig 2B).

Within each embayment, we observed significant differences 
among stations I to 4 (pseudo-F = 12.9, P(perm) = 0.001), and between 
dry and wet seasons (pseudo-F - 2.2, P(perm) = 0.018)for the 
following variables: conductivity, fDOM, SRP, NH" (Table 2). 
Particularly, the inshore Murchison Bay station (MB1) exhibited high 
conductivity and fDOM values but with low SRP comparedto the 
offshore stations (MB 2 to 4). In Napoleon Gulf, conductivity, fDOM, 
nutrients, NO3-, NH4 + and SRSi, were significantly higher in the 
inshore (NG1) than the offshore areas (NG2 - 4), while the other 
variables (water temperature, pH, turbidity and Secchi depth) remained 
stable along the spatial transect (ESM Figure SI). Generally, there is a 
strong environmental gradient established in Murchison Bay inferred 
from the levels of dissolved oxygen, pH and conductivity with 
significantly' high levels of nutrients into the bay unlike in Napoleon 
Gulf.

ction (ISO-10260, 1992) of the tillered biomass and analvsiswith 
Sway 6505 UV/vis spectrophotometer. Briefly. 10 mL of90% 
Hol were added to filtered biomass and incubated in a water 
Tor 2 min at 78 and later sonicated for 15 min to accelerate 
■ents lysis. The extract was cooled in the dark and thcnfiltcred 
(the 0.2 pm mesh size membrane filter (Millex, GS).Absorbance 
urement was done at 665 nm wavelength and corrected for 
dity' by subtracting the absorbance measured at 750 nm 
■length. To the measured extract in the cuvette, 100 pl of 0.25 M 
•bchloric acid was added, shaken and absorbance measured 
’I at 665 nm and 750 nm.

Jxonomic identification, taxa abundance and biovolume esti- 
j were performed following the procedure described by 
;ine et al. (2017). The phytoplankton samples were fixed using 
5 iodine solution and 2-5 mL of sample were sedimented for 6- 
StermOhl, 1958). Chl-a concentration was determined in each 
i>. When Chl-a concentration was low(20 jig/L), 5 mL were 
■nted. When it was high ( 20 yig/L), 2-3 mL were sedimented, 
(ytoplankton units were countedunder a Nikon Eclipse TS-100 
rd microscope (400X) and identified using taxonomic guides 
,ys based on morphological characteristics as described in Talling 
and Cronberg and Annadottcr (2006) At least 30 microscopic 

yere counted induplicate, and at least 400 phytoplankton units 
trichomes,and colonies) were counted to reduce errors to < 10% 
,‘ribcdin Wetzel and Likens ii’OOOa). Microcystis was first counted 
pies from which the numbei c.f cells per colony was estimated 
>n the size of the colony and cell size. Later samples contain- ing 
ii'stis were re-counted using a Malassez counting chamber for 
hg Microcystis sp. The volume of each species was estimated 
geometric shapes as described by Sun and Liu (2003).

a list of phy toplankton taxa across sampling sites was tabulated, 
•ye used Venn diagrams to interpret taxa richness relations 
:yn sites and stations along the gradient using the ‘ Limma' package 
bftware (Ritchie ct al., 2015). Indices of a- diversity were calculated 
Shannon-Weiner and I’ielou even- ness indices using the 'vegan' 
'ge (Oksancn et al., 2007). I he biovolume for each taxon was 
ed and a rank-biovolume diagram created for the dominant taxa 
. bay. Later, the change

'vironmental data were centred on a Euclidean distancematrix 
'performing principal component analysis (PCA) tocondense 
ariate information on limnological and climatic variables and 
lhe dimensions and patterns of environmental variation between 
\d stations. The PCAs were computed in 'FactoMinerR' package 
!ien et al., 2008) and 'factoextra' pack- age was used for 
,'ation. Permutational multivariate analysis of variance 
ANOVA) using the adonis2 .unction of 'vegan' package 
en et al., 2007) was used to lest die differences inenvironmental 
ions between bays, within stations and sea-son (wet and dry), 
•e differences between the l ays and within stations were also 
ed using independent .‘-tests and one-way ANOVA, 

lively. Mann-Whitney and Kruskal- Wallis tests were 
nod where necessary in R sortware.
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ic» for the environmental and nutrient variables evaluated at the eight sites along the environmental gradients established m Mixchisca Bay Bl- 4) andNapolcon Gulf ^»G1- 4). Note:

■tues of fDOM means little or no fluorcscczxe.

Qd-a decreased from the inshore (MBI) to offshore areas (MB4, 
Kruskall-Wallis test, p < 0.001, Fig. 3A). As shown by Fig. 3B, the 
temporal changes in Chl-a were stronger for Murchison Bay than 
Xaprfcon Gulf, notably for the two inshore stations (MBI, MB2). The 
highest Chl-a values were measured in December for NapoieonGulf 
(50.4 gg/L) and September for Murchison Bay (1087.1 jig/L). In

2), thus Chl-a was used as a proxy of total phytoplankton 
These Chl-a concentrations were higher (Mann-Whitney test, 

) in Murchison Bay (28.1 to 1087 gg/L) than in Napoleon Gulf 
50.4 gg/L). No significant differences in CM-a were found in 
sampling stations of Napoleon Gulf (KruskaO- Wallis test, p = 
hile in Murchison Bay mean

oo 
CM
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ignificantly high levels of phytoplankton biomass with 
ference were observed in Murchison Bay but not in 
ulf.

Nov Dec Jan Feb Apr May Jun Jul Aug Sep Oct
Months samp’ed

i

I

evenness was 0.672 ± 0.09 and 0.685 ± 0.07 in Murchison Bayand 
Napoleon Gulf, respectively.

The rank-biovolume distributions of phytoplankton taxa dif­
fered between the embayments (ESM Figure S3). Only two 
cyanobacteria] taxa dominated the phytoplankton community in 
Napoleon Gulf (Dolichaspermum a'rcinale and Planktofyngbya cir- 
czzm creta) while the bio volumes were more balanced in Murchison 
Bay between the top four taxa: D. cirdnale, P. circumcreta, Microcystis 
flos-aquae and M. aeruginosa. These dominant species were among 
the 71 shared species between the embayments and werepresent at 
all the sampled stations. Other phytoplankton taxa wererare and had 
very low biovolume. For instance, in Napoleon Gulf,

M flos-aquae contributed 4.834 while Nitzschia aciccularis w. acic­
cularis ccmributed 4.5%, P. simplex with 2.4% while the rest coo- tritruling 
between 0.008 and 13% to the total biovolumc. On the other hand, in 
Murchison Bay, besides the co-dominance of Microcystis species, Chlorophyta 
Pediastrum simplex contributed 6.2%, Selenastrum bibraianum 1.9%, 
Casmarium habitat 1.2% and Bacillariophyta N. aciccularis.var. aciccularis 
2-dPi and the remaining taxa made up between 0.003 and 1.43%.

Napo’.ecn Gulf
60 •

OS 25 55 155
Stations along distance gradient (km)

The structure of phytoplankton community biovolumc distribu­
tions differed significantly between Napoleon Gulf and Murchison Bay 
(PERMANOVA test, p - 0.001), with the two bays clustering separately 
on the nMDS ordination (Fig. 5 A). There was a significant station effect 
in Napoleon Gulf and Murchison Bay (PERMA- NOVA test, p " 0.002); 
however, no effect of season on community structure was found 
(PERMANOVA test, p = 0.086). The estimated dissimilarity in the 
structure of the communities between Napoleon Gulf and Murchison 
Bay was 72.6% and mainly driven by 25 taxa (ESM Table S3). The 
average contribution of individual taxa to this dissimilarity was highly 
variable and mostly due

p-tcmporal variation in Chi-a between stations 1 to 4 in Napoleon Gulf (NG 1 to 4) and Murchison Bay (M B 1 to 4). Plot A; Spatial variation along the inshore-offshore distance 
Temporal variation between November 2017 and October 2018.

0 ■ ----------------------

Murchison Bay 
1200 ------ ----------

J135 phytoplankton species belonging to 49 genera were 
icing the sampling in both Napoleon Gulf and Murchison 
'able S2). The Chlorophyta/Euglenophyta were the most 
ip with over 62 taxa from 21 genera, followed by 
a with 44 taxa from 13 genera, and then Barillariophyta 
from 11 genera. Dinophyta had two taxa from two genera, 
two species from one genusand Chrysophyta one taxon 

nus. From these 135 taxa, 71 (53%) were found in both 
while Napoleon Gulf and Murchison Bay exhibited 29 and 

<a respectively, lead- ing to a total richness of 100 and 106 
Gulf and Murchison Bay, respectively (Fig. iA). The ranges 
phytoplankton richness were similar in both bays, 14-32 
<a in Napoleon Gulf and Murchison Bay, respectively. Sim- 
of taxa were shared across all stations in each embayment 

■test number of station-specific taxa was observed in the 
ms, NG1 and MB1 (Fig. 4B).
fikton diversity was not significantly different between the 
ann-Whitney test, p = 0091, H” = 2.12 ± 026 in Napoleon 
L10.28 in Murchison Bay). During the samplings there was 
It difference in diversity between stations in Napoleon 
lax; 1.43-238, ANOVA test, p - 0.944) while significant 
were found in Murchison Bay (min-max; 1.29-2-54, 
t, p - 0.048). The average
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h (Terences in structure of the phytoplankton commmurics and contributing taxa. Plot A: nMDS ordination of the communities performed on Bray-Curti* dissimilarities matrix using relative 
otrices (stress - 0.23). Plot B: Average taxa cc=3rib=tico to dissimilarity between phytoplankton comm uni ties from the twobays. The siloes are averaged across all pairs of unities, 
sacs of the phytoplankton taxa arc in ESM Tabic S3.
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nobacterial taxa (Fig. 5B). The cyanobacteria D. drcinale, 
vginosa, M. flos-aquae and P. circumcreta contributed the most 
imilarity between Napoleon Gulf and Murchison Bay communities, 
by the chiorophyte Pediastrum simplex, two cyanobacteria 
cus turgidus and Gomphosheria aponina) and the bacillariophyte 
rdcularis. The dissimilarity among stations of Napoleon Gulf, NG 1 
1.9-65.9%) was driven by the Cyanobacteria D. drdnale, M. flos- 
P. drcumcreta followed by the Bacillariophyta N. adccularis and 

racteria Pseudanabaena sp., Merismopedia tenuissima (ESM Table 
rchison Bay, the dissimilarity among stations MB 1 to MB4 (57.9- 
ts driven by M. flos-aquae, M. aeruginosa, D. circinale, and C. 
ESM Table S3, Figure S4).

• VB1 
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• ISB4 
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NG?
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5 the study period, phytoplankton biovolume in Napoleon 
<10* ± 3.1 xlO* urn3/ mL) was lower compared to Murch- 
(2.4 xlO7 ± 13 xlO7 pm’/mL, Mann-Whitney test.

-02 0.1
NMDSt

css of phytoplankton com men Hies in Nzpolccc Gclf snd Murchison Bay. Plot A: Total pfcytoplxnktoc richness within and her* ten beys. Plot B: Stat ion- spccificrichneu and overlap among 
— i w. 31 <s.« rt 1 re. 31

biovoluune ^^^eria contributed > 60% and > 90% of the total 
” GUjf MurcWson respectively. The

iophvta t° rv'her (C^orophyta/Euglenophyta, Baallar-
Wyta, and Dinophyta) was generally low with occasional

gellates tn the inshore areas of Napoleon Gulf (ESM Figure 
the Variation “* these groups was more prominent towards

. IZ.^t5U°nS Figure S6). The relative phytoplankton 
r?t i tJ°n dorn3natcd by the cyanobacterium D. drcinale
om n1 ** P arcumc^ta (15.4%), M. flos-aquae (133%), M.

^‘nosa(n-8%l *e Chlorophyta Pediastrum simplex (53%) and the

^«mG^aS^X7Var- °CiCCU,ariS
- - - , j ° t><a appeared co-dominant in the phytoplankton ctxnmnnrties 
fmre^C00" Gulf (D erreriw/e and P. drcumcreta), foUowed by two taxa

. <?8rnus Uicrocystis (M. flos-aquae and M.aeruginosa). This was 
uuc >n all the stations from Napoleon GulRl .g. 6). In Murchison Bey. these

. . W“e c°-d°mrnani; while D.drdnale and P. drcumcreta exhibded an 
“ aI‘ naUons. the biovolume of Microcystis spp- 

decreased from the
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Environmental variables explained >64% of the variance (R2) of PLS 
models for the three dominant taxa biovolume (Microcystis spp. (M. 
flas-aquae & M. aeruginosa; because of the coherence of the two 
specks), D. drdnale and P. drcumcreta) (Table 3). Comparison of 
observed and predicted data revealed that the good performance of the 
models resulted from taking into account the pooled
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p the open lake. Further, the balance between dominanttaxa 
J similar in the offshore stations from both embayments (ie., 
J MB4). Generally, and despite higher phytoplankton 
;ies in Murchison Bay than in Napoleon Gulf, the 
jnkton communit)' in both sites were dominated by 
cteria, contributing > 70" of the total phytoplankton bio- 
■though the relative Cyanobacteria composition differed in 
imbayments, they were similar in their offshore areas.
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Despite the large differences in limnological characteristics, no 
significant differences were observed between Napoleon Gulf and 
Murchison Bay in terms of phytoplankton richness and diversity. These 
richness values appeared as slightly higher than the one previously 
reported, with 80 taxa identified in Murchison Bay between 2003 and 
2004 by Haande < t al (2011). However, the sampling effort was lower in 
these previous studies than the one realized in the present study.

Consequently, we were unable to conclusively account for the 
increase in the number of phytoplanktonic taxa in these two bays, 
even in the hypereutrophic Murchison Bay. This implies that the

rom the two contrasted embayments (ESM Figure S7; 
ved vs predicted biovolumes).

Climate variables (mean wind and solar radiation) were 
ijor predictors for the biovolume of the three dominant species 
nutrients (SRI’, NOr, Nil,- and SRSi) seemed to play a 

jdary role in the relative abundance of these species (Table 4). 
finale and P. circumcreta biovolumes were explained by simi- 
Jmbinations of variables, with climatic variables such as solar 
lion and wind appearing as the most important controlling 
Is, before dissolved inorganic forms of nitrogen (NO and NH'). 
Microcystis spp. model was slightly different, as SRI’ nutrient 
tiling the biovolumes of dominant taxa. Rainfall did not affect any 
[ise variables and the water winperalure had a negative influence 
( biovolume of the three dominant taxa. In summary, wind and 
radiation played a major role s nutrient conditions was secondary 
dynamics of the dominant taxa Napoleon Gulf and Murchison

growth in the Kampala urban and peri-urban areas, from 755,000 
inhabitants in 1990 to 2,117,000 in 2011 and to 2,843,000 in 2017 
(1,680,600 in the city) (Uganda Bureau of Statistics, 2017a).
On the contrary, POn-concentration did not increase as dramatically in 
Napoleon Gulf. Case in point, I’On- was 0.08 mM (7.59 mg/L) (Lehman 
and Branstrator 1991), 54.8-68 mg/1, in between 2000 and2002 (Gikuma 
Njuru et al. 2005), 3-7 mg/L (t Ikello et al. (2010), Poste et al. (2013) and 
18.2 mg/L. (this study). We have also observed a mild increase in the TP 
within Napoleon Gulf over the years from 49.3 ± 5.5 mg/L (Okcllo and 
Kurmayer, 2010), to60 ± 16.2 mg/L (Poste et al., 2013) and 190± 2 mg/L 
(Egessa et al.. 2018); but not in this study (39.8 ± 33.2, max TP = 164 
mg/L). Similarly, the number of inhabitants in the Jinja district 
increased at a lower rate than in Kampala: 289,476 in 1991, 387,573 in 
2002, and 471,242 in 2014 (288,500 in Jinja city) (Uganda Bureau of 
Statistics, 2017b).

Maximum phytoplankton biomass (expressed as Chl-a) recorded 
in the two embayments also showed large differencesas expected 
and was higher in Murchison Bay (137.4 ± 181.2 jig Chl-a/ L) than in 
Napoleon Gulf (25.4 ± 8.3 pg Chl-a/ L). Both spatial and temporal 
variations of Chl-a concentration were lower in Napoleon Gulf than 
in Murchison Bay where, in its inner part, Chl-a values ranged 
between 80 and 1000 gg/L. These shallow stations were subject to 
regular mixing that disrupts physical stratification and enhances 
nutrient availability but were also susceptible to the loading effect 
from Nakivubo channel during the rainy season.

Data from Uganda National Meteorological Authority (UNMA) 
indicated the increase in Chl-a in May was associated with the 
rainfall events of April (80 mm) and synchronised rainfall eventsof 
September (41.7 mm). Furthermore, the period between May and 
September was characterized by relatively high wind speed
4.9 - 8.1 m/s despite the solar radiation being within the same range 
throughout the study period. In a spatial context, previousstudies 
showed that Chl-a within Murchison Bay has increased since the 
1990 s (<20 gg/L, Kdllqvist et al . 1996), ranging from 20 to 60 gg/L 
in the early 2000 s (I laande et 2011) and currentlybetween 28 and 
1087 gg/L with a mean ± SD value of 137 ± 181.2 gg/L (this study).

In Napoleon Gulf, the range of Chl-a values observed in this 
study (11.8-50.4, mean ± SD = 25.4 ± 8.3 gg/L) corresponds to the 
ones reported in the 2000-2010 period (10-55 gg/L) (Silslrcet al., 
2006; North, 2008: Okello el al., 2010; Okello and Kurmayer, 2011). 
Therefore, using OECD (1982) classification, our TP and Chl-a data led 
to the classification of Murchison Bay as ahypereutrophic site while 
Napoleon Gulf is considered meso-trophic/eutrophic, as reported 
by Poste et al. (2013). The significantly greater increase in nutrient 
levels in Murchison Bay compared to Napoleon Gulf also suggests that 
the general pollution of Lake Victoria, which is directly associated 
with the populationgrowth and activities of the major cities, seems to 
be increasingly stable.

lis study assessed the spatio-temporal dynamics in phyto- 
jlonic communities in two embayments along a transect from 
re to open lake. Here we identified the most important pre- 
;S of the phytoplankton community structure of the dominant taxa 
polcon Gulf and Murchison Bay.
■ expected, large differences in limnological characteristics were 
fed between the two bays, especially regarding the con­
ition of inorganic nutrients which were much higher in 
jiison Bay than ,n Napoleon Gull. These higher conccntrationsin 
bison Bay originated from die newly expanded Nakivubo 
lel which collects part of the runoff and wastewater from 
|ala (Luyiga - al., 2015, Akurut et al., 2017). The sampling 
h located near till channel showed the highest concentrations 
rients, w hich decreased along the sampling transect. No such 

I source of wastewater was m Napoleon Gulf sampling area, 
< the Jinja Gty wastewater is discharged through wetlands 
to of the gulf and near the source of the Nile Consequently, we 
it obser\ e a concentration gradient from the inner to the outer 
f the gulf in Napoleon Gulf. There are alsovarious small-scale 
tries located near the shores of the two bays that discharge lower 
'jhly contaminated flows in surface water of th. bays (Oguttu et 
P8)’
Cording to Mboride et a! (2(15), Murchison Bay can be con­
'd as a closed bay with only a low level of water exchange with 
'pen lake rel.ili cly to i!.-. • izc, while Napoleon Gulf canbe 
’cred as an i.p-.n bay with higher water renewal. As a con- 
ice, the nut-ient lord in Napoleon Gulf from the watershed can 
ire efficiently diluted by open lake water than that dis- charged 
lurchison Bay, especially as Napoleon Gulf is located at the 
W of L.ake Victoria (Poste et .. . 2013).
■vious studies * ch as K .' bi ’lai. (2016) have reported large 
scs in nutrie I ccncentr; ‘inns in the inner part of Murchison 
'ring recent decades, rising < - high 580 gg/L in20ll (Kabenge 
2.016) and 380 gg/L in 20'7-2018 (this study). However, POi 
readily available, its concentration depends on the Chl-a 

,ss. LP is a better proxy of anthropogenic P input from 
ition increases. The maximum TP in Murchison Bay increased 

•? 50 gg/L in the early 1990 s (Ktillqvist eta!., 1996) to 105-122 
in mid-2004 (Oi 'Ice: ... "0), 550 gg/L by 2003 (I ayiga et 

J15), and 55015C0 gg/L (?1 i 27.8 gg/L) by 2010 (Haande et 
I).According aKab.n;;' ' (2016), this increase in TP results 

ppulation
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volume of the dominant cyanobacteria taxa: Microcystis spp. at64.6?', < 
P. circumcreta at 73.4".. < I), circinate at 77.6%.
Nutrient concentration (SRP, NO. , NHi" and SRSi) and climatic 
variables (mean wind and solar radiation) had a significant positive 
influence on the biomass of the three dominant taxa, which vali- dates 
the combining these two types of drivers. Among nutrients, Nil" had 
the strongest influence on all dominant taxa, while SRI1 levels 
significantly affected Microcystis spp. biomass only. Thus, our results 
confirm that I’ and N concentrations are important drivers of 
cyanobacteria biomass and dynamics, as reported in an extensive 
review of models forecasting cyanobactcrial blooms in freshwater lakes 
(Rousso et al. 2020) I lowever, consistently detectable dissolved 
nutrients at all sampling stations, suggested that neither N nor I’ was 
a limiting factor in primary produclionof phytoplankton in the two 
bays, as reported by I’oste e* a! (2013). In Napoleon Gulf where 
nutrient concentration was the lowest, the two dominant taxa, 
Dolichospermum and Planktolynabya, have developed physiological 
adaptations to cope with nitro- ger limitation: heterocyst differentiation 
for Dolichospermum and high surface/volume ratio for Planktolynabya.

Mean solar radiation positively influenced biovolume of the 
three dominant taxa, supporting the hypothesis that under conditions 
of very high biomass, light can become a limiting factor (I’oste et al., 
2013). An increase in solar radiation may temporarily suppress this 
limitation and allow a biomass increase of the taxa located in the upper 
part of the water column. If this is the case, those cyanobacteria taxa able 
to regulate their buoyancy such as Microcystis and Dolichospermum 
/Reynolds et al., 1987) would be favoured where they were dominant. 
Microcystis in Murchison Bay anil Dolichospermum in Napoleon Gulf. 
Colony-forming genera such as Microcystis and filamentous genera such 
as Dolichospermum can use their intracellular aerotopes, to regulate 
their buoyancy and access light or nutrients resources in the upper 
water column (Bormans et al., 199'., Brookes et al, 1999). Planktolynabya 
that lack gas vacuoles, forms thin filaments to compensate for sink-ing 
away from the nutrient-rich water column (Komarek 2003). Under 
laboratory conditions, isolated strains of Planktolyngbya circumcreta 
from Lake Victoria have shown rbromatic adaption under red or green 
light (data not shown). It has also been reported that Planktolyngbya 
(Pseudanabaenaceae) is a shade-adapted genus (Reynolds 2002). We 
hypothesized that the coexistence P. circumcreta with Dolichospermum 
in Napoleon Gulf can be attributed to this cellular adaptation of the 
ability to synthesize phycoerythrin under certain light conditions 
(Kehoe 2010).

Among climatic variables, wind speed was significantly and 
positively related to phvtoplankton biomass. There are several ways 
that wind could directly or indirectly influence the phytoplankton 
community. We suggest that wind increases water turbulence, and this 
might move phytoplankton from the bottom or intermediate depths 
to the surface of the water column. Such vertical movements would 
increase phvtoplankton exposure to different light regimens that may 
provide the best compromise between light deficiency, light stress '.nd 
the response to the dynamics of mixing (Bormans et al., 1999).
One intriguing result was the observation of a negative relation-ship 
with low variance between temperature and dominant taxabiomass. 
This is in direct contradiction te the literature which isfull of examples 
of positive relationships between phytoplankton biomass and 
temperature, this latter being the most recurrent predictor in 
cyanobacteria models . ;<•><!. 2020). This unexpectu nig., ive 
relationship may arise from a non-causal covariation and very
low variance in tempo -a.uro b<’t- ' ■ i the embayments In , , u on 
Bay, where the phvtoplankton bio mass is greater, self-sha i ;g i • ae to 
high cell concentration m.n limit light penetration, inc ll‘ ^ 
red wavelengths. This results in'colder'water than in N. J 
where phytoplankton biomass :s lower.

ays contain enough environmental niches to maintain many 
■s. Regarding the composition of the phytoplanktonic 
lunity, we found that around 53".. of the taxa were shared by 
o bays. This suggests that despite the large difference in the 
ess of these embayments to the lake, there is strong connectivity 
en the different bays and gulfs of Lake Victoria, allowing for 
ization by similar planktonic communities (Bones et al., 2020). 
ding to a study that modelled the cur- rents in the lake 
pweva et ai . 2016), the wawr flow alternatesbetwcen gyres that 
r water mixing in the open lake with a general northward flow.
patterns are expected to push theopen lake waters in the 

ion of the northern shores towardsour study sites, increasing 
bw of planktonic organismsthrough their connectivity with 
parts ol the lakes.
Murchison Bay and Napoleon Gulf, the dominant taxa arc 

,Victoria, and this group represents one-third of all the taxa 
ed in this study. I his dominance of cyanobacteria was already 
?d by many researchers about the embayments of Lake Victoria 
turn at a!., ?(?'.). Among these taxa. Microcystis, Dolichospermum, 
'lanktolyngbya were potentially able to produce toxins in 
jison Bay and Napoleon G.ilf as earlier reported (Okello et al., 
I. ande et al. 2i> 11. . Ik.-ll. vid Kurmavcr, 2011) and were found 
h abundance in this stuck . When potentially toxigenic 
factorial cells are present at > 100,000 ce!ls/mL in drinking 
the World Health Organization (WHO) considers this the 

y threshold beyond which serious health problems are likely 
,i et al., 2019) The WHO also warns that recreational activities in 
.with this lev.'I of potentially toxigenic cyanobacteria can cause 
and long-term health problems (WHO, 2020). We applied 
guidelinesto our dataset nd >20% of the samples (22/96) 
led the WHO threshold esy eciallv in the wet season especially in 
ilar, Aphanocapso (22/96 with 15 samples during the wet season), 
ispermum (4/96 with 3 samples m the wet season), and Microcystis 
with 13 samples in the wet season) Al! of these samples were 

'lurchison Bay' where fishers and locals living along the shores of 
Payments dwertly drink the I ike water. The WHO guideline for 
is 1 Ug/L- of MC-l R equivalent to • 5,000 ce!ls/mL of 

'ticteria producing toxins (Chorus and Welker 2021). This 
Is that fishers and the locil population drinking relatively small 
Is of water contaminated bv toxigenic cyanobacteria could be 
1 (Roegner el . 2020).'! bus. there is need for an in-depth study 
is the risks associated w;th cyanotoxins in these two bays and 
insure routes.In consequence of their substantial biomass and 
•ins theycan potentials produce, the dominant cyanobacteria 
'use severe environment i! and sanitary problems in the two 
bents. To forecast and limit the development of these prolifera- 

■' is necessary to identify the factors that trigger them (Rousso et V
^factorial biomass modelling o/ dominant cyanobacteria taxa

'is studies addressed t .e potential controlling factors ofthe 
•mporal dynamics of phytoplankton communities in Lake 
a (I'osteet.n .. ■ ' ’> Meh ><< 11.. 2019). However, tothe best of 
low ledge, none of them simultaneously modelled the 
rgical and climatic variables to assess their linkages with the 
cs of dominant taxa. Here, we applied the partial leastsquares 
modelling appioach to the biomass of each dominant taxon 
stis spp., D cir male and P circumcreta) expressed in 

Ime.-. We !><• ■ r ■ | fror ;!•.■' .rgc range nf environmentaland 
ankton variability evidv.i! m the two b,". c, which increased 
i.uracy of oi.r statisth.il models. PLS modelling clearly 
rd a large proportion of 'be v iriance (R2) of the bio-

statisth.il
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lokotum. M. Trousselher, /I. l-scalus et

jtdeon Gulf and Murchison Bay exhibited different levels of 
hication that influenced planktonic communities. The phy- 
kton community comprises similar species, but the dynamics 
^similarities in the phytoplankton assemblages of northern 
’ictoria are driven by the dominant cyanobacteria, Microcystis 
tae and M. aeruginosa in Murchison Bay and Dolichospermum 
|ie and Planktolyngbya circuincreta in Napoleon Gulf, 
jucntly, the .. alcr quality differences «;nd phytoplankton 
ning of the two bays makes Murchison Bay more susceptible 
piful cyanobacteria! blooms with potential cyanotoxin 
,’tion. I’he influence of climatic variables such as mean wind 
.Jar radiation in combination with nutrientsunder increasing 
pG genic pressures might increase incidences of potential toxin 
(lion. This scenario requires future investigation into the 
.cs of cyanoloxm production to assess specific health risks in the 
iiibaj menu. In addition, it would be interesting to explore 
non tai approaches for nutrient limitation of pnytoplankton 
1, dynamics and function^ :.g inthe two bays.

ftS
Tnv'••nt’-’, f I’ l erg • • variations of water qualify in the Inner
on Bay. I ake Vi-i -r> i I nviion. \1onit Assess. 189.
Onne. CUI.. 2OJ2. bviaptut an !< package for the studv of beln diversity Method.

.•<».ut 5 15). 8<i8 81 •.
X.5 . ■ % !- . 'I’f . tcs',.A.iici ph> topi uikh n do ei models.

4 id unphe iii.’ns , , ux. ; Jt. -U nv. . I •-drobiologia
Sherman. B.S . Webset I F 1999. i. buoyancy regulation n cyanobacteria an 

’n to exploit stpaf.r;>-,n ol lig>-a:.d nun Ki.ts.’ Mar Freshw Ke. >0,897 vOft

jle the modelling approach used here provided interesting 
P into the drivers of dominant taxa biomass in Lake Victoria,one 
also consider predictive modelling using easily accessible 
ys. For instance, Silsbt ei ai. (2006) showed that in Lake Victoria, 

depth measurements were good predictors of Chl-a 
| rat ion. If one could correlate the Secchi depth to dominant taxa 
s, it would offer a very simple tool to get high- frequency 
ring of cvanobacterial bicorns. Such an inexpensive and easy to 
broach might 1». implex a iT cd by citizen science networks like 
y reported by Mitr-c et I .'.’G?.0) in a freshwater lagoon in 
i’oast and would complement themonitoring of water agencies 
•? scientific community.
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POTENTIAL THREATS OF TOXIGENIC CYANOBACTERIA AND 

CYANOTOXINS IN LAKE VICTORIA3

' Chaplei based on inis publication:
Oloko.u.’n \4 , f luinbe, :. J.-I7.. Quiblier, C., Okello. W., Semyalo. R.. Troussellier, M.. Marie, B., Baumann. K., 
Kunnayer, R.. and Bernard, C. (2022). Characterization of Potential Threats from Cyanobaclerial Toxins in Lake 
Victoria kmbaymenis and during Water Treatment. Toxins. 14(10), 664. https:■.•www.tndpi.com/2Q72- 
6651./14/10/664

The previous chapters showed high proportions and dominance of distinct 

cyanobacteria. Specifically, dynamics and dissimilarities of cyanobacteria community was 

driven by Microcystis Jlos-aquae and M. aeruginosa in MB and DoHchospermum circinate and 

Planktolvngbya circumcreta in NG. This makes closed bays such as MB more susceptible to 

toxigenic cyanobacteria with potential cyanotoxin production. This resulted in the detection of 

only two classes of cyanotoxins: MC and homoanatoxin (HTX) an analogue of ATX. 

Considering MC. significantly higher concentration was detected in MB thus exposes fishers 

and local communities to cyanotoxins. This exceeds both the I //g.L 1 threshold for drinking 

water, and lowest sanitary threshold for recreational activities. Thus, these become a challenge 

for the beach owners and for water treatment plans (WTPs) using surface water from Lake 

Victoria. In general, this study provides the first assessment of intracellular and dissolved MC 

in treated water From this study, the high cell densities of toxigenic Microcystis identified and 

high Ml' concentrations (intracellular and dissolved MC) measured were efficiently removed 

by WTPs. Nonetheless, the increase of MC-producing Microcystis suggest a higher probability 

of exceeding the WHO lifetime guideline values, hence requires regular monitoring by the 

concerned autLcriiics. The concentration of soluble (SRP, NO3-, NH4+, SRSi) and climatic 

variables (mean wind and solar radiation) influenced the spatial-temporal dynamics of 

toxigenic cyanobacteria. A further analysis on the observed MC concentrations were attributed 

to the biovol time of Microcystis, with the influence of solar radiation, mean wind speed 

-esponsible foi water turbulence. This implies that solar radiation may temporarily suppress 

this limitation and allow a biomass increase of the taxa located in the upper part of the water 

column of die most buoyant taxa such as Microcystis and DoHchospermum. The details of the 

chapter on the potential threats of toxigenic cyanobacteria, micro conditions influencing the 

MC concentration and the efficiency of the WTPs in removal of toxigenic cyanobacteria, 

intracellular and dissolved toxins from treated water are presented below.

http://www.tndpi.com/2Q72-6651./14/10/664
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Key Contribution: This study reports microcystins (MC) concentrations in lake water and during 
water treatment for two contrasting embayments of Lake Victoria in Uganda. Despite higher MC 
concentrations in raw water, MC was effectively removed by the water treatment plant
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Abstract Africa's water needs are often supported by eutrophic water bodies dominated by 
cyanobacteria posing health threats to riparian populations from cyanotoxins, and Lake Victoria is 
no exception. In two embayments of the lake (Murchison Bay and Napoleon Gulf), cyanobacterial 
surveys were conducted to characterize the dynamics of cyanotoxins in lake water and water 
treatment plants. Forty-six cyanobacterial taxa were recorded, and out of these, fourteen were 
considered potentially toxigenic (i.e., from the genera Dolidiospermum, Microcystis, Oscillatoria, 
Pseudanabaena and Raphidiopsis). A higher concentration (ranging from 5 to 10 pg MC-LR equiv, L-1) 
of microcystins (MC) was detected in Murchison Bay compared to Napoleon Gulf, with a declining 
gradient from the inshore (max. 15 pg MC-LR equiv. L-1) to the open lake. In Murchison Bay, an 
increase in Microcystis sp. biovolume and MC was observed over the last two decades. Despite high 
cell densities of toxigenic Microcystis and high MC concentrations, the water treatment plant in 
Murchison Bay efficiently removed the cyanobacterial biomass, intracellular and dissolved MC to 
below the lifetime guideline value for exposure via drinking water (<1.0 pg MC-LR equiv. L-1). Thus, 
the potential health threats stem from the consumption of untreated water and recreational activities 
along the shores of the lake embayments. MC concentrations were predicted from Microcystis cell 
numbers regulated by environmental factors, such as solar radiation, wind speed in the N-S 
direction and turbidity. Thus, an early warning through microscopical counting of Microcystis cell 
numbers is proposed to better manage health risks from toxigenic cyanobacteria in Lake Victoria.
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1. Introduction

I

For decades, the increase in cyanobacteria! dominance and regime shifts in freshwater ecosystems 
is been linked to a multitude of increasing human activities in the catchment, resulting in greater 

nutrient pollution pressures [I]. Moreover, this dominance has been predicted to increase globally 
-■.•cause of c imate change [2]. The changes will be system specific, depending on the mean depth of 
the mixed water layer, the light penetration and light absorption characteristics specific to the 
cvanobacterial taxa [3], The cyanobacteria! blooms have attracted attention due to their impact on 
the aquatic ecosystem services, including water supply, fish (ood, recreational activities [4], not least 
because of the health threats associated with cyanotoxins [ ].

Lake Victoria, live second largest freshwater lake in the world, is a major source of water for the 
iaa populations and supports one of the largest freshwater fisheries in the world (1 million tons 

c.f tis.i annual!.), but increasing pollution has threatened it through widespread eutrophication [6|. 
.After the occurrence of fish kills in Nyanza Gulf that were attributed to suspended algae and detritus 
coupled . . ith low dissolved oxygen [7], several studies have focused on phytoplankton composition, 
cyanobacteria and cya.iotoxins in the open lake and the emnayments (for review, see Ref [8]). Most 
of the stud.es on cyanotoxins in Lake Victoria have detected microcystins (MC) produced by 
dominant cyanobacteria, most importantly- Altcruci/s'.s spp., and possibly Dolichosperniuin spp. An 
earlier study oy Kotut et al. [9] conducted during a DoHdiospenmini bloom examined waler samples 
for potential anatoxin-a (ATX), which was undetectable in both environmental samplesand isolated 
strains. More .ccenlly, very low concentrations of cylindrospermopsin (CYN) and nodularin (NOD) 
have been i uprated in the southern part of Lake Victoria [ ICj.

Since d'ie first ieport of MC occurrence in Nyanza Gulf pkcii.a, at a concentration <1 ng MC-LR 
equiv. L [i J, several studies have reported Higher MC concenliations across the embayments of 
Lake Victoria, cor instance, from the inner part of Nyanza Gulf, a maximum of 274 (133) ug MC-LR 
equiv. L" has been reported from surface samples dominated by Microct/sfis spp. In patches formed 
in die open ware.", even up to 2 mg MC-LR equiv. L’; has been reported, probably through 
concentrating buovc.nl . . hcroci/shs colonies along the Langmuir spirals [12], In general, high spatial 
variability has been observed, and MC concentrations did not exceed 5 ug MC-LR equiv. L-1 in most 
of the embay riv.its, i.e., <2 ug MC-LR equiv. L'1 in the Napoleon Gulf and Murchison Bay [8,13] and 
<4 pg MC-LR equiv. I. 1 in closed bays in Tanzania [8,14]. Therefore, these studies have shown that 
.he Lake Victoria riparian populations (lake shore residents, fishermen, recreationists and all people 
connected to treated water) are potentially exposed to variable concentrations of toxigenic 
cva.iobr.cte;a.'.cl MC.

. r.e embayments oi Lake Victoria serve as the source of water and abstraction for most water 
,e....ncnl faculties ]8]. Therefore, the location and technology ot the water intake, as well as the 

efficiency of clarification through flocculation, rapid sand fiilmimn and chlorination treatment, are 
.mportant factors in the water treatment process [4]. The major exposure routes for cyanotoxins to 
.akesidc populations include drinking and other domestic use (both treated and untreated water), 
eating contammateu fish and food supplements, and recreational activities [4j. Therefore, lakeside 
residents, ii .hermei. and recreationists are potential!, exposed .o direct consumption of toxigenic 
cyanobacteria and intracellular toxins, while those connected to treated water could be exposed to 
dissolved cyanotoxins. The dangers of cyanotoxins originate from both cell-bound and free 
dissolved toxins [1,1b]. Cyanotoxins, such as MC, NOD, CYN and ATX, which are cell bound, can

n leased into the w ater upon cyanobacteria! cell lysis [ 16], For example, up to 90% of the CYNs 
we. t found di-so.ved in water in temperate lakes dominated by Aphanizonienoii sp. [17]. Thus, it is 
general.y accepted Liat dissolved cyanotoxins are d.e mam threat to humans through the 
consumption c. untreated water for domestic use accidental consumption of water during 
recreation j. 1 here exposure routes have been largely studied in the northern hemisphere of the 
globe where national regulations to prevent health risks from cyanotoxins have been established, 
.. hi. h ccr.tr..■.is 1th the south [18]. Cuncntly, the popula. ons in the east African countries with 
.■cess ,c, ..a.,e \ .ctoria .ack community awareness of the dangers of exposure to cyanotoxins and 

a.< no rebul. i monitoring or regulations mitiga.mg the e.Tects of cyanotoxins from treated or 
.nu.er.icu w...ci.

..i the pt tent weak, we characterized the conditions an.: relative lisks associated with toxigenic 
cv<mobac.end raid '.heir .oxins for human populations for a erne-yea) period
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2. Results
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To investigate the dynamics of cyanobacteria and cyanotoxins concentrations within the two 
embayments of MB and NG, the temporal-spatial variability was monitored at four stations: (i) the 
inshore station, (ii) the recreational area, (iii) in the lake water at the abstraction point of the WTP 
and (iv) in the open lake (Figure 1).

(1)

(November 2017-October 2018) from lake water (raw water) at two embayments of Lake Victoria in 
Uganda, Murchison Bay (MB) and Napoleon Gulf (NG), and during water treatment (November 
2016-January 2017). The two embayments differ in eutrophication status, with higher nutrient 
concentrations in MB than in NG, and show contrasting abundances of the dominant toxigenic 
cyanobacteria: Microcystis aeruginosa and M. ftos-atjuae in MB and Dolichospermum circinale and 
Pianktolyngbya drcumcreta in NG [19|. From the point of view of sanitation, no studies have been 
conducted on both the source of cyanotoxin exposure (dynamics in lake water and removal during 
water treatment) and the associated health hazards. We monitored the dynamics and the spatial 
variability of toxigenic cyanobacteria and cyanotoxins in lake water from the inshore to the 
abstraction point of the water treatment plants (WTPs), as well as in the open lake. We also 
determined the removal of MC after water treatment in two WTPs, one in MB and one in NG, 
supplying treated water for the cities Kampala and Jinja, respectively. In considering extracellular 
MC, we also measured the intracellular MC level and the potential cyanobacterial cell lysis during 
the water treatment process. Afterward, the potential risks associated with the toxigenic 
cyanobacteria and their toxins for human populations using raw and treated water from these two 
embayments were discussed.

NafxdeonGUt

N

A

Figure 1. Location of the two study areas in Murchison Bay (MB) and Napoleon Gulf (NG) (1) and 
dose up with tributaries and wetlands (2) and the location of sampling sites (Inshore, Recreation, 
WTP abstraction points (Abs. point) and open lake) in MB (3) and NG (4). The sampling depths in 
MB were as follows: Inshore = 1.4-25 m (184 ± 034), Recreation = 2-2.7 tn (23 t 03), WTP 
abstraction points (Abs. point) = 9.4-18.4 m (14 ± 233) and Open Lake = 12-14 m (17 7 ± 05). In NG, 
the sampling depths were as follows: Inshore - 5.4-65 m (6.1 ± 03), Recreation =• 5.7-73 m (65 ± 
05), WTP abstraction points (Abs. point) - 11.4-158 m (13.1 ± 13) and Open Take - 163-215 m 
(18.1113).
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In MB, the most dominant toxigenic cyanobacteria belonged to the genus Microcystis 
with M. aeruginosa (0.5-31.4 mm3 L-1, mean ± SD = 73 ± 6.7 mm3 L"1; 18.7% of the total 
cyanobacteria biovolume) and M.flos-aquae (0.4-30 mm3 L1, mean ± SD = 6.6 ± 6.7 mm3 
L 17.9% of the total cyanobacteria biovolume). In MB, the highest biovolume of toxigenic 
cyanobacteria was recorded from the inshore and recreational stations (0.6-283 and 13- 
29.8 mm3 L-1, respectively). The non-toxigenic cyanobacteria made the most significant

o
0.01 
10.00 
50.00

o

Figure 2. Potentially toxigenic and non-toxigenic cyanobacteria recorded from the lake survey at 
sampling sites: (i) inshore, (ii) recreational area, (iii) WTP abstraction point (Abs. point), (iv) open 
lake, in Murchison Bay and Napoleon Gulf. Among the 46 cyanobacteria species, 14 were considered 
potentially toxigenic. Circle sizes are proportional to the total biovolume (mm3 L">) of each taxon 
(data collected between November 2017 and October 2018, n = 120).
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Zl. Toxigenic vs. Non-Toxigenic Cyanobacteria Diversity and Biovolume
In the embayments: From the lake survey, up to 46 cyanobacteria taxa were recorded with 14 

potentially toxigenic taxa belonging to five genera: Dolichospermum, Microcystis, Oscillatoria, 
Pseudanabaena and Raphidiopsis (previously Cylindrospemiopsis). Most of the cyanobacterial species 
identified so far were considered non-toxigenic (27 taxa from MB and 26 from NG; Figure 2). 
Comparing the two embayments, a higher cyanobacterial biovolume was observed in MB (0.9 x 10~* 
to 45B mm3 L-1; mean ± SD = 2 ± 43 mm3 L-1) than NG (0.4 x 103 to 22 mm3 L-1; mean ± SD = 05 ± 
1.4 mm3 L-1; Mann-Whitney test, p < 0.0001). In MB, higher cyanobacterial biovolumes were 
recorded from inshore samplings than at the WTP abstraction point and open lake stations 
(Friedman test, X2= 4987.8, p < 0.001 with the Nemenyi post hoc test). However, in NG, no significant 
differences in the cyanobacteria biovolume were observed from the inshore to the open lake stations 
(repeated measures ANOVA, F = 0518, p = 0.603; Figure 2).

_____ ________________J___
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contribution to the cyanobacteria! biovolume (56.4%), ranging from 8.9 x 10'3to 45 mm3 
L-1, mean ± SD = 1 ± 3 mm3 L"1, dominated by Chroococcus turgidus in the recreational area 
(Figure 2). The temporal dynamics of the most abundant toxigenic cyanobacteria in MB 
were dominated by Microcystis spp. at the inshore and recreational sites (with the highest 
biovolume observed in September (inshore station) and November (recreational station) 
(Figure SI)).

In NG, the dominant potentially toxigenic cyanobacterium was D. circinate, ranging 
from 0.1 to 8.6 mm3 L-1, mean ± SD = 2.3 ±1.9 mm3 L-1 (36% of the total cyanobacteria 
biovolume), followed by M. flos-aquae with 0.3-2.9 mm’L'1, 0.7 ± 0.6 mm3L*’ (6.1% of the 
total cyanobacteria biovolume). The toxigenic cyanobacterium Oscillatoria tenuis (22 mm3 
L~’) was detected once with a high abundance in November 2017 (62.3% of the total 
cyanobacteria biovolume) at the inshore station. The non-toxigenic cyanobacterial 
biovolume ranged from 0.4 x 10'1 to 5.5; 0.3 ± 0.7 mm3L-1 (47% of the total cyanobacteria 
biovolume), dominated by Planktolyngbya circinncreta (0.5 to 5.5; 2 ± 1.3 mm3 L'1; 72% of 
the non-toxigenic cyanobacteria biovolume) in the recreational station (Figures 2 and SI).

During water treatment: Since our survey on MC concentrations during water treatment 
(see below) was performed for three months (November 2016-January 2017) only, the 
seasonal variation in cyanobacteria biovolume in raw water could not be considered. Thus, 
it became important to investigate the seasonality of cyanobacteria community 
composition for a longer period. When comparing the toxigenic cyanobacteria biovolume 
composition at WTP abstraction points for both study periods, on average higher 
(toxigenic) cyanobacteria biovolume was recorded (f-test, p = 0.04; Figure S2). During the 
water treatment survey, 15 cyanobacterial taxa were found in the abstracted water 
(and raw water entering the treatment process), including 3 potentially toxigenic taxa 
(A4. aeruginosa, M. flos-aquae and Dolichosperinum sp.) and 12 non-toxigenic cyanobacteria 
(Figure 3). The taxonomic composition recorded during the two study periods was similar 
(see Figures 2 and 3). The depth-integrated water at the WTP abstraction point of MB-Gaba 
was dominated by cyanobacteria (15.9 ± 3.5 mm3 L_|; >90% of total phytoplankton 
biovolume), i.e. Microcystis spp. (12.3 ± 2.6 mm3 L_|), >70% of the total cyanobacterial 
biovolume), (Figure 3A). At the NG-Walukuba abstraction point, cyanobacteria were 
dominated by the non-toxigenic Planktolyngbya (4.5 ±1.3 mm3 L-1; 46% of the total 
cyanobacterial biovolume) and the toxigenic Microcystis spp. (4.4 ± 1.7 mm3L-1; 44% of the 
total cyanobacterial biovolume), followed by the non-toxigenic Aphanocapsa (0.8 ± 0.2 mm3 
L-1; 8% of the total cyanobacterial biovolume). Other genera, such as Dolichospermum sp., 
Chroococcus sp. and Merismopedia sp., contributed < 1% of the cyanobacterial biovolume 
(Figure 3).
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Figure 3. Cyanobacteria! biovolume and composition at the WFP Abs. point and in raw water (RW) 
from MB-Gaba and NG-Walukuba water treatment plants. (A) Temporal dynamics of cyanobacteria 
genera; (B) Proportion of potentially toxigenic and non-toxigenic cyanobacteria (data collected 
between November 2016 and January 2017, n = 90).
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22. Cyanotoxins Occurrence in the Lake Victoria Embayments and during Water Treatment
In the embayments: During the field survey, there was no detection of ATX, CYN or STX 

in all environmental samples (n = 120), but there was a detection of homoanatoxin-a (HTX) 
at the inshore station in MB (at low HTX concentrations, <0.04 HTX L-1) in 2 samples, while 
99 samples (82.5%, n = 120) were found to contain MC. The most frequent MC congeners 
in MB and NG included MC-RR and MC-LR (Figure 4). The total concentrations of MC 
were significantly higher among samples obtained from MB than those from NG (Mann-
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During water treatment: During the water treatment survey, there was no analysis for 
ATX (HTX), CYN and STX. In total, 21 samples (233%, n — 90) were found positive for 
MC. For the MB-Gaba abstraction point and raw water, six MC congeners, including MC- 
RR, MC-YR, MC-LR, [Asp’l-MC-RY, [MeAsp^-MC-RY and [NMeSerQ-MC-YR, were 
regularly detected. In NG-Walukuba, four congeners were detected at the abstraction
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Figure 4. Spatial variation in the intracellular MC concentrations (mean ± SD), (A) at (i) inshore 
stations in the bays, (ii) recreational areas, (iii) WTP abstraction points (Abs. point) and (iv) open 
lake in Murchison Bay (MB) and Napoleon Gulf (NG), (between November 2017 and October 2018, 
n = 120), (B) during the water treatment from lake water to final water in MB-Gaba and NG- 
Walukuba (between November 2016 and January 2017, n = 90). Note the different scales in the y- 
axis. (C) Relative frequency of the structural variants of MC detected during the lake survey and (D) 
from the WTP abstraction points and raw water entering the WTPs (n = 18), from MB-Gaba and NG- 
Walukuba. Abbreviations: Abs. point = WTP abstraction point, RW = Raw water, CFW « Coagulated 
and flocculated water, SFW = Sand filtered water, FW = Final water, nd = not detected.

Whitney test, p < 0.001; Figure -1A). In MB, the MC concentrations showed a decreasing 
gradient from the inshore (0.15-11.7; mean ± SD = 2.01 ± 237 pg MC-LR equiv. L-1) and 
recreational stations (0.18-14.8; 2.34 ± 4.03 pg MC-LR equiv. L-1) to the W TP abstraction 
point (0.04-1.41; 0.62 ± 0.47 MC-LR equiv. L-1; ANOVA, p = 0.0128) and open lake stations 
(0.02-0.91; 0.22 ± 0.25 MC-LR equiv. L-1, ANOVA, p < 0.05). In NG, the mean MC 
concentrations were rather low (<02. pg MC-LR equiv. L-1), with no significant difference 
across the sampling stations (ANOVA, p = 0.904; Figure 4A). In MB, MCs were detected 
throughout the year, but in NG, MCs mostly occurred during the first half of the study 
period, Le., November 2017-April 2018 (Figure S3).
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Figure 5. Concentration of dissolved MC (mean ± SD) as detected by ELISA (A) and LC-MS (B) from 
WTP abstraction points in MB and NG, and during the treatment process in MB-Gaba and NG- 
Walukuba. (C) Relative frequency of the structural variants of MC detected in the dissolved water 
from MB-Gaba (n = 45). Note: there was no detection of dissolved MC in NG-Walukuba. 
Abbreviations: Abs. point - WTP abstraction point, RW ” Raw water, CFW - Coagulated and 
flocculated water, SFW - Sand filtered water and FW - Final water.
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point, including MC-LR, MC-RR, MC-YR and [NMeSerl-MC-YR (Figure 4D). For the 
WTP survey, both intracellular and dissolved MCs were differentiated. In general, 
intracellular MC concentrations at the two WTP abstraction points were found comparable 
to MC concentrations observed inshore (Figure 4B), i.e., the mean concentrations of 
intracellular MCs were 122 ±036 pg MC-LR equiv. L1 at MB-Gaba and 0.36 ± 0.46 pg MC- 
LR equiv. L”1 at NG-Walukuba. For MB-Gaba only, the MC concentration increased to 3.61 
± 0.48 pg MC-LR equiv. L-1 in raw water (Figure 4B). Accordingly, the concentrations of 
dissolved MCs, as determined via ELISA, were significantly higher in MB-Gaba than in 
NG-Walukuba (Figure 5A). However, for NG-Walukuba, the dissolved MCs were 
consistently below the LOD for LC-MS (Figure 5B). In addition, there was an increase in 
dissolved MC during certain treatment steps in MB-Gaba, especially coagulation and 
flocculation, but in general, the dissolved MC was drastically decreased until the final 
treatment step. Indeed, MC was detected in the final treated water only once (0.14 pg L-1 
on 4 January 2017). In the diluted fraction, MCs were composed of MC-LR, MC-YR, 
[MeAsp3]-MC-RY and [NMeSerT-MC-YR (Figure 5C, Tables SI and S2).
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Parameters Min-Max (Mean ± SD)

-0.093

0.031

55I

Correlation
Coefficient

0.31
0.32 
0.02 
0.24
0.02
0.42
0.06
0.31
0.18
0.60 
0.62 
0.57
0.22
0.24

0.56-380.3 (13.4 ± 38.8) 
0.01-1206.8 (49.3 ± 150.9) 

1.11-947.4 (73.5 ± 127) 
0.00-47.2 (4.7 ±7.1) 

0.16-149.1 (18.2 ± 22.3) 
0.02-197.2 (18.2 ± 22.3) 

0-61.1 (11.2 ±13.9) 
3.1-8.1 (4.5 ± 1.1) 

N-S, E-W, S-N, N-NE (S-SE, E-W) 
181.7-394.7(290.9 ± 80.9) 

0.27 -69 (7.3 ± 9.4) 
39,000-1,061,206 (106,277 ± 148,826) 

0.07-20.6 (3.9 ± 4.1) 
645-182,627 (33,822 ± 34,975)

Regression 
Coefficient (Log10) 

-2.044 
0.055 
0.041

0.004
-0.703 ’
0.035 ’ 

1.021 *"

Intercept 
SRP (ng L-1) 
NH., (ngL-1)

NO3- (ng L’1)" 
no2- (ng L-1)* 

N:P ratio
Turbidity (NTU) 

Rainfall (mm)
Wind speed (km h-1) 

Wind direction
Solar radiation (Wm2 day-1) 

Microcystis biovolume (mm3 L ') 
Microcystis cell number 

tichosperiiiuiH biovolumc (mm3 L-1) 
Dolichospcnnuni cell number

R2

2.3. Relationships between Predictive Variables and Microcystins
Regarding the limnological variables selected to predict MC concentration (Table 1), 

turbidity ranged from 0.2 to 197 NTU, and the dissolved N:P ratio ranged from 0.16 to 
149.1 (mean 18.2 ± 22.3). Among the biological variables, the average biovolumes and cell 
numbers of Microcystis were higher than Dolichospenninn. The meteorological variables, 
such as rainfall, during the sampling days varied from no rain (dry season) to maximum 
rainfall of 61.1 mm/day and an average of 11 mm for the sampling period. The primary 
wind directions were from north to south (N-S), from east to west (E-W) and from 
northeast to southeast (NE-SE). In particular, during the field survey period (November 
2017-October 2018), 30.4% of the sampling days had an average wind speed of 4.3 km h-1 
in the N-S direction, followed by 26.1 % of sampling days with a wind speed of 3.5 km h-1 
in the E-W direction and 21.7% days with wind of 5.4 km h"1 in the S-SE direction. The 
average wind speed ranged from 3.1 to 8.1 with a mean of 4.5 ±1.1 km h-1, while the mean 
solar radiation (for the 10 days prior to each sampling date, D10) was 291 ± 81 Wm2day-1.

0.008 
0.49

Dissolved fractions of N used for the calculation of the N:P ratio applied in the PLS model.
Taking all the data together (n = 120), the parameters of wind speed and wind direction, 

mean intensity of solar radiation and biovolume of Microcystis and Dolichosperinum 
explained 55.2% of the variance of the partial least squares (PLS) model for MC 
concentrations (PLS model coefficients not shown). When considering the cell numbers of 
biological parameters in the PLS model, wind speed, direction, mean solar radiation and 
Microcystis cell numbers explained 49.6% of the variance in MC concentrations (Table 1). 
Furthermore, there was a significant correlation between Microcystis in MB and MC 
concentration (abundance data: r = 0.57, p < 0.001; biovolume data: r = 0.62, p < 0.001), but 
no significant correlation between Dolichospermum (abundance or biovolume) and MC 
concentration.

The decision support tree (DST), which is a guiding tool for management actions during 
suspected harmful blooms, was applied to provide an alert level framework for the health

Table 1. Standardized parameter coefficients from the global partial least square (PLS) 
regression models using login transformed variables to predict MC concentration in NG 
and MB, as well as correlation coefficients between MC concentration and environmental 
and biological parameters. Data from NG and MB were pooled together, and the Pearson 
product-moment partial correlation coefficient was used. Significant variables are 
marked in bold, statistically significant coefficients are indicated by asterisks: *** p < 
0.001; **p< 0.01; *p< 0.05.
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3. Discussion
3.1. Toxigenic Cyanobacteria and Cyanotoxins in the Lake Victoria Embayments

The predominant toxigenic cyanobacteria in the two embayments of northern Lake 
Victoria during the study period were Microcystis in MB and Dolichospermum and 
Microcystis in NG. These two genera are among the most common toxigenic genera in 
aquatic freshwater ecosystems, followed by Raphidiopsis (previously Cylindrospermopsis) 
[5]. The Microcystis biovolume recorded between April 2003 and March 2004 formed 0.3 ± 
0.1 mm3L-1, representing 20.1% of the total cyanobacteria biovolume (1.6 ±0.7 nun3 L-1) in

Figure 6. Decision support tree for prediction of MC concentrations in lake water from 
Murchison Bay and Napoleon Gulf, northern Lake Victoria. Note: LOQ for MC = 0.04 pg 
L-1; MeanWind_D5 = the mean wind speed for the five days (km h-1) (N-S direction) and 
MeanSolar_10 = mean solar irradiance for the ten days prior to sampling (W m2 day-1). 
(Data collected between November 2017 and October 2018, n - 120). Colors: Red = 0.08- 
14.8 pg MC-LR equiv. L-1, Yellow = LOQ—4.5 pg MC-LR equiv. L-1, Brown and Blue = 
LOQ-O.91 pg MC-LR equiv. L-1.
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risk through MC concentrations as well as the need to monitor MC concentrations. As a 
precautionary tool, in the DST, the prediction of MC was primarily related to the 
abundance of Microcystis spp. (support vector machines with linear kernel, kappa = 0.7877, 
p < 0.001; Figure 6). When Microcystis abundance was >200,000 cells mL-1 (or equivalent of 
13.7 mm3 L-1), there was a 100% probability of observingMC When Microcystis abundance 
was between 58,000 (the equivalent of 3.9 mm3 L-) and 200,000 cells mL-1, the MC 
concentrations were significantly related to the mean solar radiation (>248 Wm2 day-1) and 
mean wind speed (<4.8 km h-1) in the N-S direction. Additionally, when Microcystis 
abundance was <58,000 cells mL-1, the mean solar radiation intensity for the 10 days prior 
to sampling (D10), turbidity (>17.4 NTU) and abundance of Dolichospermum were 
correlated with low’ concentrations of MC (Figure 6).

------ |5I------
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inner MB [20], In another study between May and June 2004, the Microcystis biovolume 
ranged from 3.1 to
23.2 mm3L~' [21], and in 2017-2018 (this study), it varied between 0.5 and 69 mm3L_| (10.5 
± 10.6 mm3L~'). Considering these data, they suggest that there has been an increase in 
Microcystis biomass (six-fold) in MB over the last two decades.

Analogously, the range of Dolichosperniuni biovolume in the mid-2000s ranged from 8.6 
to 15 mm3L"1 [21], but during this study, it varied between 0.4 and 20.6 mm3 L"1. In NG, 
the Microcystis biovolume varied between 3.1 and 23.2 mm3 L-1 in the mid-2000s and 0.18 
and 31.4 mm3 L"1 (this study), but the Dolichosperniuni biovolume declined from 9.8-83 
mm3 L~' to 0.1-8.63 mm3 L-1. This suggests that either during the mid-2000s, a 
Dolichosperniuni bloom event occurred in NG, or the dominance of Dolichosperniuni shifted 
to Planktolyngbya more recently. This shift between the two genera, i.e., heterocyte-forming 
Dolichosperniuni vs. non-heterocyte-forming Planktolyngbya, could reflect the increased 
inorganic nitrogen inputs, i.e., via terrestrial run-off.

Our study also revealed the presence of HTX at the inshore station of MB. This 
neurotoxic cyanotoxin is known to be produced by cyanobacteria from the genera 
Dolichosperniuni, Aphanizonienon, Oscillatoria, Phorniidium and Planktothrix [22], In this 
study, among the potential HTX producers, at the same time, Dolichosperniuni was 
observed in the depth integrated water sample; thus, the detected HTX was possibly 
associated with this genus. For instance, the Dolichosperniuni biovolumes were 8.6 and 5.1 
mm3 L“' during June and September 2018 when HTX were detected from the inshore areas 
in MB. On the other hand, in this study, Oscillatoria tenuis was detected once in November 
2017 but with high abundance. Oscillatoria can either produce ATX only or HTX as a major 
variant with traces of ATX (see Mann et al. [23]). In the future, the suggested HTX 
occurrence in Lake Victoria embayment should be evaluated by cyanobacteria strain 
isolation.

The main cyanotoxins detected in lake water and during water treatment included MCs 
with the congeners MC-RR, MC-YR, MC-LR, [Asp3]-MC-RY, [MeAsp3]-MC-RY and 
[NMeSer7]-MC-YR, which have been recorded already in previous studies in these 
embayments, as well as partly from other parts of the lake (see review [8]). However, while 
the congeners were similar, in this study, for the MB embayment, the MC concentrations 
were higher than those reported previously (0.2-15 pg MC-LR equiv. L-1 in this study 
compared to 0.2-0.7 pg MC-LR equiv. L"1 recorded during the mid-2000s (particularly 
from 2004 to 2005) [24]; and 0-1.6 pg MC-LR equiv. L-1 between 2007 and 2008 [13]). This 
increase in MC concentrations might be associated with the six-fold increase in the mean 
Microcystis biovolume (10.5 ± 10.6 mm3 L-1) in MB. On the contrary, in NG, the 
concentrations of MC reported in this study corresponded to those reported in the late 
2000s, estimated between 0 and 1.5 pg MC-LR equiv. L-1 [13,21,25]. Obviously, the change 
in cyanobacterial community composition from Dolichosperniuni dominance to 
Planktolyngbya dominance did not affect MC concentrations in NG, since this genus does 
not produce MC [26].

The concentrations of the MC detected in Lake Victoria have varied over the past two 
decades. In general, the concentrations of MC in the water column (depth-integrated 
samples) have been found relatively low (<2 pg L-1, e.g., in Ref [8]). However, during 
bloom events and in surface sums, high concentrations of 81 pg L_| [27] and >2 mg L"' [12] 
have been reported in Nyanza Gulf (Kenya). This implies that higher concentrations of 
MC in the lake can occur, as well as the consequences for humans and fish. In Africa, MCs 
have been detected in 21 of the 55 countries, where in the south, the concentrations have 
ranged between <1 and <20 pg L*1 in Zimbabwe (and up to 43 pg L"1 in Lake Krugersdrift 
in South Africa [28]). Similarly, in the west and north African countries, MC concentrations
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ranged from 3.2 gg L"1 (Ghana), 5.8 gg L-1 (Nigeria) and up to 28.9 gg L-1 (Algeria) [28], 
This can affect direct water use and even wildlife, as reported from the Kruger National 
Park, when MC concentrations exceeded > 2 mg L"1 [29]. Consequently, the reported MC 
concentrations can have variable consequences for humans, livestock and wildlife on the 
African continent.

I
,64

3.2. Factors Explaining MC Concentrations
The most important drivers explaining MC concentrations are cyanobacterial species 

composition, followed by physiological factors related to cellular growth, such as light 
intensity and rising temperature [30], and the concentrations and forms of N and P [31,32]. 
For various lakes in Uganda, Poste et al. [24] showed that high TP, low TN:TP ratios and 
high cyanobacteria biomass all positively influenced MC concentrations. Recently, 
Krausfeldt et al. [33] indicated that although N sustained the biomass of toxigenic 
cyanobacteria, different forms of N can induce physiological changes, consequently 
causing variations in the MC concentrations. Aside from the physiological effects, all these 
drivers are triggers of growth of the toxigenic cyanobacteria, Microcystis and 
Dolicliospennuin, and thus also influence the production of MC through cell division [34], 
Earlier studies by Roegner et al. [35] did not find potential predictors of MC presence or 
an increased MC concentration in another embayment, Kisuniu Bay, Lake Victoria 
(Kenya). During our study period, the variation in MC concentration was associated with 
the biovolume of Microcystis spp. and mean solar radiation, while changes in mean wind 
speed and direction
(N-S and N-NE) were also related to the incidence of toxigenic Microcystis sp. and MC in 
the two embayments. From the decision tree, which provided a stepwise increase in MC 
concentration (Figure 6), it can be inferred that MC concentration was increasing at lower 
wind speed (<4.8 km h_|) blowing in the N-S direction, suggesting that the wind was 
blowing the scums from the inshore to the open water. In general, wind-driven currents 
are important in the horizontal and vertical distribution (sinking or floating) of Microcystis, 
which depend on the colony size [36] and physical density of the Microcystis cells [37]. 
During the study period, the most frequent wind direction was N-S oriented (30.4%), i.e., 
moving surface water from the inshore areas to the open lake. In contrast, the open lake 
had less chance of being blown into the bays (S-N) and to the shorelines (S-NE), since only 
4.3% of the sampling days had wind blowing in these directions. Thus, the southward 
wind might have influenced the movement of Microcystis scum from the inshore areas to 
the open water and thus reduced MC concentrations.

In general, it is known that Microcystis growth is favored by eutrophic and polymictic 
conditions because Microcystis form buoyant colonies that can float up quickly and use the 
light for photosynthesis more efficiently than other non-buoyant taxa, such as diatoms 
[38], For example, in Nyanza Gulf of Lake Victoria (Kenya), the growth of the chain­
forming diatom Aulacoseira granulata was found positively related to transparency (Secchi 
depth), while the growth of Microcystis sp. was found negatively related [39], Marshall et 
al. [40] predicted an overall increase in temperature by 2 C in northern Lake Victoria by 
2055, which will also cause increased physical stratification of the main basin and possibly 
favor the growth of buoyant cyanobacteria, such as Microcystis.

In addition, an earlier field survey from MB and NG and other Ugandan water bodies 
[21] suggested that the concentration of MC per Microcystis cell was causally dependent 
on the quantity of MC-producing genotypes, i.e., those carrying the »ici/B gene, which is 
indicative of MC synthesis. The same authors also reported a relationship between MC 
concentrations and total Microcystis cell numbers, which was also found in this study. It 
was reported that for individual strains, high light availability increased MC synthesis in



59 of 141■64

59

M. aeruginosa by increasing gene transcription [41]. Under high light intensity, the higher 
level of MC was related to the higher transcription levels of both jhci/B and mcyD genes 
[42]. In this study, neither the genetic basis nor genetic regulation of MC biosynthesis was 
tested, but in addition to Microcystis biovolume, accordingly, the effect of light availability, 
i.e., through lower turbidity (or increased transparency), and average solar radiation (a 
proxy for both light and temperature) were found positively related to MC concentration.

3.3. The Fate ofMC during Water Treatment
In general, WTPs are susceptible to cyanotoxin contamination, but the data on 

cyanotoxin occurrence in treated water produced in the tropics are scanty [4,43]. Earlier 
studies in Lake Victoria focused on intracellular toxins [8,34], but fewer considered 
extracellular toxins. This study monitored both intra- and extracellular MC occurring 
through a conventional water treatment installed at the two embayments susceptible to 
cyanobacteria! blooms. Chorus and Bartram [43] reported that WTPs in general, using 
coagulation, clarification and rapid sand filtration for surface water treatment, are effective 
at removing cyanobacteria! cells but only partially effective at removing free (dissolved) 
cyanotoxins. Indeed, rapid sand filtration can be considered effective in removing 
intracellular MC through the removal of cyanobacterial cells. For instance, in this study, 
chlorophyll-a concentration recorded in raw water (47.6 ± 7.7 gg L-1 in Gaba III and 12.3 ± 
5.4 gg L-1 in Walukuba) declined by >90% in final water (i.e., 2.7 ±1.8 gg L-1 in Gaba and 
2.3 ± 0.4 gg -1 in Walukuba), suggesting that sestonic algae and cyanobacterial cells were 
effectively removed. In addition, our data showed that intracellular MCs were detected in 
62.6% and 33.3% of the raw water samples from MB-Gaba III and NG-Walukuba, 
respectively, but were no longer detected in final water.

On the other hand, rapid sand filtration may be more susceptible to cell lysis [4,43]. 
Therefore, the water authorities in charge of conventional WTPs might face a challenge 
arising from dissolved MC. In this study, when raw water MC concentration was 0.46 ± 
0.19 gg MC-LR equiv. L"1, we observed dissolved MC during rapid sand filtration. This is 
in agreement with studies in Finland, where Tarczynska et al. [44] found that, on average, 
0.8 gg L~‘ of MC was detected in treated water, suggesting that pre-chlorination, 
coagulation and rapid sand filtration were ineffective in removing dissolved MC. 
Similarly, Lahti et al. [45] also reported that rapid sand filtration was less effective in 
removing dissolved MC due to the occasional occurrence of MC in treated water below 
the lifetime guideline value for exposure via drinking water (WHO 2021). As a result, the 
release of MC from cells should receive more attention during water treatment via rapid 
sand filtration. For effective removal of dissolved MC, an additional process is required, 
e.g., Ho et al. [46] reported complete degradation of MC on biologically active sand filters 
within four days, attributed to high bacterial activity. Another effective method to remove 
dissolved MC was slow sand filtration or filtration through granular activated carbon [47]. 
However, both methods are less common in water treatment in east Africa and the global 
south.

For MB-Gaba, the dissolved MC detected in the sand-filtered final water was possibly 
associated with filter clogging and more frequent backwashing per day (min. 2 times per 
day). It is possible that a higher cyanobacteria biomass in the abstracted raw water caused 
a higher dissolved MC concentration. Nevertheless, the total dissolved MC concentration 
in treated water was always found below the lifetime guideline value for exposure via 
drinking water (WHO 2021, i.e., <1.0 gg MC-LR equiv. L-1). However, since an increase in 
Microcystis biovolume in raw water in the future cannot be excluded, regular monitoring 
of dissolved MC during the water treatment process is recommended to better understand 
the potential health threats over longer periods. This will be in addition to the daily
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measurements of pH, conductivity, water color, turbidity, total suspended solids, and 
residual chlorine, and E. coli measurements for treated water safety for the riparian 
population.

3.4. Multiple Exposure Routes to Toxigenic Cyanobacteria and Cyanotoxins
The primary threat to humans is via direct exposure to toxigenic cyanobacteria and 

cyanotoxins through drinking water [4], mainly from contaminated untreated or treated 
water [34], In our study, the two WTPs efficiently purified raw water containing toxic 
cyanobacteria. However, probably through cell lysis (after pre-chlorination and 
coagulation), free intracellular MCs were released into the water and were composed of 
five or six structural congeners. In addition to the globally most frequent MC-RR, -YR and 
-LR variants, the rare [NMeSer7]-MC-YR congener was found frequently. It should be 
mentioned that chlorination of raw water or treated water has been reported to be 
associated with the formation of undesirable degradation by-products and isomers, such 
as monochloro-MC, monochloro-dihydroxy-MC and tri-halo-menthanes [48]. Thus, in the 
future, if an increased concentration of free MC is recorded in final water, investigations 
on the potential chlorination degradation by-products would be required as well.

In general, MC-LR was found to be the most potent toxin, followed by MC-YR and 
MCRR, i.e., when administered intraperitoneally to mice (e.g., Ref [49]). When 
administered orally to mice, fewer indications of acute toxicity have been found for two 
MC-RR related structural variants (e.g., Chernoff et al. [50]). To our knowledge, the toxicity 
equivalents for the more frequently detected [NMeSer7]-MC-YR and MC-RY variants 
during the WTP survey were not determined. However, since MC-LR was recorded 
frequently during both the field survey and the WTP survey, the resulting toxicity is 
considered relevant. It should be noted that, in the absence of oral toxicity data for other 
MC structural variants, it is recommended that the guideline values are applied to total 
MCs, based on the worst case assumption of the congeners having similar toxicity [4]. In 
general, the average intracellular MC concentrations observed inshore exceeded the 
lifetime (1.0 ng MC-LR equiv. L’1) guideline value in MB but not in NG. Therefore, to 
guarantee the elimination of MC from treated water, the actual toxin concentrations in the 
source water should be monitored. Early warning parameters, such as Microcystis cell 
numbers or pigments, could be used to trigger an action plan for safety during water 
treatment if thresholds of toxigenic cyanobacteria and cyanotoxins in the source water are 
exceeded.

In addition, for Uganda, the use of untreated water by local populations engaging in 
recreational activities is considered an important exposure route. For example, in this 
study, the highest concentration of MC in MB (15 ng MC-LR equiv. L-1 recorded at the 
recreational areas) coincided with a Microcystis cell density of 1.45 x 106 cells mL"1. Thus, 
the nearshore recreational areas, which are easily accessible by the locals, expose them to 
toxic cyanobacteria and cyanotoxins. In general, the observed Microcystis cell densities (M. 
flos-aquae, 859,690 ± 582,749 cells mL-1 and M. aeruginosa, 792,609 ± 418,230 cells mL-1) 
exceeded the frequently cited alert level of 100,000 cells mL’1 when assessing health risk 
and regular monitoring is recommended [43]. A general increase in MC-producing 
Microcystis in MB would suggest that the probability of exceeding the WHO lifetime 
guideline value of 24 j.ig MC-LR equiv. L’1 in recreational water (untreated water) will 
increase as well. Thus, the monitoring of Microcystis cell abundance could be used as an 
early warning tool both for recreational services providers and WTP operators [51]. 
Consequently, measures to reduce the threats of deliberate and accidental consumption of 
toxigenic cyanobacteria during recreation, and eventually, adjustments in the dosages of 
the chemicals used in the water treatment process, are recommended [52]. These measures
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could involve warning signs and the closure or discontinuation of swimming or bathing. 
So far, these measures have been effective in developed countries, such as the Netherlands 
[52], but have not been used in the south, including Uganda. For WTP operation and due 
to seasonal variability in toxigenic cyanobacteria and the high cost of toxin monitoring, it 
is deemed necessary to adopt simple, rapid methods, such as cell counting of the dominant 
toxigenic taxa of Microcystis.

This study is the first to examine the seasonal and spatial diversity and the dynamics of 
MC in lake water used for water treatment in Murchison Bay and Napoleon Gulf in Lake 
Victoria. Although MCs were efficiently reduced by both WTPs, the high abundance of 
toxigenic cyanobacteria within the lake water and the possible occurrence of the 
cyanotoxin MC can pose a potential health threat to riparian communities. The risk of daily 
consumption of untreated water by locals and people engaging in recreation requires an 
early warning system, especially during cyanobacteria! bloom events. The increase in MC 
concentration was related to the biovolume of Microcystis, influenced through solar 
radiation, mean wind speed (N-S direction) but also turbidity in the water column. Thus, 
early warning methods, such as regular Microcystis biovolume estimation and 
sensitization of people during bloom events, are proposed to prevent health threats from 
toxigenic cyanobacteria. According to the results of this study, we recommend not using 
lake water for domestic purpose (cooking, drinking, washing) but rather using treated 
water and reducing recreational activities during Microcystis bloom events.

5. Materials and Methods
5.7. Study Sites and Sampling Design

The two bays of Lake Victoria, Murchison Bay (MB) and Napoleon Gulf (NG), were 
selected for this study because of their contrasting ecological conditions and contrasting 
abundances and diversity of toxigenic cyanobacteria [19] (Figure 1). MB is a relatively 
shallow (maximum sampled depth = 18 m) and closed bay, receiving mainly point source 
pollutants, while NG, although similarly shallow (18.1 m), is an open gulf and hosts the 
major outflow from Lake Victoria (source of River Nile). These bays are the main water 
source for local inhabitants who are not connected to piped (treated) water using lake 
water processed by the WTPs.

Depending on the location, the sampling depth ranged from 1.5 to 18 m (Figure 1). 
At the various sampling stations, water samples were depth integrated from every 1 m 
depth using a 2 L horizontal van Dorn sampler. The samples were collected in a 20 L 
bucket as a composite sample to represent the whole water column. From the depth- 
integrated sample, 2 L were taken and transported in cooling boxes to the laboratory for 
filtration using GF/C filters under low vacuum pressure for cyanotoxin analysis (see 
below).

In order to estimate cyanobacteria biovolume composition and MC during water 
treatment, sampling was performed weekly (n = 9) between November 2016 and January 
2017 at the Gaba III plant (MB-Gaba) located in MB and at the Walukuba plant (NG- 
Walukuba) in NG (Figure 1). Although both plants use the conventional water treatment 
methods of coagulation, rapid sand filtration and chlorination, differences exist between 
the capacity of the WTPs and additional treatment steps applied in the Gaba Ill plant. The 
main differences are that MB-Gaba III abstracts raw water about 4100 m3h-> from 1.5 km 
offshore at a depth of 8 m, while NG-Walukuba abstracts about 880 m3 h-1 from 600 m 
offshore at a depth of 4 m. In addition, the MB-Gaba plant performs pre-chlorination of 
the raw water and pH adjustment of the final treated water by using calcium carbonate 
(CaCOj). Sampling was performed to monitor the intracellular and dissolved MC 
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concentration during different steps of the water treatment: (i) in the lake water at the WTP 
abstraction point, (ii) in the raw water at the entry point of the WTP, (iii) after flocculation 
and sedimentation, (iv) after sand filtration, (v) in final water after chlorination (Table 2). 
In genera], the abstraction pipes are protected with a mesh to prevent the uptake of course 
matter. After abstraction, the water is pumped to the W FP for treatment, usually within a 
short retention time (the pumped water is considered as raw water used for water 
treatment).
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5.3. Cyanotoxins Analysis
Field Survey (Quantification of Intracellular MC)

For intracellular cyanotoxins analysis, the filtered biomass was extracted using 75% 
aqueous methanol, according to the protocols described by Cerasino et al. [60], with slight 
modifications. Briefly, the cultures and environmental samples were thawed to room 
temperature in sterile 15 mL glass vials and later conditioned with 4 mL of 75% methanol. 
The conditioned samples were sonicated on ice using an ultrasound probe (Sonics Vibra 
cell) (100% amplitude, 130 W, 20 kHz) for 3 min with 30 s interval pulses to aid extraction. 
The extracts were centrifuged at 4,000 rpm for 15 min (4 C), and the supernatant was 
collected in clean 15 mL glass vials. An amount of 2 mL of 75% methanol was added to the 
pellet for the second extraction using an iced ultrasonic bath (Prolabo) (100% ultrasound 
power at 40 kHz) for 15 min. The second extracts were also centrifuged and supernatants 
pooled together. Later, 2 mL of the pooled extract was centrifuged at 13,000 rpm for 10 
min, and part of the supernatant extracts was stored in 2 mL amber glass vials at -20 'C 
until MS analysis. For ATX, CYN, STXs and MC analysis, cyanobacteria strain cultures of 
Phorniidiuni favosinn (PMC 240.05), Raphidiopsis raciborskii (PMC 99.03), Aphanizonienon 
gracile (PMC 638.10) and Microcystis aeruginosa (PMC 728.11), respectively, were used as 
positive controls (Table S4).

For the characterization and quantification of intracellular MC by LC-MS/MS, the 
extracts were centrifuged at 13,000 rpm for 10 min, and 500 pL of the clear supernatant

the size of the colony 
re-counted using a

5.2. Meteorological, Physical-Chemical and Biological Variables
Daily meteorological data (rainfall, air temperature, wind speed and solar radiation) for 

October 2017 to October 2018 were obtained from the Jinja and Kampala weather stations 
operated by the Uganda National Meteorological Authority (UNMA) and are described 
in Olokotum et al. [19]. In addition, wind direction data for the same period were acquired 
from https://www.timcanddatc.com (retrieved on 12 January 2022).

For each sampling date in the lake, several physical-chemical variables (water depth, 
Secchi depth, temperature, pH, electrical conductivity, dissolved oxygen and turbidity 
measured in situ) and soluble reactive phosphorus (SRP), nitrate (NO.i-N), nitrite (NO2- 
N), ammonium (NH.i-N), soluble reactive silica (SRSi), total phosphorus and total nitrogen 
were measured at the analytical laboratory of the National Fisheries Resources Research 
Institute (NaFIRRI), following standard operating procedures, as described in Olokotum 
et al. [19].

For microscopical analysis, 20 mL of the water samples were fixed using Lugol's 
solution [53], stored away from light. Later, 2-5 mL of the fixed water samples were 
sedimented for 6-12 h [53] before taxa identification and enumeration. Cyanobacteria 
taxonomic identification and taxa abundance and biovolume estimation were performed 
based on geometric shapes described in Sun and Liu [54]. The cyanobacteria species were 
identified using a taxonomic guide and keys as described in Talling [55], Komarek and 
Anagnostidis [56-58], and Cronberg and Annadotter [59], Chl-a concentration was used 
as a guide to estimate the volume of sample that should be sedimented. Total 
phytoplankton biovolume was positively correlated with Chl-a (R2= 0.55, p < 0.001) [19]. 
When Chl-a concentration was low (<20 pg L_|)> 5 mL was sedimented. When it was high 
(>20 pg L“’), 2-3 mL was sedimented. In addition, Microcystis was first counted as colonies 
from which the number of cells per colony was estimated based on 
and cell size. Later, the samples containing Microcystis sp. were 
Malassez counting chamber to estimate the Microcystis cell numbers.

https://www.timcanddatc.com
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5.4. Abstraction Points and Water Treatment (Quantification of Intracellular MC)
Intracellular MCs were extracted according to Fastner et al. [61], In brief, the filters 

carrying the algal biomass were cut into small pieces, and the algal biomass was extracted 
in aqueous 75% (w/v) methanol (1.5 mL volume). The extracts were sonicated in a water 
bath (Bandelin Sonorex Ultrasonics) for 10 min and then transferred to a shaker for 30 min. 
Subsequent to centrifugation at 13,000 rpm (10 min), the clear supernatant was transferred 
into new 2 mL reaction tubes, which were evaporated to dryness in a vacuum concentrator 
at 30 C. The procedure was repeated two times to ensure efficient MC extraction.

For liquid chromatography-mass spectrometry (LC-MS) analysis, the dried extracts 
were resuspended using 150 pL of 100% (p/z>) methanol, sonicated for 10 min, and 150 pL 
of MilliQ (MQ) water was added. The clear extracts were then injected into the FIPLC- 
DAD using a LiChrospher ®100, octyldecyl silane (ODS), 5 pm particle size, LiChroCART 
®250-4 HPLC cartridge system (Merck, Darmstadt, Germany). According to Lawton et al. 
[62], for chromatographic separation, a linear gradient of aqueous acetonitrile (ACN) in 
0.05% Trifluoroacetic acid (TFA) (30-70% ACN) for 45 min was used. The different 
variants of MCs were identified by (i) retention time and the order of elution using the 
analytical MC standards (MC-RR, YR and LR) and (ii) protonated mass [M + Fl]* and MS2 
and MS3 fragmentation patterns using an iontrap (amaZon SL, Bruker Daltonics, Bremen, 
Germany). The LOQ for the MC standards were 0.05 pg injected. The globally rarer 
structural variants of MC [Asp3]-MC-RY, [MeAsp3]-MC-RY and [NMeSer7]-MC-YR were 
described from the same habitats previously [21], Representative LC-MS chromatograms 
are presented as Supplementary Material (Figure S5).

The UV and MS spectra and peaks were manually integrated to obtain the peak area 
from which the MC concentrations were determined, which were quantified as

was transferred into 11PLC glass vials. Four microliters were injected into an ultra-high 
performance liquid chromatography (UHPLC) chromatographic chain (Elute UFIPLC 
Bruker) coupled to a high-resolution mass spectrophotometer (MS) system (Compact 
QTOF-Bruker) for identification and quantification of the target cyanotoxins. The extracts 
were separated on a grafted-C18 stationary phase column (Acclaim RSLC polar advance 
2, 2.2 pm, Thermo Fisher®, Waltham, MA, USA, 2.1 x 100 mm) along a 15 min linear 
gradient (5-90%; 0.3 pL min-1 flow rate) of ACN containing 0.08% formic acid and 
ultrapure water acidified with 0.1% formic acid. In the MS, the cyanotoxin masses were 
analyzed between 50 and 1500 m/z in broad-band collision ion dissociation (bbCID) or 
auto MS-MS/MS positive mode, alternating at 2 Hz the MS and MS2 modes at low and 
high energy, respectively (mass accuracy of <0.5 ppm).

The cyanotoxins were identified according to (i) retention time, (ii) molecular mass, (iii) 
isotopic pattern and (iv) diagnostic ions. They were quantified according to the area 
under-the-peak signal determined for analytical standards of STX (Cas 35554-086), ATX 
(Cas 64285-06-9), 11TX (Cas 14926-86-1), NOD (Novakit®), CYN (Novakit®) and seven 
variants of MC (MC-LR, -LA, -LF, -LW, -LY, -RR and YR) (Novakit®) using the TASQ 
software vl.3 (Bruker®, Bremen, Germany). Except for MC-RR, MC-LR and MC-YR, the 
other MC structural variants were quantified as MC-LR equivalents calculated from the 
regression curves of the MC-LR analytical standard. The LOD and LOQ for the MC 
standard were 0.02 pg L_|. The HTX was also identified according to (i) retention time, (ii) 
molecular mass, (iii) isotopic pattern and (iv) diagnostic ions previously determined by 
analyzing a commercial standard (Abraxis) in the same platform and under the same 
conditions (RT = 4.0 min, transition ion list m/z 180 -> 163; m/z 180 -> 145; m/z 180 -> 
135; m/z 180 ->107).
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5.5. Abstraction Points and Water Treatment (Quantification of Dissolved MC Using ELISA)
Al] water samples were transported cool and dark within 2-4 h to the laboratory for 

filtration. Depending on the turbidity from the sample, 250-1000 mL was filtered through 
the Whatman GF/C filters (0 47 mm) using a low vacuum pump. For the MB-Gaba and 
NG-Walukuba samples, both intracellular (filtered biomass) and dissolved MCs (filtrate) 
were determined. For the analysis of dissolved MCs in the filtrate, we directly used the 
Abraxis MC ELISA Kit (Product No. 520011, Biosense Laboratories, Bergen, Norway). The 
absorbance at 450 nm was determined using an ELISA plate reader (LEDETECT 96, SN: 
1357) in duplicate within 15 min. Standard calibration curves were constructed using the 
MC-LR standard (150, 400, 750,1000, 2000 and 5000 ng L-1) from which the concentrations 
of total dissolved MC in the samples were calculated in the linear range (0.2-2 ng/mL of 
MC-LR cquiv.) according to the manufacturer's instructions.

5.6. Abstraction Points and Water Treatment (Quantification of Dissolved MC Using LC-MS)
The same GF/C filtrated samples were concentrated through C18 columns (Sep-Pak ® Vac 
tC18 cartridge, 1 cc/100 mg, 37-55 pm, Waters Corporation, Vienna, Austria) using a 
standard solid phase extraction (SPE) procedure according to Dean [63], We tested the SPE 
protocol at the Research Institute for Limnology, Mondsee, using 100 mL of lake water 
(Lake Mondsee), tap water and Millipore water spiked with 4 pL of analytical MC 
standards (MC-RR, MC-YR and MC-LR with MC-LR concentration equivalent to 1.0 gg 
L'1). Briefly, C18 columns were conditioned using 4.0 mL of 80% (i’/r>) methanol and 
equilibrated using 1.0 mL of M ill iQ (MQ) water. Thereafter, 500-700 mL of the filtrate was 
allowed to flow through the column at 3 drops/second. For a pilot test, half of the columns 
were eluted immediately (wet), while the other half were dried at 50 C for 48 h. Since no 
significant difference in the recovery of dissolved MC was observed, subsequently, SPE 
columns were dried at 50 "C for 48 h and, thereafter, stored frozen at -20 C. SPE columns 
were transported cool and dry to the laboratory in Mondsee, Austria. In the laboratory, 
the C18 SPE columns were eluted with 1.0 mL of 80% (v/v) methanol. The eluted volume 
(1 mL) was concentrated and injected into the F1PLC-DAD (HP1100, Agilent, Vienna, 
Austria) coupled to mass spectrometry (MS, amaZon SL, Bruker, Bremen, Germany). 'Phis 
protocol resulted in an overall acceptable recovery of MC-RR, MC-YR and MC-LR 
analytical standards (CyanoBiotech GmbH, Berlin, Germany) (Figure S4). During the WTP 
survey (November 2016 to January 2017), SPE samples (filtrates) from the lake and the 
subsequent steps in water treatment were also spiked using 4 pL of the analytical MC 
standards with MC-LR concentration equivalent to 1.0 pg L~L All the analytical MC 
structural variants (iMCRR, YR and LR) were recovered from C18 SPE columns with 
concentrations > 1.0 pg L"1 (Table S3).

concentration equivalents of external analytical standards MC-RR, YR and LR (Cyano 
Biotech GmbH, Berlin, Germany). These calibration curves of the MC structural variants 
were pooled together, and the total MC concentration was calculated from the regression 
curve —y = 1626.7x + 0.0989 (R2= 0.99), where y was the absorption (mAU) recorded at 
240 nm wavelength (UV), and x was the concentration of the MC standards injected in the 
column.

5.7. Statistical Data Analysis
For cyanobacteria, the taxa were grouped into two classes of (i) (potentially) toxigenic 

cyanobacteria (taxa that were already described as toxin producers using strains) and (ii) 
non-toxigenic cyanobacteria (if toxin synthesis was not described from strains) [25]. The 
data on cyanobacteria biovolume composition were pooled for MB and NG and then
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Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/toxins! 4100664/sl, Figure SI: The temporal dynamics of 
the most abundant toxigenic cyanobacteria (see Figure 1) recorded from the lake survey at the 
sampling stations: (i) inshore, (ii) recreational area, (iii) WTP abstraction point (Abs. point), (iv) open 
lake, in Murchison Bay and Napoleon Gulf. (Data collected between November 2017 and October 
2018, h = 120); Figure S2: The mean (±SD) MC concentration (A), total cyanobacteria biovolume (B) 
and toxigenic cyanobacteria biovolume (C) at the WTP abstraction point (Abs. point) in Murchison 
Bay and Napoleon Gulf during WTP survey 1 (November 2016-January 2017) and lake survey 2 
(November 2017-Octobcr 2018); Figure S3: The temporal variation in intracellular MC concentration 
(MC-LR equiv.) recorded from Murchison Bay (upper part) and Napoleon Gulf (lower part). Note: 
Abs. point = WTP abstraction point (Data collected between November 2017 and October 2018, n = 
96). MC-YR was detected only once (0.29 pg MC-LR equiv. L-1 in June 2018) at inshore station of 
Murchison Bay. Note that the scales differ between MB and NG; Figure S4: Recovery of MC-LR 
dissolved in GF/C filtered lake water (Mondsee), treated water and Milliporc water using C18 SPE 
columns (Scp-Pak"' Vac tC18 cartridge 100 mg) which have been either eluted immediately, or after 
drying at 50 C and stored frozen (-20 C) (24 h). The UV chromatogram area (A), and extracted ion 
chromatogram (EIC) areas (B) from LC-MS analysis are shown; Figure S5: LC-MS chromatograms (L'V 
absorption at 240nm) for particulate and dissolved MC structural variants recorded from water samples and 
during treatment steps including abstraction, raw water, flocculation, sand filtration, and finished water. For

compared using the Mann-Whitney test. Within NG, the differences between the sampled 
stations were compared using repeated-measures ANOVA, while within MB, a non­
parametric test (Friedman test) was performed at 95% confidence interval.

During the water treatment processes, the efficiency of the treatment step was estimated 
based on the concentration of MC during the process. In addition, cell lysis was 
determined based on the concentration of dissolved MC during the treatment processes. 
Differences in MC concentration between the WTP abstraction points, raw water and 
during the treatment process were tested using the t-test and one-way repeated-measures 
ANOVA and TukeyHSD post hoc. However, when necessary, non-parametric tests, i.e., 
Mann-Whitney, were applied.

The differences of MC concentrations among the sampled sites in MB and NG were 
tested using a one-way ANOVA. Later, the sum of the identified MC structural variants 
was summarized as MC-LR equivalents in order to explore the relationship with 
environmental variables. We predicted the MC concentrations using a support vector 
classifier (SVC) using the SVM function in caret package in R for four categories of MC 
concentration: low (<1 pg MC-LR equiv. L-1), moderate (1-5 pg MC-LR equiv. L~'), high 
(6-10 tig MC-LR equiv. L-1) and very high (>10 pg MC-LR equiv. L"1). The data used for 
the SVC were centered and scaled to reduce the variability in the datasets.

A partial least square (PLS) regression model was used to explore the dependence of 
MC concentrations on environmental factors, including the cell abundance or biovolume 
of the two toxigenic cyanobacteria, Microcystis spp. and Dolichospcnmim sp„ and other 
environmental factors that can cause variability in MC production, such as temperature, 
light, water column stability, pH, nutrients (NO3“, NH4+, SRSi, SRP and N:P ratio) and 
meteorological variables (mean air temperature, mean wind speed for the five days (D5), 
total rainfall for the five days (D5) and mean solar radiation for the ten days (DIO) prior to 
sampling) and wind direction on the day of sampling. Correlations between the variables 
are shown in Table S5. Data in NG and MB were pooled together, and the Pearson 
product- moment partial correlation coefficient was used to explore the correlations 
between MC concentrations and exploratory variables from the PLS model. All statistical 
tests and graphical outputs were produced using R (version 4.0.2) integrated in RStudio 
environment (version 1.3.1093).

https://www.mdpi.com/article/10.3390/toxins
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clarity MS base peak spectra were omitted. Elution of indicated MC structural variants was confinncd through 
ion extraction, i.e. MC-RR |M H I] " 1038.5, MeSerMC-YR [M+H]+ 1063.5, MC-YR [M+H]+ 1045.5, MC- 
LR [M+H]+ 995.5. DM-MC-RY [M+H]+ 1031.5, MC-RY [M+H]+ 1045.5. (A) Murchison Bay (Gaba III 
WTP). from 22 November 2016. (B) Napoleon Gulf (Walukuba WTP), from 20 December 2016, (C) 
Chromatographic and fragmentation patterns of the common MC analogues MC-LR, -RR and -YR 
recorded during the field survey (November 2017-October 2018); Table SI: The frequency of 
detection (percentage) of dissolved and intracellular MC detected and identified during the water 
treatment process in MB-Gaba and NG-Walukuba (» = 90, with 45 samples from MB-Gaba and NG- 
Walukuba each, i.e., 9 samples from each treatment step). Abbreviations: Abs. point = depth- 
integrated lake water at WTP abstraction point, RW = Raw water (entering water treatment), CFW 
= Coagulated and flocculated water, SFW = Sand filtered waler and FW = Final water and (-) = not 
detected; Table S2: Mean (±SD) dissolved MC in lake waler in MB and NG, and during the treatment 
processes, as analyzed by ELISA (u = 90) and FIPLC (n = 90). Abbreviations: Abs. point = depth- 
integrated lake water at WTP abstraction point, RW = Raw water (entering water treatment), CFW 
= Coagulated and flocculated water, SFW = Sand filtered water and FW = Final water; Table S3: 
Recovery of MC-LR, MC-RR, MC-YR added to GF/C filtered water (1.0 pg MC-LR equiv. L-1) to 
control for SPE conditions during individual waler treatments. MB denotes Murchison Bay, and NG 
is Napoleon Gulf. The hyphen means not spiked; Table S4: List of cyanobacteria strains used as 
controls for cyanotoxin extraction and detection via LC-MS/MS (during field survey, November 
2017-October 2018). Strains used as a reference for cyanotoxins were cultured at Museum National 
d'Histoire Naturelie (MNHN) (PMC = Paris Museum Collection) or at Research Department for 
Limnology in Mondsee (MU = Murchison Bay, Lake Victoria, 19G6 = Lake George and NAP = 
Napoleon Gulf, Lake Victoria), means detected; -, means not detected; Table S5: Pearson 
correlation coefficients calculated between environmental parameters recorded during field 
sampling (» = 120) between November 2017 and October 2018.
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CHAPTER FIVE
COMMUNITY RESPONSE TO AND POTENTIAL IMPACTS OF

ONTEXT

72

With the predicted population growth and increase in nutrient inputs, the potential 

'pact of this pollution on the planktonic community functioning of the lake is at stake. This 
i
,idy explored the response of both phytoplankton and zooplankton dynamics and functioning 

the embayments using mesocosm experimental approaches. Furthermore, determine the 

insfer, or accumulation of MC in Nile tilapia during grazing (top- down control) since it is 

ell-known to ingest a diversity of prey items, including cyanobacterial (Semyalo et al, 2011; 

umisha and Nehemia, 2013; Jihulya, 2014). Earlier studies by Poste et al. (2011) that reported 

igh concentrations of MC in fish used ELISA, however, this could be due to non-specific 

inding or due to bioassay reaction with the MC conjugates/congeners (Ibelings et al., 2014). 

herefore, the determination of fractions of bound, free, and conjugate toxins are required for 

jsh especially Nile tilapia which is a delicacy and a major aquaculture species for cage fish 

inning in Lake Victoria. Results from the NG mesocosm indicated that phytoplankton 

iomasses and the dominance of cyanobacteria are limited by combination of N and P. The 

ddition of Nile tilapia during experimentation also increased in phytoplankton biomass rather 

ian biomass reduction. This suggests that grazing effect was largely offset by an increase in 

et phytoplankton growth. This can result from selective grazing on zooplankton rather than 

hytoplankton by fish, and (ii) nutrient enrichment from fish excretion. In the hypertrophic 

IB, there was no evidence of nutrient limitation but rather light is the likely limiting factor, 

ideed, the buoyant Microcystis, known to occupy the surface of water column was the 

ominant taxa and occasionally exceeded 1,000,000 cells/mL and MC concentrations exceeded 

pg MC-LR Equi L'1 (thus there is chances of oral exposure). Given that the oral exposure has 

een important, there is need to estimate the potential contribution of MC from fish tissue. This 

'ill contribute to data and information to assess the extent of chronic exposure to MC from 

sh consumption. . The detail of this assessment is presented below, as a manuscript being 

repared for submission to a peer reviewed journal.

EUTROPHICATION4

Chapter based on this manuscript in preparation:
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roussellier, M. (2023) Differential response of planktonic communities to nutrient and fish (Nile tilapia) addition 
Lake Victoria: mechanisms and implications using experimental approaches.
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Inland lakes which support a large range of ecosystem services for humanity (Sterner 

et al. 2020) have been subjected to growing anthropogenic stresses (Jenny et al. 2020), 

especially in Africa (Cohen et aL 2019). Among the African Great Lakes (AGL), Lake Victoria 

host a large growing population on its watersheds (Lopez-Carr et al. 2013) and has been 

subjected to diverse and strong anthropogenic pressures (e.g., habitat degradation, 

introductions and invasion of invasive Nile perch, Nile tilapia and water hyacinth, and 

pollution/eutrophication) (Verschuren et aL 2002, Juma et al. 2014, Nassali et al. 2020, 

Olokotum et al. 2020). Consequently, large changes have been reported in physical 

characteristics of Lake Victoria (Awange 2020), water quality (Mwamburi et al. 2020) and 

biological communities (e.g., Witte et al. 2013).

Keywords: Mesocosms; Bottom-up and top-down control; Microcystin transfer: Secondary 
limitation

Abstract
Planktonic communities are altered by eutrophication with the predominance of toxigenic 

cyanobacterial blooms, which impact on the overall ecosystem functioning. Therefore, an in- 

situ mesocosm experiment was conducted in September 2019 at Napoleon Gulf (NG) and 

Murchison Bay (MB), Lake Victoria, to examine the response of planktonic communities to 

the addition of nutrients and fish. The results show that the addition of N+P greatly promoted 

phytoplankton biomass but also increased the growth of cyanobacteria. Co-limitation was not 

detected in NG but was instead seen in MB, and the trace elements had no effect on plankton 

biomass in MB but did in NG. Changes in the phytoplankton and zooplankton community's 

composition, diversity, and biovolume/density were observed. The addition of fish had a 

significant impact on the composition of the zooplankton community and density of Lecane 

sp. and Brachionus sp. There was a decrease in the composition of green algae, however the 

addition of fish had no effect on the composition of cyanobacteria. The dominance of 

cyanobacteria resulted into higher microcystin (MC) production and its transfer into the 

intestines (0.001-27.5 pg/g FW of MC-LR) of fish in MB than NG (0.005- 0.44 pg/g FW of 

MC-LR), and some liver (0.002-0.48 pg/g of MC-LR FW) and muscle (0.006-0.3 pg/g FW of 

MC-LR) in MB. In NG, there was no evidence of MC accumulation in the fish muscle. 

Flowever, the prevalence of cyanobacteria linked to elevated MC will further enhance the 

possible health risks from consuming entire fish from Lake Victoria.
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After the introduction of Nile perch and Nile tilapia that resulted in the crash/declinc in 

idigenous fish diversity (Witte et al. 2013, Taabu-Munyaho ct al. 2016), there were changes 

j the biological communities of the lake. One of the most important changes in biological 
"{immunities related both to the functioning of the lake and to sanitary impact is the increase 

,f cyanobacteria biomass and its dominance in phytoplanktonic communities in different parts 
■
,f the lake. Such dominance of cyanobacteria, including potentially toxic ones, appeared as 

■
plainly related to the level of eutrophication of the sampled areas (Ochumba and Kibaara 1989, 

/Ibonde et al. 2015, Olokotum et al. 2020, Olokotum et al. 2021).

However, factors controlling the dominance of cyanobacteria may differ in their nature 

jnd/or intensity from one area to another especially in large lakes such as Lake Victoria. For 

pstance, it is well known that the level of eutrophication differs greatly between the central 

jrea of the lake and its embayments (bays and gulfs), but also among them (Olokotum et al. 

1020). Moreover, changes in hydrodynamic connections between the open lake and the 

(mbayments may modify their trophic status (Simiyu et al. 2022) as well as mixing regime of 

he water column (Dermendjian et al. 2021) may change the composition of phytoplanktonic 

communities. Results from field studies do not always make it possible to disentangle and 

identify the magnitude of the different factors controlling the cyanobacterial biomass and 

composition. This could be due to: i) low sampling frequency that might not record fast 

planktonic responses to environmental changes; ii) the hydrodynamic events that mix different 

vater masses or transport them away from the sampling stations which imply that the 

observations may refer to planktonic communities originating from different locations; and iii) 

come potential controlling factors may not be measured in the field, or when measured do not 

•efer to conditions before sampling events related to the changes in planktonic communities, 

rherefore, one way to access a better understanding of the effect of some bottom-up and top- 

iown factors on microbial and planktonic communities is to perform in-situ experiments using 

nesocosms.

Mesocosms have been used in several ways for many years to address the effects of 

ocal and/or global environmental changes including nutrients involved in local eutrophication 

process (e.g., Schindler 2012), grazing pressure (e.g., He et al. 2018) as well as climate related 

/ariables (e.g., Stewart et al. 2013). However, such mesocosm approaches have also received 

criticisms, for instance one of the main criticisms is that biological communities in “control” 

no treatment) mesocosms may often diverge compared to in-situ conditions (e.g., Dzialowski 

ct al. 2014). This divergence is often related to the size of mesocosms and duration of 

experimentations. Consequently, large facilities with different kinds of controlled
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Pre-experimentation period
The pre-experimentation and the conditions for the experimentation were conducted 

between 23rd and 29th April 2019 where the condition of macro and trace nutrients for 

controlling of phytoplankton biomass tested. During this experimentation, four stock solutions 

were used (Z81 = 15 pL stock solution containing N, Z8II = 28pL stock solution containing P, 

Z8 III = 28pL stock solution containing Fe+EDTA and Z8 trace solution containing a 

combination of: W, Mo, K, Zn, Cd, Co, Cu, Nk, Cr, Al, V, Bo, Mn), and control with Z8 

solution only. Each enrichment was performed in 50 mL flasks filled with 20 ml of water from 

Lake Victoria (NG, MB, and Open Lake). Phytoplankton from NG, MB and open lake were

experimentations and connected through transnational networks and analytical facilities are 

now available in the Western world (e.g., Gall et al. 2017, Jeppesen et al. 2021, Urrutia-Cordero 

et al. 2021). In Africa, in-situ mesocosm experimentations have been rarely used to identify 

the bottom-up and top-down factors controlling the phytoplankton biomass and composition in 

African lakes (e.g., Ahoutou et al. 2022) and, to our knowledge, never been used in Lake 

Victoria. This has been mainly because such experiments were mainly based on expensive 

devices that limit their use in African countries.

In this study, we used similar simple and low-cost mesocosm system that were 

successfully deployed in Aghien Lagoon in Ivory Coast (Ahoutou et al. 2022) to test short­

term effect of inorganic nutrients (bottom-up effect) and of potentially planktivorous fishes 

(top-down effect) on phytoplankton and zooplankton communities. We therefore performed 

these mesocosm experiments in two embayments of the Lake Victoria, with known contrasted 

eutrophication status and conditions (Olokotum et al. 2021), expecting to get different 

responses of planktonic communities under the same controlled treatments. Thus, in this study, 

controlled laboratory (indoor microcosms) and outdoor in-situ mesocosm experiments were 

carried out in Napoleon Gulf and Murchison Bay to investigate the vulnerability and responses 

of phytoplankton and zooplankton community to different nutrient concentrations and fish 

addition. A special attention to cyanobacteria community response through their magnitude of 

toxin production after nutrient addition and its potential transfer into fish tissues such as 

intestines, liver, and the muscle of the Nile tilapia (Oreochromis niloticus L.,). Nile tilapia was 

selected because it dominates tilapiine fisheries in the Lake Victoria (Yongo et al. 2021) and 

of its omnivorous capacity including cyanobacteria (Moriarty 1973; Salazar Torres et al., 

2016).
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Study sites, mesocosm conditions and experimental set up
The in-shu mesocosm experimentation were undertaken in two embayments of 

northern Lake Victoria, Murchison Bay, and Napoleon Gulf. These embayments have been 

extensively described in Olokotum et al. (2021). Two sets of 15 transparent plastic mesocosms 

(diameter 180cm, depth 150cm) on a metallic buoyant frame were set in these embayments of 

northern Lake Victoria (Figure 5.2).
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Figure 5.1: The optical density measured during the microcosm experimentation during four 
days with Murchison Bay, Napoleon Gulf and Open Lake water during the microcosm 
experimentation in April 2019.
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concentrated with 20pm phytoplankton net while the zooplankton were filtered out from the 

from the water using 60pm net. On the day of sampling of water from the lake, N and P 

concentrations were measured. The pre-experimentation was performed for four days during 

which optical density (OD) were measured daily while chlorophyll a were measured on Day 

zero (start of experiment) and day four (end of experiment).

From the pre-experimentation, the overall optical density (OD) was highest in the 

treatments with N+P; N+P+Iron+EDTA and N+P+Trace+Iron+EDTA in all the water samples 

from MB, NG, and Open Lake (Figure 5.1). Thus, based on existing literature on secondary 

limitation of phytoplankton growth (Guildford et al., 2003) and our preliminary results we 

decided to conduct mesocosm experimentations to include the effect of Fe and EDTA 

(micronutrients).
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Figure 5. 2: Map of northern Lake Victoria showing the location of Murchison Bay and 
Napoleon Gulf where the mesocosms experimentation was undertaken Insets are the 
mesocosms filled with water from the bays where they were located and inoculated.

The bags were filled with 220 L of lake water from the embayments and inoculated 

according to an experimental design involving 4 treatment factors (nutrients i.e., +N, +P, N+P), 

and Fish (+N+P+Fish), and Control (lake water with no treatment) with each treatment done 

in triplicate (Figure 53) between 28th September to 4th October 2019. The nutrient 

concentrations tested were 136 g/mol for P (KH2PO4) and 85 g/mol for N (NaNCh), 292.24 

g/mol EDTA (CioHieNaOs) and 270 g/mol for Fe (FeCh.bHaO). The fish species used is Nile 

tilapia {Qreochromis niloticus L.), stocked at a density of 5 individuals per mesocosm using 

the holding nets with sinkers that held it below the water in the mesocosm bags. The fish in 

MB-mesocosms ranged from 9.1 -12.4 with a mean of 10.5+0.86 cm Total length while in NG- 

mesocosms were 10.5 -15 with a mean of 12.1+1.12 cm Total length. The fish treatment was 

applied on Day 3 in a set of N+P mesocosms. Two sets of fish control were used, one set 

involved 5 fish dissected before experimentation and second set of 5 fish which were held in 

lake water during the experimentation. All the mesocosm bags were set to run using in-situ 

conditions in the embayments and selected parameters monitored as summarized in Figure 53.
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Sample processing and analysis
Chlorophyll a (Chl-a) concentration. 100-400 mL of water were filtered (Whatman GF/C 

filters), followed by hot 90% ethanol extraction of the filtered biomass according to ISO-10260 

(1992) and spectrophotometric analysis (Jenway 6505 UV/vis).

Nutrient concentrations: Soluble reactive phosphorus (SRP) was determined using the 

ammonium molybdate method (Wetzel and Likens 2000b), nitrate (NO3-N) by the sodium 

salicylate method (Muller and Wiedemann 1955), ammonium (NH4-N) using the indophenol 

blue method (Krom 1980), and soluble reactive silica (SRSi) using the yellow molybdate-silicic 

acid method (Wetzel and Likens 2000b). The unfiltered water samples were used for total 

phosphorus and nitrogen analysis using the persulphate digestion oxidation methods described 

in Wetzel and Likens (2000b).

Phytoplankton communities. Taxonomic identification, taxa abundance, and biovolume 

estimation were performed as described by Catherine et al. (2017). The phytoplankton samples 

were fixed using Lugol’s iodine solution and 2-5 mL of sample were sedimented for 6-12 hours 

(Utermohl 1958). To ensure even distribution of cells, the samples were diluted and vortexed 

for one minute, whereas the sedimented volume was guided by the Chl-a concentrations as 

described in Olokotum et al. (2021) for subsequent cell counting and enumeration.

Treatment sampling designs and measured variables
The physical-chemical conditions (temperature, electrical conductivity, turbidity) were 

measured daily using YS1 Sonde EXO2 multiprobe meter (Sonde 16B102461). Before each 

sampling, the mesocosm were gently mixed. For chlorophyll-a analysis about 700 mL of water 

samples were collected every morning (9:30 - 10:30 am) for the seven days of the experiment 

while for nutrients, the same volume was collected on Day 0, Day 3 and Day7. For 

phytoplankton and cyanotoxins analyses about 1.5L were taken on Day 0 (start), Day 3 (mid­

way) and Day 7 (end of experimentations). On the other hand, on Day 0 and Day 7, vertical 

zooplankton hauls were taken from at least 0.5m using a 5L Schindler trap (0.25m mouth 

opening and 60pm nitex mesh) (Figure 5.3). On Day 3, fish were added and continually 

observed for any dead individuals and when this occurred the dead fish were noted and 

removed from the mesocosm bags. At the end of the experimentation, the fish were collected 

with ice anesthesia, weighed, measured, and later dissected. From the fish, the liver, intestine, 

and muscle were removed, and these tissues were frozen in liquid nitrogen (-96°C) and later 

stored at -20°C awaiting further cyanotoxin extraction and analysis.
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Identification and quantification of microcystins in phytoplankton and fish
Extraction of intracellular MC from filters. About 100 mL from MB mesocosm and 400 mL 

from NG mesocosms were filtered (Whatman GF/C filters), and biomass were extracted using 

75% aqueous methanol (Fastner et al., 1998; Cerasino et al., 2017), following an adapted 

double-extraction protocol as described by Olokotum et al. (2022). Briefly, biomass was 

conditioned with 4 mL of 75% aqueous methanol in sterile 15 mL glass vials. The first 

extraction followed sonication on ice using an ultrasound probe (Sonics Vibra cell) (100% 

amplitude, 130 W, 20 kHz) for 3 minutes at 30-second interval pulses to aid extraction and 

supernatant collected. The second extraction used with 2 mL of 75% aqueous methanol and 

iced ultrasonic bath for 15 minutes. The extracts were pooled, centrifuged at 13,000 rpm for 10 

minutes and part of the supernatant stored in 2 mL amber glass vials at -20°C, prior to liquid 

chromatography-mass spectrometry (LC-MS) analysis.

Zooplankton communities. The samples were preserved in 5% sugar-formalin solution to 

mitigate the ballooning of cladocerans for easy identification. Each sample was washed and 

diluted to a suitable concentration to remove excess preservative as described in Kiggundu et 

al. (2012), from which sub-samples of 2 and 5 ml were taken, transferred to a counting chamber 

and observed under an inverted microscope at x40 and xlOO magnification. The taxonomic 

identification and enumeration were done using zooplankton taxonomic guides (Boxshall and 

Braide 1991, Korinek 1999).

Extraction of MC from fish tissue-. Approximately 0.12g of fresh muscle and intestine, and 

0.03g of liver tissues were weighed (Mettler Toledo) and used for extraction using an adapted 

protocol according to Colas et al. (2020). Briefly, the muscle and intestine were conditioned 

with 1000 pL and live with 500 pL of 75% ice-cold methanol before homogenization. The 

tissued were homogenized using the Omi general laboratory homogenizer (GLH 850) with a 

7mm sharp tooth generator probe at 25000 rpm for 90 seconds (3 times in intervals of 30 

seconds). The tissue homogenates were later sonicated for 1 minute (2 pulses of 30 seconds) 

using an ultrasound agitation probe (Sonics Vibra Cell) (60% 130 W, 20kHz). Later, the tissue 

mixtures were centrifuged at 13400 rpm for 15 minutes at 4°C. The supernatant was collected 

and stored in 2 mL amber glass vials at -20°C, prior to LC-MS analysis.

LC-MS/MS characterization and quantification of MC. From the extracts, 30 pL were 

transferred into Verex glass vials from which 5 pL was injected into Ultra-High-Performance 

Liquid Chromatography (UHPLC) chromatographic chain (Elute UHPLC-Brukcr) coupled
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Statistical analysis

Indices of biological diversity in phytoplankton and zooplankton were calculated using 

taxa richness, Pielou evenness, Shannon and Simpsons diversity indices from the ’’vegan' 

package (Oksanen et al. 2007). The differences in the Chia, phycocyanin, biological indices, 

phytoplankton biovolume, zooplankton densities, and MC concentrations between the NG and 

MB mesocosms were compared using Mann-Whitney test, while amongst the treatments using 

non-parametric one-way ANOVA. The effect of treatment duration was tested using three-way 

ANOVA. During the water experimentation, the effect of the fish addition was calculated based 

on the differences between the with and without fish treatments. All statistical tests and 

graphical outputs were produced in R software.

upstream to a 1 ligh-Resolution Mass Spectrophotometer system (Compact QTOF-Bruker) for 

identification and quantification of cyanotoxins. The extracts were separated on a grafted-C18 

stationary phase column (Acclaim RSLC polar advance 2, 2.2 pm, Thermo Fisher® 2.1 x 100 

mm) along a 15-min linear gradient (5-90%; 1 pL.min-1 flow rate) of acidified acetonitrile 

with 0.08% formic acid and ultrapure water acidified with 0.1% formic acid. In the MS, the 

cyanotoxin masses were analyzed between 50 and 1500 m/z in broad-band Collision Ion 

Dissociation (bbCID) or auto MS-MS/MS) positive mode, alternating at 2 Hz the MS and MS2 

modes at low and high energy respectively (mass accuracy of < 0.5 ppm). The cyanotoxins 

were identified according to; i) retention time, ii) molecular mass, iii) isotopic pattern and iv) 

diagnostic ions, then quantified according to the area-under-the-peak signal determined for 

analytical standards of seven MC variants (MC-LR, MC-LA, MC-LF, MC-LW, MC-LY, MC- 

RR and MC-YR)(Novakit®) using the TASQ software) (Broker®). Except from MC-RR, MC- 

LR and MC-YR, other MC structural variants were quantified according to MC-LR 

equivalence calculated from the regression curves of the MC-LR analytical standard.
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At DO, the water temperature in the mesocosms in both embayments were within the 

same range (26.40±0.0l°C in Murchison Bay and 26.92±0.04°C in Napoleon Gulf 

respectively). The main differences between the two sites were observed in the electrical 

conductivity, turbidity, Chl-a biomass, and the nutrient concentrations (Table 5.1). At the 

beginning of the experiments, the water of the two bays differed in their nutrient concentrations 

regarding TN was 2586.39±331.50 pg/L in MB and 543.21±125.39 pg/L in NG, NH4-N was 

I25.38±164.46 pg/L in MB and 14.71±5.55 pg/L in NG. However, NO3-N was lower in MB 

65.63±31.07 pg/L than in NG 253.72±161.97 pg/L (mean values ± SD) and planktonic 

biomasses were higher in MB 296.22±59.47 pg. Chia L’1 than in NG where it was 25.02±2.08 

pg. Chia L1.

The initial phytoplankton communities in NG and MB were dominated by 

cyanobacteria. However, this dominance was quite absolute in MB waters while other 

taxonomic groups were observed in NG (Bacillariophyceae, Chlorophyceae). The initial taxa 

richness was slightly higher in MB (34) than in NG (27). The initial dominant cyanobacteria 

taxa in the two bays were different: Dolichospermum circinate or Ptankiolyngbya circumcreta 

in NG versus Microcystis aeruginosa in MB (Table 5.2).

Zooplankton community in NG and MB mesocosms comprised of three taxonomic 

groups namely, cladocerans, copepods and rotifers. Rotifera had the highest zooplankton 

richness (21), followed by Copepoda (11) and Cladocera had only 6 species. Generally, the 

species richness was higher at the NG station compared to the MB station. Nonetheless, the 

initial zooplankton community was dominated by young forms such as Nauplii and 

copepodites. For instance, in NG, there was no significant dominant zooplankton species while 

in MB mesocosms, the community was dominated by Nauplius larvae (1 13,589.3 Ind.nr2), and 

cyclopoid copepodites (46,772.1 Ind.nr2) (Table 5.3).
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Site

Chlorophyceae

Cyanobacteria

Bacillariophyceae

Chlorophyceae

Cyanobacteria
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Table 5. 2: Mean biovolume and composition of the dominant phytoplankton species in lake 
water on DO at the two experimental stations of Murchison Bay and Napoleon Gulf, northern 
Lake Victoria 

Murchison
Bay

Napoleon
Gulf

Group__________
Bacillariophyceae

Taxa___________________________
Nitzschia_fonticola
Nitzschia_acicularis_yar.acicularis 
Nitzsch ia_bacta 
Synedracunningtonii 
Scenedesmus_acuminutus 
Scenedesmus_perfolatus 
Actinastrum_gracillium 
Chlorella_vulgaris
Chlorella_sp
Microcystis_aeroginosa 
Microcystis _Jlos-aquae 
Microcystis_wesenbergii 
Microcyst is_yiridis 
Planktolyngbyacircumcreta 
Dolichospermum_circinale 
Chroococcus_minutus
Planktolyngbya limnetica________
Synedra_cunningtonii 
Epithemia_argus
Nitzschia_acicularis_var.acicularis 
Pediastrum simplex
Oocyst is _gigas
Phacuslongicauda
Scenedesmus_acuminutus 
Scenedesmus_apiculata 
A nkistrodesmusal actus 
Dolichospermum_circinale 
Planktolyngbyacircumcreta 
Spirulina platensis 
Planktolyngbya Jimnetica 
Planktolyngbya_tallingii
Pseudanabaena_limnetica 
Chroococcus minutus

Biovolume 
(mm}/L) 

0.166±0.109 
0.100±0.022 
0.026±0.000 
0.026±0.000 
0.012±0.000 
0.012±0.000 
0.010±0.000 
0.002±0.003 
0.002±0.000 
5.900±0.294 
3.290±1.075 
1.515±0.714 
1.010±0.000 
0.382±0.299 
0.367±0.184 
0.232±0.025 
0.109±0.062 
0.131±0.000 
0.078±0.054 
0.064±0.021 
2.270±0.000 
1,460±0.000 
0.445±0.000 
0.110±0.000 
0.049±0.000 
0.007±0.004 
I.710±0.208 
1.289±0.516 
0.406±0.440 
0.126±0.082 
0.054±0.000 
0.051 ±0.000 
0.045±0.028
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Rotifera

Copepoda

Rotifera

Cladocera
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Murchison 
Bay

Napoleon 
Gulf

Density (Ind/nr) 
113589.3±0.000 
46772.1 ±0.000 
3340.9±0.000 
11 13.6±0.000 
28954. l±0.000 
27840.5±0.000 
1113.6±0.000 

10956.8±7795.7 
4720.5±3047.9 
1342.5±525.0 
649.6±551.3 
97.5±45.9 
65.0±0.0 

65.0±0.000 
3681,1±1120.2 
877.0±780.9 
389.8±0.000 
259.9±183.8 
259.9±183.8 
194.9±0.000 
129.9±0.000 
129.9±0.000 
65.0±0.000 
65.0±0.000 
129.9±0.000

Table 5. 3 The mean zooplankton abundance and composition of the dominant zooplankton 
groups and taxa in lake water on DO at the two experimental stations of Murchison Bay and 
Napoleon Gulf, northern Lake Victoria__________________ _____
_Bay__________ Group___________ Taxa_____________________

Copepoda Nauplius-larvae
Cyclopoid-copepodite 
Calanoid-copepodites 
Thermocyclops emini 
Synchaeta sp. 
Lecane bulla
Keratella tropica___________
Nauplius-larvae 
Cyclopoid-copepodite 
Tropocyclops tenelhis 
Calanoid-copepodites 
Tropocyclops confinnis 
Harpacticoida
Thermodiaptomus galeboides 
Lecane bulla
Brachionus calyciflorus 
Polyarthra vulgaris 
Brachionus angularis 
Keratella tropica 
Brachionus bidentatus 
Cephlodella sp. 
Trichocerca cylindrica 
Brachionus falcatus 
Keratella cochlearis 
Moina micrura

Responses of planktonic communities to nutrient additions

Physical and chemical variables'. In both NG and MB mesocosms, there were an increase in 

conductivity between DO and D3 in the N+P treatment, followed by a slight decrease until D7. 

On the other hand, water temperature decreased during the experimentation in period while no 

changes were observed in turbidity in all treatments (Supp Figure 5.1).

For the nutrients, there are observable trends in soluble nutrients added (e.g., TP, NO2-N and 

NH4-N decreased between D3 and D7; Supp Figure 5.2) with a large decrease both in SRP 

and NO3 in NG and in MB mesocosms. Given the initial differences between the MB and NG 

mesocosms, the observed rate of nutrient decrease appeared quite faster in MB than in NG 

mesocosms (Figure 5.4). However, considering the rate of decrease per unit of phytoplankton 

biomass (Chia), the rate of nutrient consumption per biomass was higher in NG than MB 

mesocosms (Table 5.4).
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Phytoplankton biomasst In NG mesocosms, from DO to D5, the chlorophyll-a concentration
showed a fast and large increase following the addition of N+P, while adding N or P alone do
not imply a significant increase in chlorophyll-a concentrations (Kruskal-Wallis %2 = 111.01,
p < 0.0001). After D5, there was a decrease in chlorophyll-a concentration (Figure 5.5).
In MB mesocosms, the addition of nutrients does not cause an increase in chlorophyll-a
concentrations (Kruskal-Wallis, /2 = 7.637, p= 0.3657). Instead, there was an overall
decreasing trend in chlorophyll-a concentrations from the beginning to the end of the
experiment whatever the treatment and even in the control. However, the observed large
variations in chlorophyll-a concentrations do not allow to detect significant statistical
differences during the experiment (Figure 53).
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Figure 5. 4: The dynamics of SRP and NO3 concentrations in the different treatments of the 
mesocosms operated in Murchison Bay and Napoleon Gulf, northern Lake Victoria.
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Planktonic community structure and composition
Phytoplankton: In NG and in MB, the initial phytoplankton community was composed by 
cyanobacteria, chlorophyceae, bacillariophyceae and other groups such as dinophyceae, and 
cryptophyceae. The addition of nutrients does not modify the dominant status of cyanobacteria 
species. In MB, M. aeruginosa remain the dominant taxa, while in NG it was D. circinate and/or 
P. circumcreta. However, following N+P addition the taxonomic richness in MB showed a 
large decrease (from 35 taxa in the control mesocosm at DO, to 27 at D3 and 15 at D7), while 
it was the reverse for NG (from 27 taxa in the control mesocosm to 42 at D3 and then 34 at 
D7). At MB station, the addition of N resulted in an increase taxonomic richness from 20 at D3 
to 24 at D7 while after P addition, the richness decreased from 29 at D3 to 22 at D7. In NG 
mesocosms, N addition increased phytoplankton richness from 37 at D3 to 42 at D7 while P 
addition saw the phytoplankton richness remain relatively the same at 36 taxa at D3 and 35 at 
D7.

D6 D7 DO D1
Experiment duration

Figure 5.5: Temporal variation in the chlorophyll-a concentration (Mean±SD) under the 
different treatments at Murchison Bay and Napoleon Gulf, northern Lake Victoria.

5 300 
O) 
3
co

i 
x:
ex
2 200 
o
x: 
o

Zooplankton: Generally, following N+P addition, there was a large change in the dominant 
taxonomic group: from copepods at die beginning of the experiment (DO) to rotifers at the end 
(D7). In NG mesocosms, the community shifted from Nauplius larvae (10956.8+7795.7 Ind.nr 
2) to the dominance of rotifers mainly Brachionus calyciflorus in the N+P treatment (from 
877.0+780.9 to 1,693,321.9 Inim'2). Although at MB the zooplankton community was

DO D1 D2 D3 D4D2 D3 D4 D5
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dominated by Nauplius larvae (113,589.3±0.000 Ind.m'2) and cyclopoid copcpodites 

(4720.5±3047.9 Ind.m-2) at the start of the experiment (DO), N+P addition shifted the 

community to the rotifer L. bulla (from 27,840.5±0.000 to 31,243.2±5966.3 Ind.m'2) and L. 

lima (from 0 to 1 1 1,362. l±0.00 Ind.m'2) in the +fish treatment.

Responses of nutrients and planktonic communities to fish addition

Nutrient dynamics and consumption. After the addition of fishes (D3) the there was a fast and 

large increase in the nutrient as shown in the consumption rates estimated. In MB, there is a 

higher nutrient consumption rate in MB than NG. However, considering the initial 

phytoplankton biomass in the mesocosms (z.e., 296.22±59.47 pg. Chia L'1 in MB and 

25.02±2.08 pg. Chia L'Un NG), the consumption rates per unit biomass are much higher than 

NG (Figure 5.4; Table 5.4).

Zooplankton: Following fish addition, no significant changes in the zooplankton community 

but rather in the densities were observed. We observed a large decrease in the density of 

Copepoda and replacement with an increase in the rotifers (Figure 5.7). For instance, in NG 

mesocosms, there was a 79.9% decrease in total zooplankton density (7,742,215.1 - 1,549,036.6 

Ind.m'2) mainly due to the 77% decline in B. calyciforus from l,922,851.5±55,502.9 Ind.m'2 to 

440,761.7±373,395.1 Ind.m'2). In MB there was a 9.04% decline in the total zooplankton 

densities (164,258.9 to 149,410.8 Ind.m'2) depicted in the decline in the decline of Nauplii’s 

(113,589.3 in control to 2,784.1) and cyclopoid copepodites (46,772.1 in control - 13,920.3 

Ind.m'2; Figure 5.7; Supp Figure 5.4A&B).

Phytoplankton-. After the addition of fishes (D3) there was a fast and large increase in 

chlorophyll-a concentration In NG mesocosms (from 65.1±5.1 on D3 to 121.2±3.4 pg. L'1 on 

D7), while in MB mesocosm this treatment do not modify in a large way the observed 

chlorophyll-a values (z.e., from 180.6±12.9 on D3 to 229.1±122.9 pg. L'1 on D7; Figure 5.5). 

Concerning the different phytoplankton groups in NG mesocosms, after the addition of fishes 

the biovolume of cyanobacteria decreased from 17.7 to 9.1 mm3/L (48.6% decrease) and 

bacillariophyceae from 1.51 to 0.48 mm3/L (68.2% decrease). In the MB mesocosms, fish 

addition was followed by a decrease of cyanobacteria, from 64.7 to 19.9 mm3/L (69.2%), and 

Bacillariophyceae, from 0.26 to 0.13 mm3/L (Figure 5.6; Supp Figure 5.3A&B).
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Figure 5.7: The proportion of zooplankton groups (%) and temporal variation in the total 
zooplankton abundance under the different treatments at Murchison Bay and Napoleon Gulf, 
northern Lake Victoria.
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Cyanotoxins in fish tissue: No MCs were detected in fish tissue (muscle), and liver in all the 

fishes from NG station. At the MB station only 4 fishes (7% of the fishes) tested positive for 

MCs in the muscle (0.004 - 0.3 pg MC-LR g’1 of fresh weight (FW)). At both stations, MCs 

were detected in the intestine of fish from both the control (mesocosms and lake), and the +fish 

treatment. The MCs concentration in the intestine of fish from MB mesocosms ranged from 

0.03 to 27.5 pg MC-LR g_| of fresh weight (FW) while those from NG mesocosms ranged from 

0.02 to 0.4 pg MC-LR g_| FW. These concentrations of MC in the intestines of fish from the 

MB treatments were significantly higher than those from NG mesocosms (Wilcoxon rank W = 

324, p=0.002; Figure 5.8C).

Dynamics of cyanotoxins in water and fishes

Cyanotoxins in water: All the samples in both MB and NG mesocosms were negative for 

Anatoxins (ATX), Saxitoxins (STX), Cylindrospermopsins (CYN) but positive for 

microcystins (MCs): MCs were found in 100% of the samples in MB mesocosm treatments 

(n=54) and in 72.5% of the samples from NG mesocosms (n=37). The main MC congeners in 

the water constituted of MC-RR, MC-YR, MC-LR, with all congeners being detected in MB 

mesocosms while MC-RR the most frequently occurring congeners in NG mesocosms (Figure 

5.8A). Generally, the total MC concentration were significantly higher among the treatments 

in MB mesocosms than those from NG mesocosms (Wilcoxon rank W = 2646, p<0.0001; 

Figure 5.8B). In MB, the mean total MC concentration in water ranged between 4.09+1.08 

pg/L in control to 8.26+3.78 pg/L in the N+P treatment. Furthermore, significant differences 

in the mean MC concentrations were observed amongst the treatments (Kruskal-Wallis %2 = 

20.943, p = 0.003856) depicted by the general increase in the nutrient (N, N+P) and fish 

treatments. However, no significant difference was found due to duration of the experiment 

(day) (F=0.279, p=0.840) and no interaction effect of treatment and day (time) was observed 

(F=0.184, p=0.992).
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Initial conditions

As expected, regarding both nutrient and chlorophyll-a concentrations, the two bays 

where the mesocosm experiment were performed, showed quite different eutrophication status. 

The values of these variables measured at the beginning of the experiments were in accordance 

with the recent results of Olokotum et al. (2021) who reported hyper-eutrophic status for MB 

and a mesotrophic status for NG. The most probable reason for this difference in eutrophication 

are first the difference between the wastewater volume discharged in the two bays which are 

quite higher in MB than in NG given the large differences in their catchment areas (256 and 

188 km2, respectively) and the number of inhabitants of the two main cities located near MB 

(Kampala, 5 million people) and NG (Jinja, 90,000 people) (Olokotum et al. 2021). Secondly, 

the hydrodynamic conditions and characteristics of the two bays. Therefore, following Mbonde 

et al. (2015), MB is regarded as a closed bay with limited exchange with the open lake while 

NG as an open bay which location at the outflow of Lake Victoria allowed a higher water 

renewal.

Not only the chlorophyll-a concentration differed between the two bays but also the 

composition of phytoplanktonic and zooplanktonic communities. While cyanobacteria were 

the dominant group in the two bays, the dominant taxa were different. In MB the dominant taxa 

were Microcystis aeruginosa and in NG two other taxa dominated the phytoplanktonic 

communities: Dolichospernuim circinate or Planktolynghya circumcreta. These differences 

were already reported by Olokotum et al. (2021) and they have been related to the differences 

in nutrient concentrations between the two bays. The lower nutrient concentration in NG 

selected species able to cope with potential N limitation with different strategies: heterocyst 

differentiation for Dolichospermum and high surface/volume ratio for Planktolynghya. M. 

aeruginosa dominance has been linked to its ability to regulate its buoyancy through their 

intracellular aerotopes which allow them to have the access to the light in the upper part of the 

water column (Bormans et al. 1999; Brookes et al. 1999).

The zooplankton communities of the two bays also showed large differences. MB 

zooplanktonic total abundance (2.23 105 Ind.m'2) is quite higher than the one of NG (2.25 104 

Ind.m’2), but it was the reverse for taxa richness: higher in NG (11) than in MB (7). In MB and 

NG dominant species were from the Copepoda group which agrees with other authors who 

reported the dominance of cyclopoid copepods (Kiggundu et al., 2012; Waya et al., 2014). This
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is attributed to the versatile feeding habits and ability to avoid predation in turbid and eutrophic 

conditions (Zhang et al. 2023).

Dynamics of planktonic communities in the control mesocosms

From the control mesocosm under such short-term experimental durations (7 days), it 

is expected that the enclosure of planktonic communities in mesocosms do not produce large 

changes in these communities. Therefore, as observed in the chlorophyll-a concentration in NG 

control mesocosms, there was no significant changes during the 7 days of the experiment. In 

the same way, the dominant taxa that were Dolichospermum circinate or Planktolyngbya 

circumcreta remained the same from the beginning to the end of experiments. Similarly, the 

zooplankton community remained dominated by young forms of Nauplius and copepodites. 

This can be explained by the fact that zooplankton community and abundances are controlled 

by phytoplankton community and abundance/biovolume.

In MB control mesocosms, chlorophyll-a concentrations were unstable compared to 

that in NG. An unexpected dynamic in the control mesocosm occurred, like the other ones 

observed in other mesocosms with different treatments. Our short-term experimentation in MB 

showed a decreasing trend in chlorophyll-a concentrations in all mesocosms with strong 

simultaneous covariation in all mesocosms. Microcystis sp., mainly M. aeruginosa, remained 

the dominant species from the beginning to the end of the experimentation. Such trends can be 

explained by an unbalance and mismatch between bottom-up and top-down factors.

The decreasing trend in both the control and treatment mesocosm (z.e., being similar) 

may be seen as a common “mesocosm effect" which do not allow the high initial 

phytoplanktonic biomass (296.22±59.47 pg. Chia. L1) to be maintained during the 

experimentation. Due to such high biomass, the phytoplanktonic community is known to 

experience a low light availability as it reported for most bays of Lake Victoria (Loiselle et al., 

2008) and particularly Murchison Bay (Haande et al., 201 I). Additionally, the plastic walls of 

the mesocosm bags may also have reduced the quantity of light available inside the mesocosms. 

However, in NG, the chlorophyll-a concentrations recorded in the same mesocosms do not 

show a decreasing trend. Therefore, most likely bottom-up limiting factor for the observed 

decreasing trend in chlorophyll-a concentration in both the control and all the MB mesocosms 

appeared to be self-light limitation (see next section). On the other hand, top-down factors 

such as grazing by zooplankton, may potentially contribute to these decreasing trends. 

However, during the experiment, the abundance of micro- and mesozooplanktonic species 

known to be able to graze the dominant taxa {Microcystis sp.) (Davis and Gobler, 2011) did
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not increase. As reported by Ka et al. (2012) M. aeruginosa, especially in its colonial form, are 

not easily edible by zooplankton such as cladocerans and rotifers.

Responses of phytoplankton and zooplankton communities to nutrient enrichment

The planktonic communities of the two embayments exhibited different responses to 

the nutrient addition. As reported before, nutrient addition in MB mesocosms did not induce 

a different dynamic of chlorophyll-a concentration than the one observed in the control 

mesocosms, nor a change in the dominant phytoplanktonic taxa (M. aeruginosa). This result 

demonstrates and confirms that the phytoplanktonic community in MB was not limited by the 

inorganic nitrogen or phosphorus concentrations, but rather by light availability through self­

shading process.

The high abundances of initial dominant zooplankton taxa (i.e., Copepoda Nauplius- 

larvae and copepodites), were dramatically reduced after 7 days of experiment. Such a quick 

decrease could be explained by a short maturation time of the individuals of this stage. 

However, no adult stages of copepods were detected at the end of the experiment. In fact, 

development time from nauplii to adult stage in tropical/subtropical lakes compiled by Melao 

and Rocha (2004) are quite higher than the duration of our experiments. It may also be 

attributed to relatively large size of M. aeruginosa colonies (dominant phytoplankton) limited 

or impaired their grazing by the zooplankton (Liirling, 2021).

In addition, one of the constraints that mesocosms generate on the water column is that 

they suppress the vertical and horizontal hydrodynamical exchanges. Such exchanges may 

have significant effects on both phyto- and zooplankton community dynamics. Especially, in 

hyper-eutrophic ecosystems with very high amount of chlorophyll-a, vertical transport and 

turbulences are the most efficient way to allow phytoplanktonic cells to adapt to low light 

conditions that enter in the surface layer of the water column. In the absence of mixing, it may 

be that a large part of M. aeruginosa cells cannot access to enough light, impairing their growth 

and causing their sedimentation, which imply their decrease in the water column of the MB 

mesocosms. Moreover, the lack of turbulences may reduce the encounter rate of planktonic 

organisms, which may reduce the zooplankton grazing efficiency (Alcaraz ct al. 2007).

In NG mesocosms, only the simultaneous addition of N and P resulted into a large 

increase in chlorophyll-a concentration indicating a co-limitation of phytoplankton by these 

two nutrients. Such co-limitation appears quite common in freshwater, marine and terrestrial 

systems as reported by Harpole et al. (2011). Co-limitation was also reported for large tropical 

lakes such as Lake Tanganyika (Jarvinen et al. 1999; North et al. 2008), Lake Kiwu (Sarmento
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Responses of phyto and zooplankton communities to fish addition

The addition of fish was performed three days after the beginning of the experiment in 

the N+P treatments. Therefore, we expected an increase in the phytoplankton biomass to be 

able to observe the potential controlling effect of fishes on cyanobacteria dynamics. As

■

et al. 2009), Lake Malawi (North et al. 2008). In Lake Victoria, North et al. (2008) reported an 

N+P colimitation only for offshore areas with relatively low chlorophyll-a concentrations (10 

j.ig/L) which are in the same range at the beginning of the experiment in NG.

The initial dominant cyanobacteria taxa (£>. circinale and/or P. circumcreta) were also 

dominant at the end of the nutrient addition treatment. Thus, these taxa appeared to be able to 

quickly respond to nutrient addition. Reynolds et al. (2002) reported that Dolichospermum is 

diazotrophic, tolerant to low nitrogen conditions but sensitive to mixing and low light, using 

gas vesicles to regulate its buoyancy to optimize nutrient concentrations and light conditions 

for growth. This cyanobacterium can produce akinetes, that allow its survival when adverse 

environmental conditions occurred (e.g., Li et al. 2016). It is considered as a potentially 

toxigenic cyanobacterium (Olokotum et al. 2022) while the filamentous P. circumcreta that 

co-dominated the phytoplanktonic communities both in the initial conditions and after nutrient 

enrichment is considered as non-toxigenic taxa. After the growth phase, a significant decrease 

in phytoplankton biomass occurred, which can be attributed to either a decrease in available 

nutrients or a response of the zooplankton community able to graze the dominant 

phytoplanktonic species, or a combination of these two factors.

While Copepods stages, especially copepodites, showed a limited increase, it was 

rotifers (Synchaeta sp. and Brachionus calyciflorus) that exhibited the largest increase in 

abundances from the beginning to the end of the experiment. It seems that the growth of 

phytoplankton induced two different responses of the zooplankton community following their 

size-class. The limited increase in largest zooplanktonic taxa may be related to their lower 

growth rate than the one of rotifers (Allan, 1976). The ability of Brachionus species to feed on 

a wide range of filamentous cyanobacteria, including Planktolyngbya and Dolichospermum 

species, as well as colonies of Microcystis and Dolichospermum (formerly Anahaena) has been 

extensively documented (see in the review of Gilbert (2022)). However, not so much 

information on the grazing ability of Synchaeta species on large cyanobacteria is available, 

much as it seemed to feed on large phytoplanktonic cells during our experiment. Thus, the 

decrease in phytoplanktonic biomass after the Day 5, may be caused by the rotifers that 

proliferated in the N+P mesocosms.
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previously reported in MB mesocosms and the N+P treatments, no increase in phytoplankton 

biomass was observed. Similarly, the addition of fish (Nile tilapia, Oreochromis niloticus) did 

not cause changes in chlorophyll-a concentrations when compared to the other treatments or to 

the control. Even if the N+P treatment do not imply an increase in the phytoplanktonic biomass, 

one can expect that, compared to other mesocosm treatments, adding planktivorous fishes may 

contribute to a decrease in the large Chia biomass. An explanation may be that no significant 

grazing of fishes occurred on the dominant phytoplanktonic taxa (AY. aeruginosa). This could 

be attributed to no significant grazing of fish occurred on the dominant phytoplanktonic taxa 

(AY. aeruginosa). This is supported by studies by Beveridge et al. (1993) who showed that O. 

niloticus grazing on toxic AY. aeruginosa strain was significantly depressed compared to 

grazing rate on non-toxic strains.

In NG mesocosms, the addition of N+P caused a large increase of phytoplankton 

biomass while addition of fishes did not cause the expected decrease in phytoplankton biomass 

through grazing but rather the opposite (/.<?., a supplementary increase in chlorophyll-a 

concentration). The effects of tilapias on phytoplankton biomass have been largely documented 

with two main opposite results: i) an effective control of the phytoplankton biomass including 

cyanobacteria (e.g., Moriarty and Moriarty 1973; Lu et al., 2006; Torres et al., 2016; 

Vasconcelos et al., 2018, Mayer 2020); ii) and/or an increase in phytoplankton biomass through 

nutrient release and/or zooplankton grazing by fishes (e.g., Attayde and Hansson 1999; Dantas 

et al. 2019; Zhang et al. 2022).

Ahoutou et al. (2022) using a similar experimental design in Aghien lagoon showed 

that the addition of Nile tilapia to the N+P mesocosms resulted in a drastic reduction in the 

phytoplankton biomass. In Mwanza Gulf (Lake Victoria), Witte et al. (2012) estimated that 

losses of phytoplankton by fish grazing only represented near 10 % of the daily net 

phytoplankton production and thus that fishes were unable to control phytoplanktonic blooms 

in this gulf. One possible explanation of the differences observed on the effects of fish addition 

in MB and NG mesocosms, may be dependent of the relative abundances of fish and 

cyanobacteria. We already underlined that a large abundance of AY. aeruginosa, such the one 

observed in MB, including toxic clones, may depress the grazing rate of AY. aeruginosa by O. 

niloticus. Furthermore, large biovolume of AY. aeruginosa might clog the fish gill (Jewel et al., 

2003) consequently inducing death due to suffocation associated with low oxygen 
concentration.
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Lessons from this study for management of cyanobacterial blooms in Lake Victoria

Our results highlight several interconnected consequences of man-induced actions 

against cyanobacterial blooms. First, the differences both in the ecological status and the 

responses of planktonic communities in the two bays support the idea of site-specific 

assessments and decisions that is currently supported by international organizations. It is 

certainly advisable to limit sewage inputs into the lake, but even if implemented, it will take a 

long time to observe their effects. This is not to imply that it is not vital to start reducing these 

inputs; if we do not take meaningful action against this primary cause of eutrophication, all 

other measures will be ineffective. MB status is a good example of the consequences of 

cumulative sewage inputs, with a permanent bloom of potentially toxigenic cyanobacteria 

which is no longer sensitive to nutrient addition since they are readily available in large 

amounts. Such embayments become permanent source of potentially toxic cyanobacteria that 

can colonize other areas. On the other hand, NG serves as an example of an ecological status

Dynamics of cyanotoxins in water and fishes

The results of cyanotoxins analyses on water samples from control mesocosms showed 

a very large difference between the initial concentrations of MCs of the two bays, with 

significantly higher concentrations in MB than in NG, which can be related to the difference 

in abundances of potentially toxin-producer taxa in the two bays. (Olokotum et al., 2021). 

Addition of nutrients in MB did not significantly modify the MCs concentration during the 

experiment. Observable increases occurred in NG for the N+P and N+P+Fish treatments, but 

the maximum MC concentration reached in NG mesocosms were far below the ones observed 

in MB mesocosms. These results agree with both the standing stock of cyanobacteria and their 

dynamics in the mesocosms of the two bays.

Intestines of fishes incubated during four days in the N+P+Fish mesocosms contained 

MCs concentrations which also can be related to the concentration of potentially toxin­

producer cyanobacteria. However, no MCs have been detected in the muscle and the liver of 

the fishes, except 7% of the MB fish that had MCs in their muscle. Based on these findings, it 

was possible to reject the hypothesis of a “toxigenic” effect of MCs on fish and their grazing 

behavior, at least during this short-term experiment. However, it may be that increasing the 

exposure time in the mesocosm may produce adverse toxigenic effects on fish. Although the 

sanitary consequences of tilapia grazing on cyanobacteria was not the focus of this study, this 

question must be considered in future management of cyanobacterial blooms in the Lake 

Victoria.
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From the data above, it is evident that additional nutrient loading into (mesotrophic) bays, will 

result into changes in the richness and diversity, and increase in the biovolume in 

phytoplankton dominated by toxigenic cyanobacteria, increase in the small sized zooplankton 

communities especially rotifers. At a site level, increasing nutrient loading in hypertrophic 

systems will increase the cyanobacteria since there is low richness and diversity. The species 

of these trophic communities were dependent on Brachionns and Lecane spp. However, the 

introduction of the Nile tilapia that tolerated high biovolume of cyanobacteria, influenced the 

dynamics and shifts the structure of these planktonic communities. The added fish were 

exposed to high concentrations of MC, to levels might exceed the TDI for human consumption.

where a decrease in nutrient inputs may first allow the maintenance of its mesotrophic status 

and then possibly an improvement. We have also shown that in this gulf increasing Nile tilapia 

stocks may have the opposite effect of the expected one, i.e., increasing instead of decreasing 

phytoplankton biomass. Thus, applying systematic strategy based on increasing top-down 

control, by introducing or eliminating fishes such as tilapias at the lake scale may not be the 

most effective way to reduce the eutrophication and the associated cyanobacterial blooms. 

Decreasing fish stocks also may not be an acceptable solution from a social and economic point 

of view. At the opposite increasing fish stocks may be attractive for fishermen and riverine 

populations. Growing aquaculture in the bays in its present form (i.e. monoculture) may be at 

risk for several reasons: (i) large density of fishes produce a large amount of inorganic nutrients 

and organic matter, (ii) high nutrient concentrations may favor cyanobacterial blooms, (iii) high 

amount of organic matter sinking on the sediment will increase the dissolved oxygen 

consumption with the creation of anoxic areas, (iv) reared fishes may accumulate toxins 

produced by toxic cyanobacteria.

Therefore, Nature Based Solutions (NBS) need to be identified and proposed to help to 

improve both the ecological and sanitary status of bays of the Lake Victoria. They must be 

tailored to the current situations unique in each embayment with a strong participative strategy. 

Above all. none of the adapted solutions will have anticipated and favorable benefits unless 

significant efforts are made to reduce nutrient inputs into the lake. Such approaches include 

multitrophic aquaculture process to replace the today monoculture paradigm (Outa 2021) or 

the sustainable use/restoration of wetlands around the lakes (Maithya et al. 2022) or new 

ecosystem-based fisheries strategy (Kolding et al. 2008).
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GENERAL DISCUSSION, SYNTHESIS AND PERSPECTIVES
Lake Victoria is faced with recurrent occurrence of cyanobacterial blooms particularly in the 

numerous bays and gulfs (B&Gs). Therefore, based on the literature review (Chapter 2), 

numerous studies have been earned out in the last two decades, to understand the causes and 

consequences of cyanobacterial blooms in the lake. These studies emphasize on; i) the potential 

health threats associated with cyanotoxins, ii) the need for long term monitoring, iii) assess the 

sanitary risks and efforts to reduce the exposure to cyanotoxins (see Chapter 2). As 

summarized in Figure 6.1, this thesis affirms that the proliferations of cyanobacteria disrupt 

the physico-chemical and the biological functioning of the lake, particularly where only 25 

phytoplankton species out of the 135 species identified influence the phytoplankton dynamics 

and turnover. Indeed, the two embayments (MB and NG) phytoplankton communities were 

dominated by potentially toxic cyanobacteria {Microcystis aeruginosa and M. flos-aquae-, 

chapter four and five) which were associated with detection of two families of cyanotoxins 

(MC and HTX) (Chapter 4). These toxigenic cyanobacteria and cyanotoxins have an impact 

on the different uses of the water, including the water supply, recreation, and fish production 

and/or consumption (Chorus & Welker, 2021). This was also premised on the spatial-temporal 

variability in the concentrations of the cyanotoxin MC. Therefore, in the context of the 

predicted human population growth of about 2.5% per annum (Bremner et al., 2013) and 

possible increase in nutrient inputs (Gikuma-Njuru et aL, 2005; Njagi et al., 2022), there is the 

potential increase in pollution, changes in the water quality, and biological functioning of the 

lake will be at stake. It is why this study explored this potential phytoplankton growth, 

dynamics and functioning in the embayments of the lake, using experimental approach 

(Chapter 5). The results suggested that nutrient and light availability are the main drivers of 

phytoplanktonic biomasses and communities’ structure, with a shift to potential toxigenic 

cyanobacterial species. Such modifications have consequences on aquatic ecosystem 

functioning, structure, and potential health threats. In this chapter the following are discussed: 

i) the increase and projection in eutrophication in NG and MB, ii) the consequences on the 

diversity of the cyanobacteria and cyanotoxins, and iii) the potential routes of contamination 

of the local population especially through treated water and fish consumption.
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Projection in cutrophicai on in the embaym nts

Since the 1990s, the population of the Jinja region has increased by 1.5 times, from 

289,476 in 1991 to 387,573 in 2002 to 471,242 in 2014 (including 288,500 in Jinja city) 

(UBOS, 2017b). On the other hand, this has more than doubled in the Kampala Metropolitan 

Area (KMA) from 755,000 people in 1990 to 2,117,000 in 2011 and to 2,843,000 in 2017, both 

in the urban and rural parts of the embayments MB and NG (UBOS, 2017a). These have made 

Lake Victoria more vulnerable to the eutrophication with different sets of metrics used to guide 

management. The primary set of indicators for eutrophication assessment have been silica, 

nitrogen, phosphorus, and Chl-a concentrations. In the lake, the phosphorus concentrations 

increased from 1.1 to 2.9 gmoles L'1 between the 1960s and 1990s and that eutrophication 

manifested noticeably towards the end of the 1980s (Hecky 1993; Hecky et al., 2010). In the 

B&Gs Chl-a L'1 are often >30 gg (i.e., Chapter 2, Table 2 as published in Olokotum et al., 

2020), with cyanobacteria often comprising more than 80% of the total phytoplankton biomass. 

In the main lake, Chl-a L'1 are generally <25 gg, and changes from a dominance of diatoms to 

a dominance of cyanobacteria are frequently found (Kling et al., 2001; Verschuren et al., 2002; 

Hecky et al., 2010). From this study (2018-2019), Chl-a L'1 were much higher in MB (28.1 - 

1058 gg Chl-a L'1) than in NG (1 1.8 - 50.36 gg Chl-a L'1). Even if the basic eutrophication 

indicators such as TP and Chl-a in the lake have increased, future assessments of the lake's 

eutrophication will be guided by additional measures that quantify community changes. These 

metrics could include trait-based indicators, such as changes in the phytoplankton community 

and functional group dynamics, have evidently reflected eutrophication in the system. This is 

because, trait-based indicators reveal different adaptation strategies and productivity of the 

highly adapted species within the system and vary with intensity of the eutrophication.

Increase in nutrient concentrations, enhances growth of existing plankton community, 

and consequently produces changes in the community structure (O'Sullivan, 1995). The results 

from this study agree with this general theory of eutrophication based on the observed 

increasing nutrient and Chl-a concentrations, and the irreversible dominance exhibited by 

cyanobacteria (>70% of the total phytoplankton biomass) (Hasler, 1969). Based on the OECD 

model (1982) classification of eutrophic state of water bodies which uses both biological and 

physiochemical indicators (Table 6.1). For instance, when Chl-a ranges of 25 -75 gg L 'or TP 

(35-100 gg L’1) are eutrophic while when Chia >75 gg L1, TP >100 gg L'1 and secchi depth 

<1.5 m, the water body is hypertrophic. Then, based on OECD classification (Table 6.1), NG 

ranges from mesotrophic - eutrophic while MB being eutrophic - hypertrophic systems.
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Earlier studies on eutrophication and nutrient limitation in Lake Victoria showed that 

phytoplankton growth and dynamics were limited by either P in Nyanza Gulf (e.g., Kenya 

Njuru 2009) or by N in MB (e.g., Haande et al. 2011). Generally, the shallow shoreline areas 

are deficient in P while the open lake is deficient in N (Gikuma-Njuru and Hecky 2005). 

Similarly, experimental approaches performed in the mid 1990s in NG and Bugaya Channel, 

reported N limitation (Lehman and Branstrator, 1994). Additionally, reports of secondary 

limitation either by light or iron (Fe) was suggested by Guildford et al. (2003). Nonetheless, 

the concept of nutrient limitation in Lake Victoria can be subject to debate. For instance, this 

study primarily describes N limitation in NG and secondary light limitation (shelf shadowing) 

in MB. Thus, the findings from NG mesocosm suggests that an increase in phytoplankton 

biomass could be foreseen with increase in N concentrations in the future. On the other hand, 

in MB that exhibited a slight N+P co-limitations, agrees with Guildford et al. (2003) who 

indicated that when light increases, the second limiting factor is N.

Eutrophication can be irreversible if accelerated by human activities in the catchment 

and thus making it appear permanent unless there are significant changes nutrient loading 

(Walter et al., 1988). This irreversibility has been over time, assessed by the response of the 

water body to phosphorus reduction (Carpenter et al., 1999). Both studied embayments of Lake 

Victoria indicates increasing eutrophication. Furthermore, light limitation arising from

Therefore, since the late 1970s, Lake Victoria has exhibited eutrophic conditions based on the 

Chl-a concentration and secchi depth values. These conditions saw the dominance of Nitzschia 

spp. diatoms due to bottom- up effect (nutrient dynamics) (Stager et al., 2009), and later in the 

1980s, these dominant diatoms were replaced by bloom forming cyanobacteria (Verschuren et 

al. 2002). These changes were explained by seasonal depletion of the dissolved silica and light 

limitation (Loiselle et al., 2006), given that some cyanobacterial species can be advantageous 

(control vertical position in the water column) than diatoms during nutrient limitation.

<30 
30-60 
60-70 
>90

Trophic Level 
Index (TLI)

Table 6. 1: The general classification of the trophic status of the rivers and lakes according to 
the OECD (1982)

Trophic status
Ultraoligotrophic
Oligotrophic
Mesotrophic
Eutrophic
Hypertrophic

Secchi depth 
(m) 
>12 

12-6.0 
6-3.0 
3-1.50 
<1.5

Total Phosphorus 
(pg/L) 

<4 
<10 

10-35 
35-100 
>100

Chlorophyll-a 
(gg/L)

1-2.5
2.5-8

5 - 25.0
>25
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dominance, increased biomass and self-shading by cyanobacteria is expected. This scenario is 

already existent in MB where there is increased Chl-a biomass and high biovolume of toxigenic 

cyanobacteria (this study). This therefore calls for further assessment and efforts to controls 

increased eutrophication in the lake. Since the late 1960s, the control of eutrophication has 

been targeting nutrient particularly P sources (Schindler, 2006; Lewis et al., 2011). To control 

the increase of eutrophication different approaches have been used. Water managers have tried 

several expensive, impracticable for larger ecosystems, and occasionally unsuccessful 

measures, such diverting excess nutrients (Edmondson, 1970), alteration of N:P ratios 

(Downing et al., 2001) and physical mixing (Huisman et al., 2004) among others. Although, 

external loading of nutrients might be controlled, internal loading from the sediments (e.g., 

Sondergaard et al. 2003) and the growing cage aquaculture in the lake (>105 installations with 

over 12,000 cages) (Musinguzi et al., 2019; Orino et al., 2021) may increase eutrophication 

and prevent improvement in water quality in the lake.

Other efforts to control eutrophication include ecological measures such as use of 

macrophytes, establishment of wetland buffers, and use of microorganisms have been 

recommended to rehabilitate and restore eutrophic systems (Le et al., 2010). In general, 

microbial aggregates or single species of microorganisms can be used to control eutrophication. 

(Sun et al. 2018). Nonetheless, this depends on the intended mechanisms, such as quick 

reduction in algal cell density, prevention of harmful algal growth, and/or lysis of dangerous 

algae, which call for biofilms, periphytons, and algae-bacteria and -fungus flocculation (Sun et 

al., 2018). This study using mesocosms experimentation also demonstrated slow grazing 

potential of Nile tilapia on cyanobacteria. Therefore, the use of Nile tilapia is not a solution 

for control of eutrophication and cyanobacterial management since did not significantly reduce 

by fish. The possible consequences associated with extensive aquaculture would also be the 

discharge of particulate and dissolved nutrients through uneaten feeds. This has already been 

observed in some of the closed embayments of the Lake in Tanzania (Kashindye et al., 2015) 

with a need for caution during site suitability studies and concentrations of cages might 

compromise the water quality. Consequently, other approaches such as bivalve filtration or a 

combination of phytoplanktivorous fish and bivalves could be attempted given that the use of 

macrophytes and denitrifying bacterial have shown to be effective within 20 days in China (Li 
et al., 2011).
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The dominance of cyanobacteria: Dolichospermum and Microcystis have consequences 

on the potential cyanotoxins concentration particularly MC (Chorus & Welker, 2021). These 

genera are among the most prominent MC producing cyanobacteria genera in the world 

(Carmichael, 1994; Chorus & Bartram, 1999). Following the recommendations of the WHO 

on the provisional guidelines for MC-LR, numerous countries in the north have adopted the 

1.0 gg. equi. MC-LR L'1 in lifetime and 12 gg. equi. MC-LR L'1 short term, 24.0 gg. equi. 

MC-LR L’1 for recreational water, and 0.04 pg equi. MC-LR/kg body fresh weight/day as the 

Tolerable Daily Intake for chronic exposure fish consumption (WHO, 2020; Chorus & Welker, 

2021, Table 6.2) during cyanobacterial studies however, the extent of adoption in the global 

south is questionable. This is mainly because most countries in the south lack data or 

hannonized monitoring systems for sanitary risk assessment of toxigenic cyanobacteria and 
cyanotoxins.

6.2 Eutrophicaf on and consequences on the dynam ds of dom riant 
cyanobacte ria and cyanotoxins

Due to eutrophication and a lesser extent to climatic changes, the causes, and 

consequences of cyanobacterial dominance over the years in numerous freshwater bodies 

including Lake Victoria have been independently examined (Chapter 2). The start of the 20lh 

century, there was an increase in the proliferation of water hyacinth (Opande et al., 2004) and 

increase in frequency and intensity of cyanobacterial blooms in Lake Victoria (Haande et al., 

2011). Despite the recorded dominance by cyanobacterial in the lake, the different embayments 

have responded differently due to existing nutrient limitation. In NG, where N limitation was 

observed, the cyanobacterial population was observed was dominated by N-fixing 

cyanobacterium Dolichospermum while in MB where secondary limitation (light and Fe) was 

probable based on the microcosm experimentation, the cyanobacterial population was 

dominated by Microcystis. Furthermore, Reynolds et al. (2002) elaborated that the buoyant and 

colony forming cells such as Microcystis can migrate vertically, thus efficiently on the bottom 

of the water column) within the water column. Meanwhile, shade-adapted genus as well as 

ability to synthesize phycoerythrin under certain light conditions (Reynolds, 2002; Kehoe, 

2010) such as Planktolyngbya form thin filaments to compensate for sinking away from the 

nutrient-rich water column (Komarek, 2003) and suggests the coexistence with 

Dolichospermum in NG. Future studies could delve into the pigment synthesis of either 

phycoerythrocyanin or phycoerythrin for adaptions in the face of the predicted eutrophication 

in Lake Victoria.



4 mm’/L 12 pg/L

8 mm3/L 24 pg/L
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Pote nt al threats through wate r and fish consumpi on
Humans may be exposed to cyanotoxins orally, inhaled and, or through the skin (dermal 

routes). The effects of this reported in humans include gastrointestinal illness, hepatic toxicity, 

and pneumonia. Furthermore, where blooms were treated with copper sulfate, high 

concentrations of copper may explain the highly reported cases of diarrhoea, vomiting, stomach 

cramps and nausea (WHO, 2020). The ingestion may happen through drinking water (treated 

and untreated water), or accidentally drinking water during recreation and fish consumption 

(Chorus & Welker, 2021). This study identified and quantified the possible cyanotoxins 

produced by the bloom forming cyanobacteria, and main the exposure areas such as WTPs, 

inshore areas and recreational areas and fish. It is important to note that until 2020 (McHua et

Alert Level
Alert level 1 in 
drinking water 
Alert level II in 
drinking water 
Alert level II in 
recreation water

As recommended in the alert level frameworks, monitoring of source waters can start 

with simple site inspections for any visible blooms and possibly assessing transparency using 

a Secchi disc (WHO, 2020). However, not all MC producers form surface blooms, as a result, 

microscopic investigation for the presence of cyanobacteria that can potentially produce MC is 

crucial if the presence of cyanobacteria is suspected. Monitoring can be enhanced as blooms 

grow to include quantitative measurements of cyanobacteria! biomass, such as cyanobacterial 

biovolumes or chlorophyll a, that could point to possible toxin concentrations, or direct 

analyses of MC concentrations. This is because concentrations associated with blooms can vary 

substantially. In this study for example, changes in cyanobacterial community composition 

from the toxigenic Dolichospermum dominance to non-toxigenic Planktolyngbya dominance 

did not affect MC concentrations in NGt In addition, focus on cyanotoxins research should 

attempt to identify and classify other classes such as CYN, Furthermore, one cannot assume 

that cyanotoxins are produced because cyanobacteria predominate in the lake as a whole; one 

must instead concentrate on the toxigenic cyanobacterium Microcystis.

Table 6. 2: Alert levels for cyanobacterial biomass indicators of possible occurrence of 
cyanotoxins concentrations reaching the guideline values that should trigger management 
responses. Adapted from Chorus & Welker (2021) 

MC/Biovolumc <3 MC/Chl-a <l:l(pg/pg) (with 
(pg/mm3)__________ cyanobacteria dominant_______

0.3 mm3/L 1 pg/L

Basis for estimates of 
toxin/ biomass__________
MC lifetime value for 
drinking water: 1 pg/L 
MC short-term value for 
drinking water: 12 pg/L 
MC value for recreational 
water: 24 pg/L
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Potential threats through exposition to treated water: In East Africa there is no available 

data on the MC concertation in treated drinking water although there is numerous data on the 

concentrations of MC in the lake (Olokotum et al., 2020). It reduces the ambiguity of using the 

WHO guideline for drinking water especially when conclusions from literature are being made 

based on untreated lake water (environmental samples). This lack of data could be attributed 

to limited interest, and possibly the assumption that toxins are removed by WTPs. It should be 

noted that WTPs all-over the world draw water from water bodies where cyanobacteria 

dominate, and the embayments of Lake Victoria are no exception. In addition to the obvious 

threats associated to cyanotoxins which are directly linked to bloom forming cyanobacteria, 

there is likelihood that organic carbon (raw water) will be produced during water treatment 

(Sanchez et al., 2013). It is also imperative to know that large amounts of total organic matter 

affect disinfection processes, generates large amounts of sludge, and support the development 

of pathogenic bacteria (Kitis, 2004). Consequently, managers of WTP must consider several

al., 2020), there was no available data on other cyanotoxins from Lake Victoria (ATX, STX, 

or CYN) that could be potentially present in the lake.

Potential threats through exposition to raw water: The embayments are increasingly 

vulnerable to eutrophication with dominance of cyanobacteria, that have disrupted of water 

uses such as drinking water supply (cost, quality, and quantity), disruptions of recreation, and 

exposure to high concentrations of the MC. This study presents the first report of HTX and the 

first report on the concentrations of MC in the environment (lake water) and during water 

treatment for two contrasting embayments of Lake Victoria. The WHO's threshold levels of 

MC for safe water usage were repeatedly exceeded during this study in MB rather than in NG. 

Therefore, it is likely that human population living in the area surrounding the MB are 

significantly exposed to MC. Direct Lake users, livestock, and wildlife, and for recreationist 

during the bloom periods are likely to be at a higher risk of exposure (see chapter 4 and Table 

6.2). Additionally, eating fish during these bloom periods might greatly increase the amount of 

MC that humans are exposed to. Based on the findings, research scientists, water managers, 

and recreationist (citizen science approach) are required to undertake urgent and long-term 

monitoring of cyanobacteria and cyanotoxins in the embayments of the lake. Therefore, the 

consumption of contaminated raw water that is infested by toxigenic cyanobacteria can give 

rise to some outbreaks of illness e.g., gastroenteritis, abdominal pain, flu-like symptoms, 

irritation, and rashes, to kidney and liver damage (Funari & Testai, 2008; US EPA, 2015).
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characteristics of cyanobacteria during water production: the ability to float, and produce 

cyanotoxins, unpleasant odours and tastes (“off-flavours”) and soluble Extracellular Polymeric 

Substances (EPS) (Chorus & Bartram, 1999; Chorus & Welker, 2021). Most of these molecules 

are intracellular, that are released mainly at the death of the cells (Sakai et al., 2009). In 

addition, the spatial distribution of cyanobacteria during their blooms is very heterogeneous, 

both at the horizontal and vertical (water column) scales. Moreover, this spatial distribution 

can change very quickly under the influence of wind and/or currents. Therefore, areas of focus 

for WTPs during blooms events are location and technology for the water intake (water 

abstraction points), pre-oxidation treatment (e.g., pre-chlorination) and the efficiency of 

filtration step (e.g., slow vs. rapid filtration system), and the final removal of dissolved 

cyanotoxins.
Conventional water treatment methods (flocculation, coagulation, filtration, and 

chlorination) can typically remove low quantities of MC and intact cyanobacterial cells 

{Microcystis sp. and Dolichospermum sp.) from source waters provided that the cells are not 

damaged (Chorus & Bartram, 1999). However, to effectively remove cyanobacterial cells and 

MC from the treated water, modifications to the WTP and treatment methods are needed. 

Indeed, rapid sand filtration can be considered effective in removing intracellular MC through 

the removal of cyanobacterial cells. Data from this study showed that intracellular MC were 

detected in larger proportions in the raw water samples from MB-Gaba III than NG-Walukuba 

but were not detected anymore in final water. Nonetheless, the treatment process of rapid sand 

filtration may be more susceptible to cell lysis (Chorus & Bartram, 1999; Chorus & Welker, 

2021). Therefore, conventional WTPs might face a challenge arising from dissolved MC. In 

this study, an increase of dissolved MC during rapid sand filtration was observed probably due 

to filter clogging that require frequent backwashing. Possibly a higher cyanobacteria biomass 

in the abstracted raw water causes a higher dissolved MC concentration. This is in agreement 

with studies in Finland where Tarczynska et al. (2001) found that on average 0.8 pg.L'1 of MC 

were detected in treated water. This further suggests that conventional methods are ineffective 

in removing dissolved MC from treated water. Furthermore, in case of recycling filter wash 

water (used during back-washing), extra caution must be considered to ensure no significant 

amounts of toxigenic cyanobacteria and/or dissolved cyanotoxins are present before reuse 

(back-washing). Otherwise, special, and additional treatment must be applied before 

continuing to recycle or use the same water for safety reasons. Since an increase in Microcystis 

in raw water cannot be excluded in the future, regular monitoring of dissolved MC during the 
water treatment process is recommended.
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Potential threats through fish consumption: The detection of MC in the intestine and some 

muscle of fish (chapter 5) represents a potential source of MC exposure to consumers. Even 

though the biomass of toxigenic cyanobacteria had significantly increased, studies for the 

measurement of cyanotoxins in fish and fish tissue had stopped in the early 2000s. These MC 

can occur in fish as free or cell bound forms, but the challenge over the years have been mainly 

the use of ELISA. Semyalo et al., (2010) reported < 5 pg MC-LR kg'1 in Nile tilapia muscle 

from the fisherman’s catch similarly, Poste et al. (2011) reported up to < 57 pg MC-LR kg'1 

from Nile tilapia muscle. This study under controlled conditions, supports and confirmed that 

there is transfer of MC and a possible biomagnification of MC in the fish muscle (< 0.3 pg 

MC-LR g'1 of fresh weight (FW)) way below the data reported from the lake (Semyalo et al., 

2010; Poste et al., 2011). Although only 7% of the fish had MC in the muscle, from a standpoint 

of chronic exposure to MC, the presence of MC in water throughout the year especially in MB 

indicates possible persistent exposure to humans. For risk assessment, an adult consuming 200- 

300 g of fish is 0.04 pg MC-LR kg'1 day'1 (equivalent to 8 ng g muscle ’) fish muscle might 

have exceeded the total daily intake (TDI) for MC-LR for chronic exposure (Chorus & 

Bartram, 1999). Therefore, locals should desist from daily consumption of Nile tilapia caught 

from severely affected embayments of Lake Victoria. Of course, the studies from the lake

For effective removal of cyanotoxins, several approached have been installed including 

nanofiltration and reverse osmosis that can remove between 90% to complete MC and ATX in 

treated water (Newcombe et al., 2017; Munoz et al., 2019; Munoz et al., 2021). Nonetheless, 

these approaches are expensive, thus developing countries such as Uganda could adopt 

approved approach of activated carbon removal particularly charcoal rather than hard coal 

(Cook & Newcombe, 2002; Campinas & Rosa, 2010). There are few studies that have tested 

the efficiency of coal vs. charcoal in the south (e.g., Westrick et al., 2010). This has been outside 

the scope of this study but could be an area of further research and experimental approaches 

for MC removal in Uganda WTPs. Other approaches that can be recommended are oxidation 

using either ozone, permanganate, or chlorine (Newcombe et al., 2017). However, use of 

chorine results into formation of by-products that could be potentially dangerous to human 

health. These by-products include monochloro-microcystins, monochloro-dihydroxy- 

microcystins, and tri-halo-menthanes (Zong et al., 2015). From this study, there is pre­

chlorination at MB-Gaba and therefore the chlorine by-products might not be ruled out. 

Consequently, it is a potential area of further research to assess the undesired odorous and 

tasteless/funny taste by-productions of chlorination in treated water such as trihalomethanes.
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Potential threats through multiple exposure routes: Although MC concentration in the lake 

provides a good overview of the potential risks associated with toxigenic cyanobacteria and 

MC. It should be noted that there are reports of MC in fish in the lake (Semyalo et al., 2010; 

Poste et al., 2011; Simiyu et al., 2018), therefore such phenomena in addition to drinking water 

constitutes several exposure routes that must be considered in the evaluation of the sanitary 

risks linked to MC exposition. This is because chronic exposure to MC has been associated 

with increase in prevalence in liver cancer in China (Ueno et al., 1996) and Serbia (Svircev et 

al., 2009). Therefore, humans can be exposed to chronic MC exposure even if they may not be 

directly exposed to acute quantities of MC. From this perspective, it is important to monitor 

fish in waterbodies containing toxic cyanobacteria and assess the potential threats of human 

exposure.
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The conclusions arising from this study are:

The physical-chemical characteristics of NG and MB were influenced by nutrients (e.g., 

TN, TP, NO3-N, NIk-N) from the point and non-point sources consequently, NG can be 

classified as mesotrophic - eutrophic while MB is eutrophic - hypertrophic.

Similar phytoplankton richness and diversity exists except that the ecosystem 

functioning of the two embayments is dependent on 25 species dominated by different 

cyanobacteria species: Microcystis spp. in MB and Dolichospernuim circinate and 

Planktolyngbya circumcreta in NG. The biomass of these dominant cyanobacteria were 

influenced by that both climatic variables (e.g., wind, solar radiation) and levels of inorganic 

dissolved nutrients (e.g., SRP, NO3-N, and NH-i-N). In addition, the micro conditions 

influencing the MC concentration were biomass of Microcystis, influenced through solar 

radiation, mean wind speed (N-S direction), and turbidity.

There was detection of two classes of cyanotoxins (MC and HTX) in lake water and 

only MC in treated water and fish. This detection of two families of toxins adds to the sanitary 

threats from toxigenic cyanobacteria in Lake Victoria. The seasonal and spatial diversity, and 

dynamics of MC in lake water used WTPs were established for the first time. Despite the 

removal of MC in treated water by the WTPs (MB-Gaba), the high abundance of toxigenic 

cyanobacteria within the lake water, and the possible occurrence of the cyanotoxins MC pose 

a potential health threat to riparian communities. The daily consumption of untreated water by 

locals and people engaging in recreation requires an early warning system especially during 

cyanobacteria! bloom events. From the decision support tree (DST), Microcystis biomass or 

cells abundance estimation can be used as early warning method.

The experimental approaches revealed that continuous eutrophication will enhance 

phytoplankton biomass and specifically increased the growth of Microcystis spp. However, 

the introduction of the Nile tilapia that tolerated high biovolume of cyanobacteria, influenced 

the dynamics and shifts in the structure of these phytoplankton and zooplankton communities. 

Consequently, the fish exposed to MC, bioaccumulated the MC, that might exceed the TDI 

(0.04 pg equiv. MC-LR kg’1 day’1) for an adult consuming 200-300g of fish.
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The presence of Homoanatoxin-a (FITX) an analogue of Anatoxin-a (ATX) at the 

inshore areas of MB requires further dedicated evaluation. Furthermore, future assessments of 

the lake's eutrophication should be guided by additional measures that quantify community 

change by incorporating trait-based indicators, such as changes in the phytoplankton 

community, functional group dynamics and molecular approaches.

Based on the high biomass of toxigenic cyanobacteria and occurrence of cyanotoxins, 

there is need for legal frameworks (policies, rules, and regulations) for toxigenic cyanobacteria 

and cyanotoxins. A dedicated cyanotoxin research working group (water, fish, and recreation 

experts) should be formed to implement long term monitoring programs of cyanobacteria and 

cyanotoxins in Lake Victoria.

As the case for many developing countries, pre-oxidation by WTPs should be avoided 

due to the likely cell lysis and release of cyanotoxins into the water, and the formation of 

disinfection by-products. In the future, high technology, new approaches and designs such as 

powdered activated carbon adsorption or ultrafiltration should be considered in the removal of 

toxigenic cyanobacteria and MC. The WTPs should be done with clear knowledge of water 

quality inflows, and thermal stratification of the water column, and avoid installing intake 

points in closed bays, where toxigenic cyanobacteria can preferentially develop and/or 

accumulate.

The overall recommendations arising from this study are:

Due to the demographic growth, there will be need to reduce nutrient loading proper 

wastewater management and disposal within the catchment, and wetland restoration, although 

this stretches beyond the scope of this study.

Sensitization of people during bloom events and biomass are recommended to prevent 

health threats. Additionally, warning signs, closure, should be undertaken during bloom events 

especially at recreational sites. The local population should desist from using lake water (raw 

water) for domestic purpose (cooking, drinking) but rather use treated water, or filter excess 

cyanobacterial cells and reduce recreational activities during bloom events.

For the WTPs, integration of Microcystis biovolume estimation is highly recommended 

in MB-Gaba to ensure water safety. Similar approach could be used as an early warning tool 

for recreational services providers. These can benefit from the developed checklist from this 

study for easy reporting and comparison of the dominant cyanobacteria and MC concentration. 

ELISA result should be verified with LC-MS to confirm the variants of MC if detected.
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